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ABSTRACT
Potassium tantalate niobate [KTa1−xNbxO3 (KTN)] crystal has the largest electrooptic (EO) coefficients among all Kerr mediums. As other perovskites relexors, KTNs
also exhibit extraordinary thermal hysteresis on the dielectric and EO properties. This
study conducted transient observations of the EO effect in cooling and heating processes.
The disordered polar nano-regions (PNRs), which minimize optical depolarization and
scattering, strongly impact the characteristics of nanodisordered KTNs. Our investigation
showed that the super cooling process effectively suppress the influence from PNRs
formation. An enormous transient EO coefficient was thus observed, and made the
single-crystal KTN a good candidate as a free-space optical (FSO) switch. The large EO
coefficient reduces the driving voltage of the large aperture switch. A device with a large
aperture, a wide FOV, and a very fast speed is demonstrated. In addition, by taking
advantage of the Kovacs effect, the driving voltage can be further reduced. Furthermore,
this dissertation introduces a novel technique to manipulating the guiding waves inside
the EO crystal. A field-induced dynamic optical waveguide is locally induced and
controlled by an external electric field. Based on this discovery, a field-induced 1 × 2
KTN EO switch is proposed, which possesses low power dissipation, low cross-talk, and
broad bandwidth. The performance of the fabricated device also shows good agreement
with the proposed model. This research suggests that the nanodisordered KTN based
devices can improves the performance of existing EO applications. Moreover, the
controllable field-induced KTN waveguide can potentially benefit next generation high
speed data centers and communication networks of the future.
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Chapter 1
Introduction
Optical switches are simple, but essential components in the modern optical
system. They are widely used as Q-switch shutters in the pulse lasers, signal switches in
the fiber networks, and even in display panels in our everyday life. Currently, several
methods are used to switch the optical signals, including electro-optical (EO), magnetooptical (MO), acousto-optical (AO), thermal optical, and all optical switching
devices.[1][7] Because of the differences of the material response and the driving sources,
the characteristics of switches (e.g., response time, extinction ratio, and dynamic range)
are different. Figure 1-1 illustrates the types of main string switches: (1) EO/MO effects
rotate the polarization state of the incident light.[1][2] Optical attenuation is obtained via
sandwiching an EO/MO crystal in a pair of polarizers. (2) AO effects periodically
modulate refractive indices (in space) inside the crystal, which cause the diffraction of the
light path.[3] (3) Usually being implemented in microelectromechanical systems
(MEMS), the electrostatic force drives the reflective micro mirrors or dynamic optical
waveguide, which changes the transmission path and varies the transmittance of the
device by the electronic signal.[4] (4) Liquid crystal (LC) can also change the
polarization states as described for the EO/MO effects.[5]
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(a)

(b)

(c)

(d)

Figure 1-1. Illustrations of optical switches: (a) EO/MO switch, modulating the polarization state
of the light, combines an EO crystal and a polarizer, (b) AO switch, which is modulated by
acoustic wave, changes the direction of the input beam, (c) LC switch modulates the polarization
states of the input beam by the LC’s deformation, and (d) MEMS switch, by controlling the tilting
angle of the mirrors, can change the optical path of the input beam..

Table 1-1 lists a brief comparison of optical switches. Although MO/AO switches
provide fast response times (μs–ns) and a large extinction ratio, which makes them
popular in GHz fiber communication network applications, their transmittance is heavily
attenuated in the open state. Moreover, their limited aperture size constrains their
applications in free-space communications. For LC and MEMS switches, although
transmittance in the open state is high, their switching speed is much slower than with
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EO/MO/AO switches. The aperture size of the MEMS switch is also limited because of
its complicated fabrication. For similar reasons, other switching techniques cannot
address these ordinary problems (e.g., switching speed, aperture size, extinction ratio, and
transmittance) of existing optical switches either.
Table 1-1. Comparison of types of switches.

EO (ns)
MO (ns)
AO (μs)
LC (ms)
MEMS (ms)
1

Switching speed
High
High
High
Low
Low

Aperture size
Small
Small
Small
Large
Large

Extinction ratio
High
High
High
Low
High

Transmittance1
High
Low
Low
High
High

Transmittance in open state

An EO modulator, traditionally, has a high switching speed and extinction ratio.
Depending on the selection of the electro-optic crystals, transmittance and aperture size
are restricted by their crystal structure and EO coefficient. When the electric field applies
across the crystal, a redistribution of the bonding charge and possibly a slight
deformation of the lattice structure results in changes to the refractive indices of the
crystals. Two dominant EO effects are introduced in this mechanism: (1) The linear
Pockels effect, wherein the change in the indices is proportional to the applied electric
field. (2) The quadratic Kerr effect, wherein the change in the indices is proportional to
the square of applied electric field. Typical Pockels cells, such as zinc selenide (ZnSe),
lithium niobate (LiNbO3), and monopotassium phosphate (KDP), have linear EO
coefficients ranging from 10−13 to 10−12 m/V. Typical Kerr cells, such as lead zirconate
titanate (PLZT), barium titanate (BaTiO3), and potassium tantalate niobate (KTN), have
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quadratic EO coefficients ranging from 10−15 to 10−14 m2/V2. Because of the nature of
nonlinearity, Kerr cells typically induce a stronger EO effect than do linear Pockels cells
since n ∝ KE2, where K and E are the quadratic EO coefficient and the applied electric
field, respectively. Among all Kerr mediums, potassium tantalate niobate [KNbxTa1−xO3
(KTN)] crystal has the highest EO coefficient (>10−14 m2/V2) reported thus far.
In fact, KTN crystals have been a matter of interest for decades because of their
large quadratic EO coefficients. Moreover, a well-grown KTN has m3m cubic symmetry
at its working temperature, which is less polarization dependent in most applications.
KTN is also optically clear with high transmittance at a wavelength of 0.4–4 m, as
shown in Figure 1-2. However, the quality and size of KTN crystals limit their
applications in many aspects because of the difficulty of the traditional Czochralski
growth process. In the past decade, improved top-seed solution growth (TSSG)
techniques have produced sizable single-crystal KTNs with high crystalline symmetry,
optical transmittance, and EO coefficients. Novel techniques, such as the sol-gel and
sputtering processes, have also been proposed to fabricate polycrystalline KTN thin film.
These substantial improvements support not only the intensive studies of KTN’s
properties but also their applications in EO devices such as the low driving voltage
waveguide modulator, varifocal lenses, and the space-charge-controlled beam scanner.
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Figure 1-2. Transmittance of a KTa0.7Nb0.3O3 crystal is measured by UV–VIS (0.25–2.5 m) and
FTIR (2.5–10 m) spectrometers.

KTN crystal, generally, is capable of having a saturation index change of nmax =
0.03 at an applied field of approximately 106 V/m, which provides low operation voltage
in several EO applications (e.g., modulators, switches, and shutters). However, the
demand today for high speed and low power devices keeps growing. In a conventional
capacitive configuration, where the crystal is sandwiched by a pair of electrodes, the
modulation speed is limited by its capacitance, C, and resistance, R, since the response
time,  = RC. To reduce the capacitance, larger spacing between the electrodes, d, should
be used and a larger applied voltage, V, is required to maintain the applied field, E = V/d,
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at the same level. Thus, this novel configuration and higher EO coefficients are widely
studied to reduce power consumption in ultra-high-speed EO devices.
In this study, we systematically investigated the Kovacs effect on the KTN
crystal. The Kovacs effect often refers to an irreversibly deformed glassy system in which
the deformation history is memerized.[8][10] It is well known that ionic crystals, such as
glassy materials, have a Kovacs effect, that is, the system behavior at a given temperature
and pressure could be different at the nonequilibrium state, depending on the thermal
cycling history. KTNs with different dopants, as in other relaxor ferroelectric crystals,
were reported to have this aging effect in a recent study.[11]-[13] KTN characteristics,
such as electric susceptibility, depend not only on the current temperature but also on the
history of the temperature, as shown in Figure 1-3. Polar nanoregions (PNRs) were found
to form in the relaxor ferroelectric crystals when undergoing a super cooling process,
rather than forming in comparably larger clusters during a much slower cooling process.
There is also some evidence that the formations of clusters influence the optical
properties of KTNs at different electric field intensities. The EO coefficients of KTN can
possibly be enhanced by controllable cooling processes. Thus, serial experiments were
conducted to study the dependency between the cooling rates and the cluster sizes, as
well as the EO coefficients. Extraordinary EO coefficients at the transient state, 10 times
larger than at the steady state, were found and are planned for application to ultra-highspeed EO devices with low power consumption.
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Figure 1-3. A conceptual illustration of the permittivity as a function of temperature for a KTN
crystal with different temperature cycling histories. Solid curve: reduce temperature, dashed
curve: increase temperature.

Although 40+ GHz waveguide-based EO modulators have been widely
introduced in broadband fiber optic communication networks, they are not suitable for
free-space applications such as broadband free-space optical (FSO) communication, highspeed large-aperture optical shutters, high-power laser pulse shaping, or Q-switches,
which demand not only high modulation speed (GHz) but also large optical throughput
and field of view (FOV). Thus, in recent decades there has been a continuous effort to
develop nonwaveguide based, broadband, large FOV EO modulators.[14][15] Pockels
cells (linear)-based modulators, such as LiNbO3, have a smaller FOV because of the
existence of birefringence. In contrast, Kerr cells (quadratic) generally have a cubic phase
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above the Curie temperature, which gives a larger FOV to the modulators. PLZT, among
all available quadratic EO materials, was intensively investigated for its applications in
large aperture/FOV modulators and shutters.[16][17] Although PLZT ceramic-based EO
modulators have a large aperture and FOV, the speed is limited in the MHz range. It is
extremely challenging to further increase its speed to the GHz range because of the slow
domain wall movement in ceramics. As a quadratic EO crystal, the KTN crystal has a fast
response time and isotropic indices without an external field, which makes it a good
candidate as a high-speed free-space modulator with a large aperture and FOV. In this
study, the electric field distribution in the KTN crystal is calculated by the finite element
method (FEM). The capacitance, as a key factor in device’s response time, is also
obtained under various configurations. As mentioned in the previous section, the EO
coefficient can be varied via different thermal histories. This study results reveal that the
EO coefficient can be substantially enhanced due to the existence of the Kovacs effect in
nanodisordered KTN crystals, and that the half-wave driving voltage can be
correspondingly reduced from 1500 to 800 V in a nanodisordered KTN crystal-based
electro-optic modulator. This will be greatly beneficial in the construction of a broadband
large FOV EO modulator due to its reduced driving energy and driving power
requirements.
Optical 1 × 1 and 1 × 2 switches are simple but essential elements for optical
communication networks. Currently, the rapid development of high data rate computation
requires higher bandwidth capacity. Unfortunately, the transmission window of
conventional devices is usually limited by the materials and working principles of the
devices. For example, the performance of the Mach–Zehnder interferometer (MZI)
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switch is spectrally sensitive because of the constructive/destructive interference
requirement. On the other hand, existing semiconductor-based switches, such as
semiconductor optical amplifiers (SOA), suffer from optical power dissipation and
switching energy consumption as the driving frequency keeps growing. Contributing to
its gigantic EO coefficients, the distribution of refractive indices inside the KTN chip can
be easily influenced by the external field. By manipulation of the applied voltage on a
specially designed electrode, a controllable self-induced waveguide can be found inside
the KTN chip. In addition to the very wide transmission window, the device also shows a
fast response time, revealing the potential for high speed optical communication. Both
theoretical and experimental work is conducted in this investigation. The fabricated
device is proven to work under a bias voltage of 200 V with a measurable signal switch,
and shows good agreement with the simulation result. To decrease the working voltage
and power consumption by further optimizing its geometry, field-induced KTN
waveguides, with proven fast responses and wide bandwidths, have great potential in
optical switches, modulators, and multiplexers as the need grows for high speed
communications in optical communication networks.
In Summary, this work does not only extensively study the nanodisordered KTNs
and their thermal hysterics, but also discovered a novel field-induced guiding effect that
enables dynamics waveguides. The major accomplishment and discovery of this work are
listed and going to be covered in the following contents of the dissertation:


The rapid cooling enhanced the electro-optic effect of KTNs; A largest ever EO
coefficeint, s11-s12= 7×10-14 m2/V2, was observed— (Chapter 3)
(Y.-C. Chang et. al., Opt. lett. 38, 4574 (2013) [18])
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Kovacs effect was discovered in the measurement of electro-optic coefficients of
KTNs— (Chapter 4)
(Y.-C. Chang et. al., Opt. Express. 21, 17760 (2013) [19])



Large aperture and field of view (FOV) free-space optical switches were
demonstrated in the low operation voltage— (Chapter 4)
(Y.-C. Chang et. al., Proc. SPIE. 8847, 88470L (2013) [20])



Electric field-induced dynamic optical waveguides were introduced to several
applications— (Chapter 5)
(Y.-C. Chang et. al., Opt. Express. 20, 21126 (2012) [21])
(Y.-C. Chang et. al., Proc. SPIE. 8497, 84970J (2012) [22])
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Chapter 2
KTN Fundamentals
The characteristics of an optical wave propagating through crystal media depend
on the interaction between the optical field and the potential energy from the crystal
structure. For most of the crystals, external electricity can redistribute the charges and
even dislocate the ions inside the crystal. The characteristics of propagating waves are
thus affected by disturbing the potential energy, which is also referred to as the EO effect.
Currently, the EO effect is widely introduced in the controlling phase and in the intensity
of optical waves via electronic signal. In a wide variety of applications, researchers are
seeking media with larger and larger EO effects. Among the many different types of EO
crystals, KTN crystals have been of interest for more than four decades because of their
extraordinary quadratic EO effect. This chapter comprehensively introduces the KTN
crystal structure, the evolution of KTN crystal growth, and its physical properties (i.e., its
thermal, mechanical, electrical, and optical properties).
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K
Ta, Nb

O

Figure 2-1. Conceptual illustration of the KTN crystal structure.

2.1 Phases and structures of a KTN crystal
KTN is a solid solution of potassium niobate [KNbO3 (KN)] and potassium
tantalate [KTaO3 (KT)] and has a Perovskite-type structure, as illustrated in Figure 2-1. As
a typical Perovskite compound, ABO3, “A” and “B” are two cations of very different
sizes, and oxygen (O) is an anion that bonds to both cations. The “A” atoms are usually
larger than the “B” atoms. In this case, the “A” atoms are potassium and the “B” atom is
niobium or tantalum. The potassium (K) atom sits at the cube-corner positions (0, 0, 0),
the niobium (Nb) or tantalum (Ta) atoms sit at the body-center position (1/2, 1/2, 1/2),
and the oxygen atoms sit at the face-centered positions (1/2, 1/2, 0). The ideal cubic
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symmetry structure has the B cation in 6-fold coordination, surrounded by an octahedron
of anions, with the A cation in 12-fold cuboctahedral coordination.
The relative ion size requirements to maintain stability of the cubic structure are
quite stringent; slight buckling and distortion can produce several lower symmetry
distorted versions in which the coordination numbers of A cations, B cations, or both are
reduced. Crystal symmetry can thus be changed by the thermodynamics. Different phases
have been shown to occur at different temperatures depending on the ratio from Ta to Nb.
When the temperature is above the phase transition temperature (T > Tc), KTN is a cubic
symmetric crystal with a point group of m3m; when the temperature is below the phase
transition temperature (T > Tc), KTN is a tetragonal symmetric crystal with a point group
of 4 mm. As the temperature continues to go down, the phase changes from tetragonal to
orthorhombic then to rhombohedral, as shown in the phase diagram in Figure 2-2.[23] The
KTN crystals in cubic and tetragonal phases exhibit paraelectricity and ferroelectricity,
respectively. The cubic phase KTN crystal is center-symmetric and optically isotropic,
which offers a wide FOV in many applications without birefringence. It also has the
strongest Kerr effect near the cubic–tetragonal phase boundary among all known
crystalline materials. Tetragonal and orthorhombic KTN crystals are good EO and
photorefractive crystals. It is known that the phase transition temperature between the
cubic and tetragonal phases obeys a linear relationship with the composition of the
Nb/(Nb + Ta) ratio, x, and can be described as in [23][24]

Tc  676 x  241 C.

(2.1)
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Thus, one can control the phase transition temperature by the composition of Nb and Ta,
as well as by the growth method.

Figure 2-2. Crystal phase diagram of KTaxNb1−xO3 crystals. [11].

2.2 Preparation of solid-solution KTN
KTN is a solid solution of two Perovskite compounds, KTaO3 and KNbO3, which
have similar unit cell size in their cubic phase (KTaO3: ao = 4.0026 Å KNbO3: a0 =
4.0226 Å ), but quite different Curie temperatures (KTaO3: Tc = 2–13 K, KNbO3: Tc =
698–700 K).[25][26] In 1959, Triebwasser first grew and reported a single crystal
KTN.[26][27] The Kyropoulos process was developed by Spyro Kyropoulos to grow
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single crystals of alkaline halides.[28] Later large sapphire crystals were also grown
using this method, and in the 1930s and 1940s, it was considered to be one of the most
advanced techniques for growing large single crystals. As shown in Figure 2-3 (a),
KNbO3–KTaO3 solution (with composition A in Figure 2-3 (b)) was first melted in a
crucible. A cooled KTN (with composition B in Figure 2-3 (b)) seed was then dipped into
the melt to initiate growth. As the furnace temperature smoothly cooled down, the
crystallization initiated at the solid–liquid interface between the melted KNbO3–KTaO3
composite and the seed KTN crystal. In the early stage of the process a sharp cone
directed into the melt forms at the seed crystal. The crystal developed downwards into the
melt with an increasing diameter and decreasing melt level. In the end, the crystal
reached the bottom of the crucible and the process was finished. However, since the
growth took place by cooling the melt, lowering the temperature to induce crystallization
enriched the growing crystal with the lower melting component KNbO3. As described in
Eq. (2.1), a lower Nb/(Nb + Ta) ratio, x, led to a lower Curie temperature, Tc, which
changed the properties of the crystal outward from the seed and limited the crystal size.

Figure 2-3. Configuration of the Kyropoulos process and (b) Phase diagram of the KNbO3–
KTaO3 system.

16

Figure 2-4. TSSG apparatus for KTN single crystal growth.

The first single-crystal KTN reported by Triebwasser had the dimension of 1/4 in.
× 1/4 in. × 1/8 in. with (100) face.[27] To improve the size and quality of the singlecrystal KTN, traditional Czochralski growth method was later improved by the TSSG
techniques.[29]-[32] Figure 2-4 illustrates TSSG apparatus for single-crystal KTN
growth. Instead of melting KNbO3–KTaO3 compounds, the melted mixture in the
crucible is composed of niobate oxide (Nb2O5), tantalate oxide (Ta2O5), potassium
carbonate (K2CO3), and tin oxide (SnO2). For the desired solid KTN composition, as
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shown in Figure 2-3 (b), for example, the mixture was prepared in solution composition
C. A KTN seed, attached to a rotated pulling rod, was then slowly lifted up after being
dipped into the melt. The crystal then gradually grew on the solid and liquid interfaces of
the KTN mixture. By precision temperature control, the growth zone could be maintained
at a uniform temperature, which made the Ta/Nb ratio controllable at the end of the
growth period. The rotating crucible and pulling rods helped the convection of the melt to
minimize the gradient of the Ta/Nb in the radial and vertical directions.
As shown in the phase diagram (Figure 2-3 (b)), the Nb/(Nb + Ta) ratio of the
crystal is less than that of the melt. The Nb concentration in the melt is thus rising during
growth, which causes instability at the growth zone. This irregular growth usually caused
striations on the crystal. However, additional K2CO3 is usually added into the melting
mixture since potassium tends to evaporate during the process. However, the excess
potassium tends to become the inclusions that are the major defects in single crystal
KTN. Therefore, continuing efforts to further improve the quality of KTNs have been
made in recent decades. [33]-[36] With state-of-the-art TSSG techniques, sizable,
colorless, and optical-quality single crystal KTN is now grown with dimensions of 40
mm × 40 mm × 30 mm.[36] The Nb/(Nb + Ta) ratio can be adjusted from x = 0 to x =
0.4, causing the Curie temperature to increase up to 35°C. With phase transition above
room temperature, single-crystal KTNs provide not only high flexibility in their
applications but also a wide variety for further study of their characteristics.
High-quality single-crystal KTN received immediate attention due to its
amazingly high EO effect. Many applications based on single-crystal KTN, including
switches, modulators, and beam deflectors, were reported after the 1960s.[25]-[40] In
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addition to the bulky single-crystal, researchers also investigated the preparation of KTN
thin film. Various methods have been adopted for growing KTN thin film, including
liquid phase epitaxy (LPE),[36][41] RF sputtering,[41][42] chemical solution deposition
(CSD),[43][44] the sol-gel method, [45][46] metal-organic chemical vapor deposition
(MOCVD),[47][48] and pulse laser deposition (PLD).[49][50] Most processes begin with
the preparation of a solution (LPE, CSD, and sol-gel), gas (MOCVD), or target (RF
sputtering and PLD) in a stoichiometric ratio of potassium, tantalum, and niobium. The
mixture can then be crystallized as a solid thin film after the spin-on or deposition. Unlike
the other techniques which usually change the composition during the conversion, PLD
shows the most promising potential for preparation of thin film KTN. PLD not only
provides better quality KTN thin film but also has wide selectivity for the substrate.
Although single-crystal KTN thin film has not yet been realized, poly-crystal KTN thin
film has been proven to work in multiple devices, such as in EO waveguides,[36]
pyroelectric detectors,[51] and some microwave devices.[49] Moreover, the KTN thin
film deposited on the (001) silicon substrate via the PLD process indicates the possibility
of integrating KTN with current silicon processes.[50] KTN has also been grown as a
fiber.[52] Stoichiometric KTN sources were heated by a CO2 laser and drawn as a single
crystal fiber, further extending the variety of applications for KTNs.

2.3 Properties of KTN
KTNs’ physical properties, including their thermal properties (melting point,
specific heat, thermal conductivity, and thermal diffusion coefficient), mechanical
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properties (elastic stiffness coefficient, bulk modulus, shear modulus, and Young’s
modulus), and others, are listed in Table 2.1. It should be noted that since KTN is a solid
solution of the KTaO3–KNbO3 system, many properties of KTNs are in between the
properties of KTaO3 and KNbO3 depending on their mole concentration ratio (i.e., x). In
the following sections, the dielectric and EO properties of KTNs are discussed in detail.
Table 2-1. Physical properties KTa1−xNbxO3.

Lattice constant (Å )
Melting point (K)
Density (g/cm3)
Elastic stiffness coefficient (GPa)

Bulk modulus (GPa)
Shear modulus (GPa)
Young’s modulus (GPa)
Thermal expansion (K−1)
Specific heat (J/g-K)
Thermal conductivity (W/m-K)
Thermal diffusion coefficient
(mm2/s)
Resistivity (-cm)

Tetragonal
3.9970
1536.90
1520.31
6.235
6.180
c11 = 424.8295
c33 = 121.3778
c44 = 82.8600
c12 = 68.0517
c13 = 80.7003
c66 = 93.6141
135.62
91.79
224.689
6.4×10−6
6.6×10−6
0.421
0.430
8.551
5.592
2.132
1.689
5 × 1011
2 × 108

Cubic
3.9941

c11 = 489.0866
c33 = 472.4396
c44 = 87.9732
c12 = 65.1750
c13 = 64.7585
c66 = 84.1298
204.58
124.12
309.79

x
0.37
0.33
0.37
0.33
0.37
0.50

Ref.
[56]
[57]

0.50
0.50
0.50
0.33
0.37
0.33
0.37
0.33
0.37
0.33
0.37
0.37
0.40

[59]
[59]
[59]
[57]

[58]
[59]

[57]
[57]
[57]
[29]

2.3.1 Dielectric Properties
More than ten years before the discovery of KTN, barium titanate (BaTiO3),
another perovskite-type crystal was discovered by its ferroelectricity. Since then, several
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types of perovskite-type crystals have been investigated with respect to their
ferroelectricity and paraelectricity. Both ferroelectricity and paraelectricity refer to the
nonlinear effect when the electric polarization, P, inside the material is induced by the
external field, E. Ferroelectric materials have a hysteresis loop, as plotted in Figure 2-5
(a), which shows the nonzero polarization, P ≠ 0, even when the external field is
removed. Conversely, paraelectric materials, as shown in Figure 2-5 (b), have no
permanent electric dipole, P = 0, after removing the external field. In general, perovskitetype crystals, such as KNO3, KTaO3, BaTiO3, and LiNbO3, exhibit ferroelectricity below
the Curie temperature (phase transition point) and paraelectricity above the Curie
temperature. To investigate the dielectric and phase transition properties, P   0 ( r  1) E ,
many measurements of KTN’s permittivity,  were made soon after its discovery. Figure
2-6 shows the relative permittivity of a KTa0.63Nb0.37O3 crystal,  r   /  0 , where 0is
the permittivity in a vacuum. The heating and cooling processes are, respectively, shown
in the red and blue curves. According to Eq. 2.1, the Curie temperature, at the transition
point between the tetragonal and cubic phases, is Tc ≈ 9 °C for a KTa0.63Nb0.37O3 crystal
(x = 0.37). The transition points of rhombohedral–orthorhombic and orthorhombic–
tetragonal phase transitions are found at −95 °C and −50 °C, respectively. Like most
perovskite-type crystals, KTN also shows a thermal hysteresis effect near its phase
transition points; the curves of relative permittivity shift with the temperature during the
heating to cooling processes.
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Figure 2-5. Induced electric polarization, P, in ferroelectric and the paraelectric materials under
external electric fields, E, plotted in (a) and (b), respectively.

KTN is a solid solution of KNbO3 (KN) and KTaO3 (KT), which have very
different Curie temperatures of approximately 4 K (−269 °C) and approximately 700 K
(427 °C), respectively. The Curie temperature of KTNs vary with their composition, as
described by Eq. 2.1. Figure 2-7 shows the relative permittivity, r, of KTN crystals in
various compositions. The mole concentration ratio of Nb/(Nb + Ta) is denoted by x. This
measurement is applied in pure KNbO3 for the curve of x = 1.00. From Figure 2-7, one
can observe that: (1) The lower the concentration, x, the lower the Curie temperature,
which obeys the description of Eq. 2.1. (2) The lower the concentration, x, the higher the
permittivity. (3) The largest thermal hysteresis occurs at x = 0.70. It should also be noted
that a KTN crystal with x = 0.2 has a relative permittivity as high as >4 × 104, one of the
largest dielectric constants among all known materials. Although it provides excellent
dielectric properties for some applications, it also drags down the time response of these
devices due to its high capacitance values.
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Figure 2-6. Relative permittivity, r, of a KTa0.63Nb0.37O3 crystal with the temperature, T, plotted
in blue and red lines for the cooling and heating processes, respectively. Phases are specified and
separated by the vertical dotted lines. The data points are extracted from Fig. 8 in Ref. [34].

Figure 2-7. Relative permittivity, r, of KTN crystals in various compositions plotted with
temperature, T. Here, x denotes the concentration ratio of Nb/(Ta + Nb). Pure KNbO3 is shown in
x = 1.00. The data points are extracted from Fig. 2 in Ref. [11].
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2.3.2 Electro-optical properties
Figure 2-8 (a) shows a photograph of a double-side polished single-crystal KTN
with compositions of KTa0.7Nb0.3O3 having the dimensions 20 mm × 20 mm × 1 mm. As
a well-grown high-quality single-crystal, this KTN is colorless and optically transparent.
Since the photonic band gap of the KTN is 3.1 eV, where the absorption edge occurs in a
wavelength of 4 m, the KTN has a broad transmission window from 0.4 to 4 m, as
shown in Figure 1-2. Figure 2-8 (b) shows the refractive index of a KTa0.63Nb0.37O3
crystal in the anomalous dispersive curve. The dispersion relationship fits well with a
single-term Sellmeiser formula, n02 − 1 = 3.7994/[1 − (s/)2], where s = 0.2012m.

Figure 2-8. A 20 mm × 20 mm × 1 mm single-crystal KTN with compositions of KTa0.7Nb0.3O3
double-side polished and (b) The dispersion relationship of the KTa0.63Nb0.37O3 crystal plotted
from the data points shown in Fig. 3 of Ref. [40]
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When the external field, E, is applied to the KTN, the bond charges inside the crystals are
redistributed, changing the dielectric impermeability tensor (or refractive indices) as
follows:

ij (E)  ij (0)  ij  fijk Pk  gijk Pk Pl ,

(2.2)

where P is the electric polarization. fijk and gijk are traditionally used for defining linear
and quadratic EO coefficients, respectively. As mentioned in section 2.3.1, polarization,
P, under the field, E, is described by the permittivity tensor,  ij , as P  ( ij   0 )E . The
modern notations of EO constants, now widely used, can be thus generated as
ij  rijk Ek  sijkl Ek El ,

(2.3)

where
f ijk 
g ijkl 

rijk

k  0

,
sijkl

( k   0 )( l   0 )

(2.4)
.

Ferroelectric KTN below the Curie temperature is a tetragonal symmetric crystal with a
point group of 4 mm. When voltage is applied across the crystal, the quadratic effect is
much smaller than the linear effect and is often negligible under this field. When the
linear effect is dominant on the ferroelectric KTN, the linear EO coefficient tensor (or
Pockels coefficient), rij, can be written as

 0 0 r13 
0 0 r 
13 

 0 0 r33 
rij  
.
0
r
0
51


 r51 0 0 


0 0 0

(2.5)
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Figure 2-9 shows the linear EO coefficients, r42 and rc, with various temperatures below
the Curie point, T−TC, reported by Van Raalte in 1966.[39] Here, rc = r33 − (na/nc)3r13.
Since KTN is a poled ferroelectric crystal, the indices ellipsoid is uniaxial such that the
index along the c-axis, nc, is slightly different from the index on its orthogonal plane, nc.
Comparing the data reported by Van Raalte and Loheide et al., the EO coefficient r13 can
be estimated as r13 ≈ −r33/4.[39][53] It is clear that KTN has much larger linear EO
coefficients compared to more commonly used EO crystals, such as BaTiO2, LiNbO3,
and KDP with linear EO coefficients, rij < 10−9 m/V. For linear modulation, the half-wave
voltage of a KTN-based modulator is approximately 1/2 that of BaTiO2, 1/10 that of

Linear EO coefficient, r (10-9m/V)

LiNbO3, and 1/100 that of KDP-based modulators.

18
16

r42

14

rc

12
10
8
6
4
2
0
-40

-30
-20
-10
o
Temperature, T-Tc ( C)

0

Figure 2-9. Linear (Pockels) EO coefficients, r42 and rc, of KTNs with various temperatures
below the Curie point, T−TC, plotted in solid and dash lines, respectively. The data points are
extracted from Figs. 2 and 5 in Ref. [39], where r42 is shown as r51 in the original text.
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A paraelectric KTN above the Curie temperature is a cubic symmetric crystal with
a point group of m3m. When voltage is applied across the crystal, the linear effect
vanishes. Thus the quadratic effect can be observed under this field. When the quadratic
effect is dominant on the paraelectric KTN, the quadratic EO coefficient tensor (or Kerr
coefficient), sij, can be written as
 s11
s
 12
s
sij   12
0
0

0

s12

s12

0

0

s11

s12

0

0

s12

s11

0

0

0

0

s44

0

0

0

0

s44

0

0

0

0

0
0 
0
.
0
0

s44 

Table 2-2. Reported quadratic electro-optic coefficients.

Composition

Quadratic EO coefficients
Year
Ref.
gij (m4/C2)
sij (× 10−15 m2/V2)
KTa0.65Nb0.35O3
g11 = 0.136
1964
[56]
g12 = −0.03
g11–g12 = 0.174
g44 = 0.147
KTa0.65Nb0.35O3
g11–g12 = 0.140
1967
[60]
g44 = 0.135
KTa0.65Nb0.35O3
g11–g12 = 0.217
1992
[34]
g44 = 0.167
KTa0.65Nb0.35O3
s11 = 3.0
2005
[61]
s12 = −1.8
s11–s12 = 4.8
KTa0.65Nb0.35O3
s12 = −1.5
2006
[35]1
KTa0.59Nb0.41O3
s11 = 22.4
2007
[62]2
1
The value of s12 is derived from results of optical path difference (OPD)
measurements in the literature.
2
The composition of the crystal is derived from its Curie temperature,
TC=35°C, as reported in the literature.

(2.6)
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The quadratic EO coefficients of a KTN crystal were first determined from their
historical parameters g11, g12, and g14 by Geusic et al.[56]
Table 2-2 lists several reported values over past decades. Like linear EO

coefficients, quadratic EO coefficients depend on the temperature deviation from the
Curie point. Figure 2-10 shows the quadratic EO coefficient, s11, of a KTa0.59Nb0.41O3 in
various temperatures, T−TC, revealing that the smaller the deviation from the Curie point,
the higher the coefficient, s11, thereby providing lower half-wave voltage for EO
applications. Assuming that the light at the wavelength of  is longitudinally modulated
by the crystal, where the field is applied perpendicularly to the light path, the half-wave
voltage can be described as V   d / n 3rL . Here, r is the effective linear EO coefficient
of the paraelectric KTN, and d, n, and L are the gap between the electrodes, the refractive
index, and the length of the crystal, respectively. For the quadratic EO coefficient, s11 =
2.2 × 10−14, the effective linear EO coefficient will be 2.2 × 10−9 m/V (approximately 10
times superior to most Pockels cells). However, as shown in Figure 2-6 and Figure 2-7,
the permittivity of the crystal also dramatically rises when the temperature nears the
Curie point; high capacitance rising with permittivity usually results in the slow speed of
the devices. In the next chapter, thermal hysteresis (or the Kovacs effect) of the quadratic
EO coefficients is discussed. By means of a super cooling process, higher KTN EO
coefficients are measured at the same temperature, and the half-wave voltage of the
device can be further reduced without increasing response time.

Quadratic EO coefficient, s (10-14m2/V2)
11
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Figure 2-10. Plot of the quadratic (Kerr) EO coefficient, s11, of a KTa0.59Nb0.41O3 crystal with
temperature deviation from the Curie point, TC = 35 °C. The data points are extracted from Fig. 7
in Ref. [62].
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Chapter 3
Kovacs effect in nanodisordered KTN
Kovacs effect refers to the properties of materials at any given temperature being
different from the effect of heating and cooling processes.[8]-[10] As shown in Figure
1-3, the evolution of the relative permittivity, ’, with the temperature in the heating
process is different to that of the cooling process, especially near the phase transition
point. In the glassy system, this phenomenon is also known as the Kovacs effect, where
system behaviors are different at the nonequilibrium state, depending on its thermal
cycling history. It can also be viewed as an irreversibly deformed process, where the
glassy materials remember their deformation history.
In this study, the EO properties of a KTaO3–KNbO3 (KTN) glassy system exhibit
the Kovacs effect. EO modulation can vary for different thermal histories; by a super
cooling process, EO coefficients are enhanced 3.5 times those in a thermal equilibrium
state. This finding also suggests that at a given temperature, the device can be operated
with much lower driving voltage and capacitance, compared to conventional EO devices.

3.1 Polar nanoregions in ABO3 perovskite oxides
It is well known that thermal hysteresis widely exists in ABO3 perovskite
oxides.[63] As shown in the measurement results of Figure 2-6 and the conceptual
plotting of Figure 1-3, the relative permittivity not only depends on the temperature but
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also the temperature cycling histories, such as cooling or heating. For a typical ABO3
perovskite structure, as illustrated in Figure 2-1, the A site (K+ in the case of KTN) is
located at the corner position of the cube, B sites (Ta+5 and Nb+5 in the case of KTN) are
located in the center of the cube, and oxygen (O) is placed at the six face centers. They
are also called relaxor ferroelectrics (REFs), which exhibit the peculiar characteristics of
ferroelectrics.
As the temperature is well above the phase transition point (Curie temperature
(TC)), the B anions deviate randomly from the center of the cube and generate dipoles.
Since the dipole of each cell is randomly aligned at the elevated temperature, the electric
polarization in the system is zeroed, P = 0, as illustrated in Figure 3-1 (a). As the system
cools down to a certain temperature, the so-called Burns temperature (TB), the thermally
induced dipole deviation becomes smaller. The dipole–dipole interaction between
adjacent cells results in small ferroelectric (FE) regions, as illustrated in Figure 3-1 (b).
These regions act in a superparamagnetism manner since they have a low energy barrier
and fluctuate with thermal agitation. In this case, each region has a nonzero polarization,
P ≠ 0, while the macroscopic polarization of the system is still zero, P = 0. In other
words, FE clusters are embedded in a paraelectric (PE) environment. The clusters
continue to decrease as the temperature decreases. At and below the Curie temperature,
the polarization of the system aligns in a single direction and is in the FE phase, as
illustrated in Figure 3-1 (c). The nonzero polarization, P ≠ 0, can be observed at both
nanoscopic and macroscopic scales.
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a

b

c

PNR
Figure 3-1. Illustration of KTN polarization at different phases. a) paraelectric, b)
superparaelectric, and c) ferroelectric phases

Figure 1-3 illustrates the changes of the dielectric and structural properties with
the evolution of temperature in a perovskite oxide. When the temperature is above the
Burns temperature (TB), the crystal is in a “pure” PE phase. The permittivity with
temperature obeys the Curie–Weiss law,  '  C / (T  TC ) , where C and TC are,
respectively, the Curie constant and temperature. At and below the Burns temperature
(TB), the nanosized polar clusters, also called PNRs, are formed and can be observed in
the microscopic scale. In this phase, the dielectric properties of the crystal undergo a
nonergodic process, where the behaviors are different in the cooling/heating cycles. The
permittivity with temperature no longer obeys the Curie–Weiss law, however, the crystal
structure does not change until the Curie temperature (TC) is reached. Below TC,
structural change occurs on the crystal, which is in the FE phase; the lower the
temperature, the lower the permittivity.
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Figure 3-2. Sizes of PNRs with temperature in KTa0.68Nb0.32O3 as observed by the Brillouin
scattering technique. (after R. Ohta et al., [68])

It has been shown that a peculiar phenomenon in perovskite oxides is responsible
for the formation of PNRs.[64] Although the mechanism of their formation is still being
investigated, the existence of PNRs has doubled and has been proven from experimental
evidence including optical birefringence, Raman scattering, elastic diffuse neutron, X-ray
scattering, and Brillouin scattering.[65]-[69] The first physical evidence of PNRs was
observed from the temperature dependency of the refractive index. Burns, whose name is
given for the Burns temperature, and his colleague assumed that the cluster forms during
the cooling process and contribute to the deviation of the refractive index of lead
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magnesium niobate (PMN) and lead zinc niobate (PZN).[65] The sizes of these clusters
were later confirmed by the elastic diffuse neutron, X-ray scattering, and the Brillouin
scattering techniques.[67]-[69] Figure 3-2 shows the observed size changes of PNRs with
the evolution of temperatures in a KTa0.68Nb3.2O3 crystal by the Brillouin scattering
technique. When the temperature is well above the phase transition point (T > TB > TC),
the sizes of the emerging PNRs are very small (approximately 3 nm) and independent of
the temperature. Below the phase transition point temperature, TB = 310 K, the sizes
begin to grow upon cooling and reach a maximum size of approximately 18 nm at a
temperature of TC = 258 K. The unit cell of perovskite oxide is approximately 0.4 nm,
which means each PNR is originally composed of a few unit cells, which then grow to
tens of cells. In other words, the correlation length in the crystal increases from 3 to 18
nm for KTNs. Since the correlation length is comparable to the optical wavelength,
strong scattering occurs in between the clusters, which depolarizes the waves. It is
thought that by effectively controlling the thermal cycle, one can suppress the growth of
PNRs to improve the optical quality of the crystal as well as the EO effect.

3.2 The enhancement of electro-optic coefficients by the super cooling process
Although the Kovacs effect (or thermal hysteresis effect) of the dielectric
properties in perovskite oxides has been established for decades, its impact on optical
properties did not draw much attentions until the findings of DelRe and colleagues in
2010.[12][70] They found that the so-called scale-free (or diffraction cancelation)
phenomenon of beam propagation in lithium-doped KTN [Li: KTa1−xNbxO3 (KLTN)]
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varied depending on the thermal history. The beam was better constrained during rapid
cooling than slow cooling because of the strong thermal history dependency of the
dielectric susceptibility, PNR, in the wave propagation equation, as in Eqs. (3–5) in Ref.
[70]. It was claimed that the formation of PNR clusters induced this nonergodic evolution
of dielectric susceptibility. Although the authors did not address much about the
dependency between the thermal history and the EO coefficient, g, which was also in the
equations, their research drew our attention to the need to investigate the Kovacs effect
on KTN’s EO properties for the following reasons: (1) The EO coefficients, sij, are
associated with the relative permittivity, r, (or dielectric susceptibility, r − 1) as
described in Eq. (2.4), (2) The cluster size of PNRs, as mentioned in section 3.1, impacts
the optical characteristics of the crystal since the dimensions of the clusters are
comparable to the wavelength. It was thus thought that the EO effect may be different for
different thermal histories and be further enhanced via the rapid cooling process. A
systematic study, described in the following sections, was conducted to analyze the
changes in the EO coefficients under various cooling rates.

3.2.1 Method of the experiment

In this study, the EO coefficients of KTN, (s11–s12), are obtained via a
conventional setup, as shown in Figure 3-3 (a), where the crystal is sandwiched by a pair
of crossed polarizers (±45° with respect to the horizon) and the electric field is vertically
applied. The general equation of the index ellipsoid of the quadratic EO effect can be
written as [71]
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When the optical wave propagates along the z-axis, the birefringence is given by

n  ne  no  n3 (s11 12 )(V / d )2 / 2 , where V is the applied voltage across the crystal,
and d is the thickness. The input wave, for a polarization angle of + 45° with respect to
the y-axis, experiences the phase retardation   2nL /  after the propagation length
of L, where  is the wavelength of the optical wave. In this experiment, an analyzer with
a polarization angle of −45° with respect to the y-axis was placed in front of the detector.
Thus, the intensity variation with the phase retardation (or the applied voltage) can be
described as [71]
  
I (V )  I 0 sin 2 

 2 
 nL 
 I 0 sin 2 

 


(3.4)


n 3 LV 2  
 I 0 sin 2 ( s11  s12 )
.
 d 2 2 


When V = 0, no phase change occurs, and minimum output is measured, I(V = 0) = 0.
When V = V(the so-called half-wave voltage) the phase change    , and maximum
output is measured, I(V = V) = I0. EO coefficients, s11–s12, can thus obtained via the
equation

s11  s12 

d 2
n3 LV2

.

(3.5)
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Figure 3-3. (a) Schematic of the experimental setup: Metal electrodes were deposited on the
bottom/top faces of the KTN. The external voltage, V, was applied. The first polarizer linearly
(+45 to the y-axis) polarized the light from a continuous wave (CW) laser. A phase delay was
given by the KTN, and a photon detector collected the modulated light that passed through a
second linear polarizer (−45 to the y-axis). (b) System diagram of the transient EO coefficient
measurement: The electrical wiring and the optical path are, respectively, shown by single and
double lines. The configuration of the CW laser, polarizers (P1 & P2), and the KTN are as seen in
(a). A programmable current source was used to control the thermal electric cooler (TEC). A
sawtooth signal, amplified by a voltage source, drove the KTN crystal on the TEC. Both the
modulated light collected from the photon detector (PD) and the temperature evolution were
monitored by a LabVIEWTM coded program running on a PC.

A single-crystal KTN sample with the composition KTa0.6Nb0.4O3 was used in the
experiment with a width, w = 4 mm, length, L = 6 mm, and thickness, t = 1 mm. All faces
were polished before depositing the metal electrodes on both 4 mm × 6 mm faces. A 532nm DPSS laser (Coherent DPSS 532-200V) was used as the input power source, I0; a Si
photon detector (Newport 1830-C) was used to collect the modulated output intensity,
I(V). Since the EO coefficients and the half-wave voltage were dependent on temperature,
as shown in Figure 2-10, a programmable measurement system was built to collect the
transient half-wave voltage with the evolution of the temperature. Figure 3-4 (b)
illustrates the system diagram of the setup. The double line is the optical path of a
continuous wave (CW) laser to the photon detector (PD). The configuration of the optical
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elements (i.e., CW laser, polarizers (P1 & P2Ω), and KTN) are shown in Figure 3-4 (a).
A thermal electric cooler (TEC) stage on which the KTN sat was monitored with a
temperature controller (Newport 325B). A programmable current source (HP E3631A)
provided extra gain to fix the cooling rate of the TEC stage during each measurement
while the KTN was driven by a sawtooth signal, which was output from a function
generator (HP 33120A) before amplification with a voltage source (Stanford Research
PS350). A LabVIEWTM-coded program running on a PC collected variations in the
optical intensity from the PD, the applied voltage from the voltage source, and the
temperature from the controller.
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Figure 3-4. Illustration of the data collected: (a) the applied voltage, V(t), in the form of a
sawtooth wave, (b) the temperature evolution, T(t), at a fixed cooling rate, and (c) the modulated
output intensity, I(V, T), with the voltage and the temperature evolution.
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The data collected by the PC is illustrated in Figure 3-4, where (a) shows the
periodic sawtooth voltage, V(t) = V (t + 1/f), applied to the KTN at a fixed frequency, f,
from V = 0 to V = Vmax. Therefore, the voltage reading at any given time is V(t) = Vmax ×
[ft − (m − 1)], where m = 1,2,3,… is the number of the cycle. While the temperature is
cooling at a constant rate, = dT(t)/dt, as shown in Figure 3-4 (b), the EO coefficients,
(s11–s12), of the KTN crystal change with the evolution of the temperature, T(t) = t,
where is the initial temperature. According to Eq. (3.4), the variation of the intensity,
I(t), is a function of the applied voltage, V(t), and the temperature dependent EO
coefficients, (s11–s12), are thus recorded at the PD, as illustrated in Figure 3-4 (c). Since
the EO coefficients rise as the KTN cools down, a significant change in the sinusoidal
output can be observed in each cycle. For example, in the first cycle, m = 1, the first
intensity peak is found at t1, which corresponds to the half-wave voltage, V1 = Vmax × (f
× t1). The EO coefficients, (s11–s12), at the temperature, T1 = t1, is then obtained via
Eq. (3.4). By the same method, the half-wave voltage, Vm, can be found at the
temperature, Tm, in the mth cycle. One can plot the EO coefficients versus temperature
after measurement. The relationship between the cooling rate, , and the evolution of the
EO coefficients, (s11–s12), can also be investigated via this system.
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Figure 3-5. Modulated output intensity with the evolution of temperature plotted at different
cooling rates, = 0.14 °C/s (a) and = 0.20 °C/s (b). The applied voltage is a periodic sawtooth
wave at a frequency of 0.1 Hz and a peak voltage of 1 kV.

3.2.2. Experiment results and discussion
The Curie temperature of the measured KTN crystal was Tc ~ 26 °C according to
Eq. (2.1), where the Nb/(Ta + Nb) ratio, x = 0.4. The experiments were conducted during
the cooling processes from T = 40 °C to T = 26 °C at rates from0.03 °C/s to 0.45
°C/s by the programmable gain current. Since the sawtooth wave applied to the crystal
had a period of 10 s and an amplitude of Vmax = 300 V, the sampling rate in the thermal
cycle was fixed at f = 0.1 Hz. Figure 3-5 shows two direct observation results at rates of

= 0.14 °C/s and = 0.20 °C/s. In the first few periods, the temperature was well above
the Curie temperature, and the EO effect was extremely low to apply the voltage, V(t),
thus retarding the phase in a half-wave,    . In other words, the half-wave voltage
for the duration was higher than the amplitude of the sawtooth wave, Vmax = 300 V. Thus,
the peak output intensity, I0, could not be observed in the sampling period, (t = 10 s).
The first modulation peaks were observed at the 11th cycle (at 31 °C) and the 4th cycle (at
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32 °C), as shown in Figs. 3.6 (a) and 3.6 (b), respectively. Since the observation of the
first sinusoidal peak corresponded to the KTN’s half-wave voltage at the transient time,
the information provided a clue that a faster cooling speed would result in a stronger EO
effect at a given temperature.

Figure 3-6. Transient EO coefficients, (s11–s12), of a KTa0.6Nb0.4O3 crystal with temperature, acquired at
three different cooling rates of 0.45 °C/s (square), 0.20 °C/s (diamond), and 0.03 °C/s
(triangle). (after Y.-C. Chang et al.,[18]).

By the method described in section 3.2.1, the variation of the transient EO
coefficients, (s11–s12), with temperature for different cooling rates can be obtained, as
shown in Figure 3-6. It should be noticed that the higher the cooling rates, the lower the
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number of data points since the experimental sampling rate is fixed. Some observations
can be made from these experimental results: (1) The EO coefficients, (s11–s12), grow
faster in a faster cooling process than in slower cooling processes. (2) According to the
fitted trending lines, the transient EO coefficients at a given temperature are higher
during rapid cooling. (3) The highest transient EO coefficients, (s11–s12) = 6.94 × 10−14
m2/V2, are obtained at the cooling rate of 0.45 °C/s, which is an order higher than the
value (approximately 6 × 10−15 m2/V2) at the rate of 0.03 °C/s.
Except for the variation of the half-wave voltage as time elapses, one can also
observe variations in the modulation depth, shown in Figure 3-8, particularly when the
temperature is close to the Curie temperature. This phenomenon was reported by
Gumennik et al. for KTN and KLTN crystals.[72] The PNR clusters form and start to
grow at the Burn temperature, TB. The system in this phase, as shown in Figure 3-1,
contains clusters in both paraelectric (PE) and ferroelectric (FE) states. As the
temperature approaches the Curie temperature, TC, the size of the PNRs grow, and the
ratio between the PE and FE clusters changes in this mixed state. Since the KTNs in the
FE phase possess birefringence, the FE clusters in a PE/FE transition phase induce
depolarization and scattering, which can also cause the deviation of the modulation depth,
as seen in Figure 3-5. The modified Eq. (3.4) is proposed by Gumennik et al. to describe
the sinusoidal output at this transition phase: [72]
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Here, Md is a modulation factor, which is expressed as

(3.6)

44
2
 8 2 L  L

M d  exp  
n f  n p   1     ,

2




(3.7)

where L is the average size of an FE cluster, L is the length of the crystal, and is the
wavelength of the light.nfand nf are the birefringence of FE and PE clusters in the
concentration ratio ofrespectivelyhe parameters,L, nf, np depend on the
applied electric field, E. It should be noted that in the extreme cases,= 0 (pure PE state)
or = 1 (pure FE state), there is no depolarization effect, and the intensity output should
be calculated by Eq. (3.4) where n = nf or np. Otherwise, there is a depolarization
effect, which suppresses the modulation.

Figure 3-7. Modulation factor, Md, of the KTN crystal (L = 6 mm and = 532 nm) with the
variation of FE cluster size, L, is calculated based on Eq. (3.7) while |nf −np| = 0.01 and =
0.5.)
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Assuming that |nf −np| = 0.01 (the birefringence of the KTN at a temperature
slightly lower than the phase transition point [72]) and = 0.5 [the maximum value of 
(1−)], Figure 3-7 shows the modulation factor, Md, of the KTN crystal with variation in
FE cluster size,L, according to Eq. (3.7). Here, the length of the crystal and the
wavelength are the same as in the experiment, L = 6 mm and = 532 nm, respectively. It
is clear that the larger the clusters, the lower the modulation depth. Under a
comparatively slow cooling process, as shown in Figure 3-2, the cluster size grows to
approximately 18 nm while the temperature approaches TC. Thus, it can be expected that
the modulation factor is from 100% to 50%. On the other hand, the modulation depth of
the KTN can be observed by employing a different cooling rate, and estimating the
growth of the PNRs inside the crystal accordingly.

Figure 3-8. Transient response of the normalized output intensity with the applied voltage
observed at the temperature, T = 27 °C, at cooling rates of 0.14 °C/s (solid line), 0.09
°C/s (dash line), and 0.03 °C/s (dot line). (after Y.-C. Chang et at.,[18])

46

Figure 3-8 shows the transient response of the normalized output intensity with
the applied voltage observed at temperature, T−TC, at different cooling rates. First, the
crystal is cooled from 40 °C at the rate, 0.03 °C/s, which is considered to be slow
cooling. It can be seen that output intensity follows a sinusoidal modulation at a low
electric field. However, the modulation depth is suppressed at a high electric field
because the field slows down the fluctuation of the FE clusters. When the size of the FE
clusters becomes comparable to the wavelength of the light, the clusters scatter and
depolarize the input light. Thus, one can conclude that the size of FE cluster, in this case,
is comparable to the optical wavelength near the Curie temperature. Second, modulation
is observed at higher cooling rates of 0.09 °C/s and 0.14 °C/s. Better modulation
even in a high electric field can be observed by employing rapid cooling. Moreover, the
faster the cooling rate, the greater the modulation depth. These phenomena can be well
explained by Eqs. (3.6) and (3.7) whereby the PNR clusters, in these cases, were
successfully suppressed such that the modulation depth could be sustained at a higher
percentage even under the high field. Figure 3-8 also shows the EO coefficients
increasing under rapid cooling since a higher cooling rate results in a lower half-wave
voltage.
In conclusion, the KTN crystal, as a relaxor perovskite, exhibits peculiar EO
properties with the evolution of temperature. The so-called Kovacs effect explains that
the EO properties of KTNs not only depend on temperature but also their thermal history.
The existence of PNRs between the Burn temperature and the Curie temperature plays an
important role in the Kovacs effect. Although the formation of the PNRs is not yet fully
understood, it is believed that PNRs in wavelengths of comparable size indeed depolarize
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and scatter the input optical wave. In transient observations, we see that a KTN crystal
possesses not only higher EO coefficients but also better modulation depth under a faster
cooling rate. There is solid evidence that the super cooling process effectively suppresses
the growth of PNRs, and thus prevents depolarization and scattering inside the crystal.
This study also suggests that the EO effect may be further increased at any given
temperature without increasing the permittivity, to achieve low power modulation with a
fast response time.

48

Chapter 4
Free-space Optical (FSO) Switch Based on the KTN Chip
The history of free-space optical (FSO) communication can be traced back to the
ancient peoples who sent up smoke signals to people far away. In the modern era, in 1880
Alexander Graham Bell and his coworker invented the first “photophone,” which allowed
the human voice to be coded and transmitted over an optical beam.[73] This very first
wireless communication system was demonstrated between two buildings 231 meters
apart. Due to the nature of light, the photophone system encountered high signal loss
during long distance communication from optical scattering, absorption, and diffraction.
Thus, systems based on the radio wave (or microwave) with their better penetration
ability took over the wireless communication market soon after their invention. However,
FSO communication is more secure since optical signals are harder to intercept and
interfere with than radio signals. In the 1960s, the invention of the laser further improved
the performance of the FSO system, being more directional and powerful and so
extending the range of communication. Although FSO communication lost its market
again, after the invention of fiber-optic communication, its unique properties can still be
utilized by particular fields, especially for secure point-to-point long distance
communication.
The FSO switch, a key component in the FSO communication system, can be
evaluated according to a few factors such as the transmission window, aperture size, and
modulation speed. A well-grown KTN crystal has a wide transmission window from 0.4
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to 4 m, as shown in Figure 1-2. This wide window provides flexibility in transmission
wavelength selectivity to minimize scattering and absorption during propagation.
According to the diffraction theorem, the larger the aperture, the smaller the diffraction.
As described in previous chapters, KTNs have an extraordinary EO effect among all EO
crystals and are good candidates as FSO switches with large aperture and fast speed. In
this study, a large aperture/ high speed FSO switch is built on a KTN chip. The properties
of this switch are invested with electrical properties, optical performance, and EO
efficiency via numerical calculation and experimental analysis.

4.1 Fabrication and experiment of a KTN-based FSO switch
The configuration of the KTN-based FSO switch is similar to that used for
measuring transient EO coefficients in Chapter 4. Figure 4-1 shows a schematic drawing
of this device. A single-crystal KTN in a composition of KTa0.7Nb0.3O3 was sliced into
the dimensions of 10 mm (w) × 10 mm (h) × 0.5 mm (L). The RCA clean process was
employed to clean the KTN chip before electrode deposition.[74] It should be noted that
to avoid removing the ions (i.e., K+, Ta+5, and Nb+5) from the surface, only SC-1 was
applied. The chip was then transferred to the e-beam evaporator (Kurt J. Lesker, Model:
Lab 18) for depositing the gold (Au) thin film (approximately 200 nm) followed by an
adhesion layer of the titanium (Ti). The pattern of the electrode, as shown in Figure 4-1,
is defined by a shadow mask with a gap of d. The electrodes on the other side were
finished by flipping the chip and repeating the process. To effectively control the
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temperature of the device, the chip was adhered to a thermal electric cooler (51 W@6.1
A, Tmax = 70 °C), which had a pre-drilled hole on the center.

Figure 4-1. (a) Illustration of the FSO switch. The KTN chip has a thickness of t and width of w.
The electrodes were deposited on the bottom/top faces of the KTN in a gap of d, where the
modulation signal is applied. A pair of crossed aligned polarizers sandwich the chip in
polarization angles of ±45° with respect to the y-axis. (b) A photograph of the experiment setup.
The half-wave plate (HWP) controls the level of the reference intensity, I0, after a collimating
lens (L2). The KTN assembly is located in two polarizers (P1 and P2).

The experiment setup is similar to the one depicted in section 3.2.1. The
temperature controller (Newport 325B) stabilizes the temperature at T = TC + 5 °C. A
CW laser (Coherent DPSS 532-200V) is the pumping source, I0. An ultra-fast photodiode
(Femto HCA-S-200M-Si) collected the modulation intensity, I(V), to the oscilloscope
(Tektronix TDS784C) while the device was driven by a high voltage pulser (FID FPG
10-1MS100). Since the output impedance (the internal resistance, Rs) of the pulser is 50
Ω, a noninductive shunt resistor, RL, was loaded into the circuit to match the impedance,
as shown in Figure 4-1. According to Eq. (3.4), the modulation intensity is controlled by
the voltage of the pulser, V. When the voltage is off, V = 0 (OFF state), the phase
retardation is zero, = 0, and the output intensity is zero, I = 0; when the voltage is at
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the half-wave voltage, V = V (ON state), the phase retardation is at half wavelength,
= , and the output intensity is at the maximum value, I = I0.
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Figure 4-2. Normalized output intensity of a KTa0.6Nb0.4O3 chip with the applied voltage shown
by the circles, and fitted by Eq. (3.4) with the EO coefficient, s11–s12 = 3 × 10−15 m2/V2,
wavelength, = 532 nm, refractive index, n = 2.29, gap, d = 2 mm, and thickness, L = 1 mm. An
extra phase retardation, = 0.1 rad (approximately 5°) is introduced to optimize fit.
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4.2 Characteristics of the switching system

4.2.1 Output modulation and extinction ratio of the system
Following Eq. (3.4), the output intensity is sinusoidally modulated by the applied
voltage. Figure 4-2 shows the observed output intensity, I, with the voltage, V, where the
intensities are normalized by the peak intensity, I0. The data (shown in circles) is taken
from a KTa0.6Nb0.4O3-based FSO switch at a temperature of 30 °C. The fitted line is
plotted by taking the real values (i.e., input intensity, I0 = 1, wavelength = 532 nm, gap,
d = 2 mm, and thickness, L = 1 mm) and the fitted parameters (i.e., s11–s12 = 3 × 10−15
m2/V2, refractive index, n = 2.29, and phase retardation, = 0.1 rad) into Eq. (3.4).
Here, small phase retardation, (approximately 5°), is introduced to compensate for the
misalignment of the polarization axes between the polarizers and the switch.

The KTN chip, as a cubic symmetric crystal, is optically isotropic without the
existence of the field, which means there is no birefringence in this state. By taking
advantage of this fact, the KTN-based FSO switch is designed to be in the OFF state
without applying voltage, where the polarizer is ±45° crossed with respect to the direction
of the field. Under this configuration, the switch possesses not only high optical density
(OD: the logarithm inverse output transmittance, log10(1/T)) but also a large acceptance
angle. In the experiment, the switch was rotated by a precise rotating stage. The
transmittances were measured in both the ON state (i.e., V = V) and OFF state (i.e., V =
0) for a set of incident angles within the range of ±30°. Figure 4-3 shows the extinction
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ratio of a KTN-based switch with variation of the angles (solid line), where the extinction
ratio defines the logarithm transmission ratio between the ON and OFF states,
log10(TON/TOFF). It can be seen that the extinction ratio decays slowly as the incident
angle increases. For comparison, the extinction ratio with the angles for a LiNbO3-based
switch was also measured (dashed line). Since LiNbO3, as a trigonal symmetric crystal,
possesses birefringence in the OFF state, the device shows a comparatively smaller
acceptance angle than the KTN-based device. With its superior acceptance angle
compared to the conventional EO switch, the KTN-based FSO switch possesses not only
a large aperture size, so carries larger beams with less diffraction but also a wide FOV,
providing flexibility in the optical system design.
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Figure 4-3. Variations in the extinction ratio with increments of the incident angle are measured
from a KTN-based (solid line) and a LiNbO3-based (dashed) switch. (after Y.-C. Chang et al.
[74])
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4.2.2 Switching energy and speed

Since the KTN switch is a capacitive device, the response time of the system is
limited by its time constant,  = RL × C, where R and C are, respectively, the resistance of
the shunt resistor and the capacitance of the KTN switch. In this study, three samples (A,
B, and C) with different geometries are fabricated and compared. For each device, the
capacitance is first calculated by FEM using the numerical tool COMSOL Multiphysics® ,
then is examined in the experiment. Figure 4-4 shows a calculated result of each sample
with width, w, gap, d, and thickness, L, and the potential difference between the left and
right electrode pairs is V = 2.6 kV. The field intensity, |Ex(x, y, z)| (V/m), is shown in the
rainbow scale and the field vectors are illustrated by the red arrows. It should be noted
that except for the edge of the electrodes, the field distribution in the active area is
homogeneous in the z-direction since the gap is much larger than the thickness of the
chip, w, d >> L. When the capacitor is charged by the voltage, V, the stored energy is W
= CV2/2. Thus, the capacitance, C, of the device can be obtained by the equivalent
equations

1
W  CV 2 ,
2
1
2
   E ( x, y, z ) dxdydz,
2

(4.1)
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Figure 4-4. Electric field intensity, |Ex (x, y, z)| (V/m), and the vectors, as shown by the red
arrows, calculated by FEM. Here, the potential difference between the left and right electrode
pairs is V = 2.6 kV.

where  and E(x, y, z) denote the permittivity and induced field of the chip. Here, the
relative permittivity, r = / of a KTa0.7Nb0.3O3 chip is 2 × 103, according to Figs. (2.6)
and (2.7). Using the same method, the capacitances, C, of each sample are calculated and
listed in Table 4.1. The time constant, is also obtained by the formula  = RL × C,
where RL = 50 . It is observed that the capacitance of sample A is proportional to the
formula for a conventional parallel-plate capacitor, C ∝ wL/d since the field in between
the electrodes, Ex ≈ V/d. For samples B and C, the field partially leaks outside the active
area. Thus, the field in between the electrodes is smaller than the formula Ex = V/d. The
capacitance calculated by FEM is also smaller than the one obtained by the parallel-plate
formula.
Table 4-1. Capacitance of KTN modulators calculated by COMSOL Multiphysics® . The response
time is obtained by  = RL × C, where RL = 50 ..
Sample
A
B
C

w (mm)
10.0
2.0
2.0

d (mm)
6.5
6.5
2.0

L (mm)
0.5
0.5
0.5

C (pF)
13.4
9.1
21.3

= R × C (ns)
0.67
0.46
1.07
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To validate the simulation result, the samples are driven by a high speed pulser,
which can charge the capacitive device with a rise time of 1 ns and a duration of 50 ns.
The output response collected by the photodiode is normalized and plotted in Figure 4-5.
When the switches are driven by the half-wave voltage, the rise time (10–90%) of
samples A, B, and C are recorded as 1.84, 1.13, and 2.48 ns, respectively. These values
correspond to the approximate rise time of a typical RC circuit, tr ≈ 2.2 In other words,
the device can potentially operate at >0.5 GHz as an optical modulator. A damping
oscillation can also be found at the rising edge due to the impedance mismatch, where the
source impedance of the pulse is Rs = 50 , but the load impedance is RL + 1/jC. Here,

 denotes the operation frequency, and can be seen as approximately 1/in this case

Normalized Output Intensity (a.u.)

1
Sample A
Sample B
Sample C

0.8
0.6
0.4
0.2
0

2

4

6
Time (ns)

8

10

Figure 4-5. Normalized output with time responses of samples A, B, and C in dotted, dashed, and
solid lines, respectively. The output rise time (10–90%) of each sample is 1.84 ns (sample A),
1.13 ns (sample B), and 2.48 ns (sample C).
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In addition to its impact on speed, the capacitance also impacts the switching
energy of the system, assuming that the capacitance of the switch is proportional to its
parallel-plate approximation, C = KwL/d, where K is a constant, and the half-wave
voltage, V, is as described in Eq. (3.5). The switching energy for the half-wave
modulation can be written as
1
W  CV2
2

1  K  wL  
d 2
 

 3
2  d   n L  s11  s12  
K

2
=

K
2

   wd 
 3

 n  s11  s12  

(3.5)
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n
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g
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where K is a constant and  is the wavelength of the modulated light. , n, and (s11–s12)
are, respectively, permittivity, the refractive index, and the EO coefficients of the crystal.
Since the EO coefficient, sij, is a permittivity-dependent parameter, the historical
notation, gij = sij/is taken in Eq. (3.5). It should be noted that for a given wavelength
and crystal, the driving energy is dependent on the size of the active area (or the aperture,
w × d). The larger the aperture, the higher the driving energy required. To lower the
required energy for a KTN switch with a large aperture, either the EO coefficients, (s11–
s12) or the permittivity,  must be increased. It is believed that the Kovacs effect, as
described in Chapter 3, should be introduced to the systemtocreate a nonequilibrium
environment that will reduce the driving energy of this KTN-based FSO switch.
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4.3 Kovacs effect-enhanced modulation
As shown in Figure 1-3, the permittivity encountered a nonergodic evolution with
the thermal cycle. For a given temperature, the permittivity was higher during the cooling
process than the heating process. The experiment result shown in Figure 3-6 also
confirmed that the super cooling process, compared to the conventional (quasi-steady)
cooling process, enhanced the EO coefficients. To show the enhancement of the EO
effect by the Kovacs effect, the KTN switch assembly was placed on a programmable
temperature controller, as described in section 3.2.1. The half-wave voltage, V, was
measured at two different temperature evolutions with changing rates of = ±0.1 °C/s.
Since the half-wave voltage was inversely proportional to the permittivity, as given by

V 
=

d 2

n3  s11  s12  L

d 2

n3 2  g11  g12  L

(3.6)

,

a reduction of the half-wave voltage should be seen if the Kovacs effect enhanced the
permittivity, . The KTN switch assembly was first cooled from TC + 19 °C to TC + 6 °C,
then heated back to TC + 13 °C, where the Curie temperature, TC, of this KTN chip was
−4 °C. Since the water vapor condensed on the chip surface when the temperature neared
the dew point (=1.9 °C when relative humidity (RH) is 30% and the room temperature is
20 °C at the laboratory), the measurement was conducted above 2 °C (=TC + 6 °C) to
minimize condensation. Using the technique introduced in section 3.2.1, the transient EO
effect with thermal evolution was recorded as shown in Figure 4-6.
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Figure 4-6. Half-wave voltage (a) and EO coefficients (b) recorded during the cooling and
heating process, shown in triangles and squares, respectively

One can observe from Figure 4-6 (a) that the lower the temperature, the lower the
half-wave voltage is acquired. For the heating evolution (= 0.1 °C/s), the half-wave
voltage, denoted by the triangles, reduces from 5.5 to 1.5 kV. For the cooling evolution
(= −0.1 °C/s), the half-wave voltage, denoted by the squares, reduces from 5.0 to 0.8
kV. The difference of the half-wave voltage between the two evolutions at a given
temperature is also observed; the maximum difference is measured at T = TC + 6.5 °C,
when the half-wave voltage is reduced from 1.5 to 0.8 kV. Thus, one can also expect a
reduction in the power consumption, P = V2/RL. By taking the half-wave voltage into Eq.
(3.5), the EO coefficients, (s11–s12), in two thermal evolutions can be obtained, as shown
in Figure 4-6 (b). At T = TC + 6.5 °C, s11–s12 = 5.78 × 10−15 m2/V2 during the cooling
process, and s11–s12 = 1.64 × 10−15 m2/V2 during the heating process. An even larger
increase in the EO coefficient is anticipated when the measurement temperature
approaches the Curie temperature.
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Powered by the Kovacs effect, a nonergodic thermal evolution in the electric
permittivity, as well as in the transient EO coefficients, is confirmed by observation. In
general, the lower the temperature, the higher the alleviation of the EO coefficients. For
instance, there is a 3.5-fold increment in the quadratic EO coefficient that corresponds to
a 1.87 reduction in half-wave voltage at T = TC + 6.5°C. However, it should be noted that
as the temperature is cooled to the Burn temperature, TB, the PNRs, which partially
contain the FE clusters shown in Figure 3-1, begin to grow as well. The size of the FE
cluster is not comparable with the optical wavelength until the Curie temperature, TC, is
reached. The formation of PNRs has been proven to depolarize and scatter light, as
described in Chapter 3. However, this adverse effect can be substantially alleviated via
the super cooling process. In this circumstance, the size of PNR clusters is suppressed,
and the KTN switch is thus allowed to operate at the temperature close to TC that yields a
high EO coefficient without any optical depolarization or scattering.
Next, a KTN-based FSO switch was fabricated and analyzed. As a cubic
symmetric crystal, the KTN-based Kerr switch showed excellent FOV compared to the
conventional Pockels switch. With its high EO coefficients, this switch with its low
driving field was also designed to have a large aperture size when evaluated by FEM.
This numerical calculation showed not only field homogeneity in the active region but
also the capacitance of each sample. The switches were driven by a high speed (<1 ns)
pulser to evaluate their response, and the fastest rise time, tr = 1.84 ns, was recorded from
a large aperture KTN switch (d = 6.5 mm, L = 10 mm). The study also revealed the
relationship between physical geometrics, capacitance, and response times. To effectively
lower the power and energy consumption of the switch, we sought to take advantage of
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the Kovacs effect on the KTN chip. A 3.5-fold enhancement of the EO coefficients was
demonstrated under the cooling process. One can further strengthen the EO effect by the
super cooling method, which conquers the growth of the PNRs, as described in Chapter
2. With a wide transmission spectrum, a large aperture size, a large FOV, and a high
modulation speed, the KTN-based EO switch/modulator shows great potential for
modulating retro reflectors (MRR), high-speed optical shutters, ultra-fast pulse shaping,
and cavity Q-switches.
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Chapter 5
Electric Field-induced Optical Waveguide Based on KTN
With their superior-performance EO effect for Kerr crystals, KTNs have been a
subject of wide interested in recent decades. KTNs have been introduced in many types
of switches, modulators, beam deflectors, waveguide modulators, and pyroelectric
sensors.[25][36]-[38][51] However, high-quality and large-volume single-crystal KTNs
have not been available until recently. In recent years, more KTN properties have been
investigated, such as the Kovacs effect, dielectric relaxation, and PNRs. [11]-[13][20][18] In addition, more applications have been discovered, such as the varifocal lens and
the beam deflector induced from electron charge injection.[75]-[77]
Due to its large EO coefficient near the phase transition point, it is assumed (and
was later confirmed by the simulation and experiment) that the KTNs’ refractive indices
can be locally manipulated by the electric field. This dynamic index change can deflect or
guide the input optical waves. In this chapter, the theory of the field-induced optical
waveguide will be introduced. Simulations and experiments are also conducted to analyze
the theory’s guiding characteristics. By the same principle, a KTN-based 1 × 2 KTN EO
switch is fabricated and proved to operate at a very high data rate.
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5.1 Technical approach

5.1.1 Analysis of KTN’s quadratic EO effect in an arbitrary field
The KTN crystal exhibits a quadratic EO effect. The general equation of the index
ellipsoid for the quadratic EO effect is written as Eq. (3.1). Without losing any generality,
in this chapter it is assumed that the direction of the external electric field is
perpendicular to the z-axis (Ez = 0). Substituting m3m symmetry, Eq. (2.6), into Eq. (3.1),
the formula of the index ellipsoid is deduced:
 1
 1
2
2 2
2
2 2
 2  s11 Ex  s12 E y  x   2  s12 Ex  s11E y  y
n

n

 1

  2  s12 Ex2  s12 E y2  z 2  4 xys44 Ex E y  1.
n


(5.1)

Due to the existence of the mixed term, 4xys44ExEy, in Eq. (5.1), the major axes of the
ellipsoid under the external electric field are no longer parallel to the crystal axes, x, y,
and z. To eliminate the mixed term, a rotation transformation, as illustrated in Figure 5-1,
is introduced to Eq. (5.1), as given by
x  x ' cos   y 'sin 
y   x ' sin   y 'cos  .

(5.2)
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Figure 5-1. Coordinate transformation illustrated as an x-y rotation in the z-axis.

The new equation of the ellipsoid is obtained by substituting Eq. (5.2) into Eq. (5.1).

 1
 2
 1
2
2
2
2
2
2
 n 2  s11 Ex  s12 E y  cos    n 2  s12 Ex  s11 E y  sin   2s44 Ex E y sin 2  x '





 1


 1

  2  s11 Ex2  s12 E y2  sin 2    2  s12 Ex2  s11 E y2  cos 2   2s44 Ex E y sin 2  y '2

n

(5.3)
 n

 1

  2  s12 Ex2  s12 E y2  z '2
n

  s11  s12  ( Ex2  E y2 ) sin 2  4 s44 Ex E y cos 2  x ' y '  1.
The coefficient of the x’y’ term can then be vanished when rotation angle, , satisfies the
following equation:
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tan 2 

4s44 Ex E y
( s12  s11 )( Ex2  E y2 )

.

(5.4)

The new principal refractive indices are given by

1
1
 2   s11 Ex2  s12 E y2  cos 2    s12 Ex2  s11 E y2  sin 2   2s44 Ex E y sin 2 ,
2
nx ' n
1
1
 2   s11 Ex2  s12 E y2  sin 2    s12 Ex2  s11 E y2  cos 2   2s44 Ex E y sin 2 ,
2
ny ' n

(5.5)

1
1
1
 2  2  s12 Ex2  s12 E y2 .
2
nz ' nz n

A linear polarized wave with a polarization axis angle of  with respect to the x’-axis can
be decomposed into two orthogonal components in the polarization axes of x’ and y’. As
shown in Figure 5-2, the refractive indices of these waves are nx’ and ny’. A phase delay
will be encountered if ≠ 0° or ≠ 90°, which transfers the input polarization from
linear to elliptic. To avoid this complexity, input polarization must occur along the x'and/or y'- axis. Thus, in the following section, the region of interest is the center of the
dipole electrodes. In this circumstance, the direction of the applied field, E = tan−1(Ey/Ex)
and the rotation angle, , are kept constant the region.
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Figure 5-2. Schematic illustration of the ellipse of indices at a given point in both the x–y and x'–
y' coordinates when the field appears in the space. The green and blue arrows show the direction
of the electric field and optical polarization axis, respectively.

5.1.2 Beam propagation in the field-induced waveguides
As described in section 5.1.1, to maintain the polarization state during
propagation, the central area of the dipole electrodes is selected as the region of interest.
Thus, the direction of the applied electric field is along the x-axis and the rotation angle,
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, is as according to Eq. (5.4). In other words, the x-axis and x'-axis are identical, as
are the y-axis and y'-axis. If the input polarization axis is along the x-axis or y-axis, in
this case, the axis will be maintained during propagation.

Figure 5-3. Schematic of a KTN-based electric field-induced optical waveguide.

Figure 5-3 illustrates the configuration of a dynamic optical waveguide based on a
KTN crystal. Metal contacts with a gap of 50 m were deposited on top of the crystal,
yielding an electric field perpendicular to the z-axis. Using an FEM tool, like COMSOL
Multiphysics® , the electric field distribution under the potential difference of 100 V
between two electrodes can be obtained. As shown in Figure 5-4, the arrows indicate the
vector of the electric field while the lengths proportionally present the amplitude on the
x-y plane. The x-component of the field amplitude in units of V/m are also displayed in a
rainbow scale. The field, parallel to the x-axis, dominates the area near the gap center,
referred to as the “area of interest” in the previous discussion. Moreover, the strong field
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existing near the central region of the electrode gap, also hints at the significant refractive
index change and guiding effect in this area of interest.

Figure 5-4. Simulation of the electric field distribution at the x–y cross-sectional plane at 100 V.
The black arrows and the rainbow color, respectively, indicate the proportional field vector, E ,
and the x-component of the field amplitude, Ex (V/m).

To investigate the propagation characteristics, two z-transverse waves in vertical
and horizontal polarizations were launched at the gap center, x = 0. Since the electric
field in the x-component dominated, Ey = 0 and Ex ≠ 0, the transformation angle, ,
became zero according to Eq. (5.4). The varied indices, nx’ and ny’, were calculated by
taking the applied field, Ex(0,y), into Eq. (5.5) at Figure 5-5 (a) shows the applied
field amplitude in the x-component, Ex and Figure 5-5 (b) shows the corresponding
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indices changes, nx,y = nx,y−n, in the given positions, (0, y). Here, nx and nx are,
respectively, the indices changes for the horizontal (H-) and vertical (V-) linearlypolarized waves. In the calculation, the EO coefficients, s11 = 1065 × 10−18 m2/V2 and s12
= −298 × 10−18 m2/V2, and the refractive index without the presence of a field, n = 2.29,
were taken.

Figure 5-5. (a) Plot of the value of the electric field (Ex) shown in Figure 5-4, along x = 0. (b) The
induced refractive index changes (nx,y) are obtained by taking the curve in Figure 5-5 (a) into
Eq. (5.5), where the solid and the dashed lines show the index changes nx and ny, respectively.
(after Y.-C. Chang et al., in 2012 [77])

Based on the index profiles, shown in Figure 5-5 (b), the characteristics of each ztransverse wave were quantitatively investigated with and without the electric field. The
beam propagation method (BPM)-powered numerical tool, RSOFT® , executed the
simulation. A normalized Gaussian beam with a waist of 60 µm and a wavelength of
0.532 m was launched in direction of the z-axis at the center of the gap, x = 0, 15 µm
beneath the surface, y = 15 m. Figure 5-6 (a) shows the beam propagation in the
medium without the existence of the electric field (voltage OFF). The distribution of the
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field intensity in the y function diverged from the launch plane (z = 0 mm) to the output
plane (z = 20 mm), thus exhibiting the characteristic of a Gaussian beam propagation in a
homogeneous medium. When the voltage was ON, the refractive indices changed as
shown in Figure 5-6 (b). For the horizontally (H-) polarized wave, it encountered a
negative index change, nx < 0. Thus, the wave could not propagate in the crystal, as
shown in Figure 5-6 (b). In contrast, the vertically (V-) polarized wave encountered a
positive index change, ny > 0, as shown in Figure 5-5 (b). Like an optical waveguide
composed of a core (high index) and a cladding (low index), the wave was constrained
and propagated in the area with the higher index. Since the “core” is comparatively large
in this case, multimode competition was also observed.

Figure 5-6. Beam propagation, shown in the sliced field intensity in the y function, simulated at
(a) voltage OFF in both polarization states, (b) voltage ON in H-polarization, (c) voltage ON in
V-polarization. Here, the color-rendered area is the KTN crystal. (after Y.-C. Chang et al., in
2012 [21])

To eliminate multimode propagation, the electrode gap was shortened to 5 m. In
this case, the 10-V applied voltage induced a sufficient index change. Figure 5-7 (a)
shows the field distribution in the y function for a V-polarized wave in selected
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propagation distances, while the waist of the launch wave was reduced to 6 µm. A
guiding effect with the single-mode characteristics can be observed. Moreover, the
deviation of the indices was tunable by controlling the applied voltage; the guiding
properties (or “effective” numerical aperture) could be thus adjusted. Figure 5-7 (b)
shows the variation of the field amplitude at the output plane at different applied
voltages. Here, the output profiles are normalized to the input V-polarized wave for a
Gaussian distribution. It was observed that the higher the applied voltage, the stronger the
optical confinement was obtained.

Figure 5-7. Simulation of the beam propagation in the device with a narrower electrode gap (5
m). (a) The sliced intensity distribution of a V-polarized wave propagates at the ON state (b)
The intensity distribution at the output plane can be varied by controlling the applied voltage.
Here, the color-rendered area is the KTN crystal. (after Y.-C. Chang et al., in 2012[22])
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5.2 Voltage-controllable dynamic waveguides

5.2.1 System design and fabrication
A KTN-based field-induced optical waveguide was fabricated to validate the
proposed design. A single-crystal KTa0.7Nb0.3O3, with dimensions 10 mm (L) × 7 mm
(W) × 1 mm (D), was used as the substrate. Serving as a shadow mask for the deposition,
a ridged bi-layer structure with a width of 50 m and a height of 5 m was fabricated by
LOR5A (Microchem) and SPR3012 (Rohm and Haas) photoresistors on the polished
KTN surface. An electron beam evaporator (Kurt J. Lesker Lab18) was used to deposit a
100-nm-thick gold (Au) layer as the metal contact. After lifting off the mask, a pair of
electrodes was obtained in the crystal’s 50 m gap. Figure 5-3 is a schematic
configuration of the fabricated device.
The experimental setup for evaluating the performance of this dynamic optical
waveguide is illustrated in Figure 5-8. A diode-pumped solid state (DPSS) laser
(Coherent Compass 532-200) delivered CWs with wavelengths of 532 nm. A quarter
wave plate (QWP) and a polarizer (P) were used in the system so that the polarization
axis was adjustable before entering the coupling lens (L). A well-chosen lens produced a
Gaussian wave in the 50 m waist on the focal plane, which was also the input plane of
the device. Since the crystal’s EO coefficients were sensitive to the ambient temperature,
the KTN waveguide was placed on top of a TEC. A charge coupled device (CCD) camera
(SONY XC-77) captured the output beam shape at the output plane of the device.
Alternatively, a fiber-coupled photodetector (FEMTO Messtechnik HCA-S-200M-Si)
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was employed to measure the response time of the device under a fast driven field from a
high speed pulser (Avtech Electrosystems AVL-3A-C).

Figure 5-8. Schematic illustration of the experimental setup for testing the dynamic optical
waveguides based on KTN crystals, including a 532 nm DPSS laser, two mirrors (M1 and M2), a
coupling lens (L), a quarter wave plate (QWP), a polarizer (P), and an optical fiber (OF)-coupled
photodetector (PD). The KTN-based field-induced optical waveguide was placed on the
thermoelectric cooler (TEC) and driven by a high speed pulser.

5.2.2 Performance evaluations (guiding effect and response time)
A long working distance microscope objective lens (Nikon ELWD 40X/0.55) and
a CCD camera (SONY XC-77) are used to capture the output beam shape at the output
plane of the waveguide under the control of a DC voltage source. Figure 5-9 (a) shows
the captured intensity distribution of the propagation wave at the output plane without
applying the biasing voltage. Since a KTN crystal is isotropic without biasing voltage, the
output intensity distributions are identical for both polarization states. When the voltage
is ON, the electric field induces variation in the refractive indices, making the crystal no
longer isotropic. Figure 5-9 (b) shows the intensity distribution of an H-polarized wave at
the output plane while 100 V is applied to the device. One can observe that the wave is
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polarized wave in Figure 5-6 (b) and Figure 5-9 (b), the wave was expelled from the
center to the side when voltage was applied. Thus, the dynamics of these field-induced
indices variation could be measured by placing an optical fiber at the output plane. When
the bias pulse was at level zero, the wave propagated thorough the crystal and was
coupled into the detector; when the bias pulse was at 250 V, the wave could not
propagate through and be detected. Figure 5-10 shows the measured intensity change as
a function of time, whereby the coupled wave dropped spontaneously as the bias pulse
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was applied. The measured fall-time was approximately 20 ns, a value far from the rise
time of the bias pulse. In fact, the driving network can be viewed as a typical RC circuit,
where R and C were, respectively, the resistance of the parallel resistor and the
capacitance of the KTN waveguide. In the experiment, the parallel resistor was 50 Ω,
which matched the output impedance of the pulse, and the capacitance of the KTN
waveguide was 375 pF, which was obtained by the numerical calculation introduced in
section 4.2.2. The calculated time constant was 19 ns, which was very close to the
experimental result. One could thus expect the device to be operated at the higher speed
by efficiently decreasing the capacitance of the device or the impedance of the driver.
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Figure 5-10. The response time of the KTN-based electric field-induced optical waveguide. (after
Y.-C. Chang et al., in 2012 [21])
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In this section, we validated the design of the KTN-based electric field-induced
waveguide. The results show that the V-polarized wave can be guided within the region
between the two electrodes. Also, the total intensity as well as the distribution of the light
fields can be controlled by adjusting the magnitude of the applied external electric field,
which enables the dynamic optical waveguide. The dynamic nature of the optical
waveguide allows quick control of the guiding effect in optical waveguides, which could
be of great benefit in tunable optical devices such as variable optical attenuators and
dynamic gain equalizers. A fast response time was also experimentally observed. The
tuning speed can also be further increased by reducing the system’s RC time constant. In
the next section, a field-induced 1 × 2 KTN EO switch is introduced according to a
similar principle. Powered by the nature of the field-induced dynamic waveguide on
KTN, this high speed switch possesses a high extinction ratio, and low crosstalk (XT) and
power dissipation.

5.3 Field induced 1 × 2 KTN electro-optic switch
Optical 1 × 1 and 1 × 2 switches are fundamental elements in optical
communication networks. Multiple approaches are available for optical switching,
including the EO-based MZI switch, the AO-based Bragg deflection switch, and other
semiconductor-based photonic devices. Although several techniques are capable of >40
Gbps signal processing, they require complex structures to implement high speed
switching, such as semiconductor optical amplifiers (SOA), multimode interference
(MMI) couplers, and silicon photonic waveguides.[78]-[81] Currently, the rapid
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development of high data rate computation compels higher bandwidth capacity.
Unfortunately, the transmission window in conventional devices is usually limited by the
materials and working principles of the devices. For example, the performance of the
MZI

switch

is

spectrally

sensitive

due

to

the

requirements

regarding

constructive/destructive interference. The semiconductor-based switch suffers from
optical power dissipation and switching energy consumption as the driving frequency
grows. Therefore, alternative approaches such as the one introduced in the previous
sections are desirable. A controllable waveguide can be induced inside a KTN crystal by
the external field due to its extraordinary EO Kerr effect. In addition to a very wide
transmission window, this “dynamic” waveguide also shows a fast response time
(approximately 19 ns), revealing its potential in high speed optical modulation.

5.3.1 Design and simulation
A schematic drawing of a KTN waveguide switch is shown in Figure 5-11. The
KTN crystal with a length, L, of 5 mm and thickness, t, of 0.5 mm is deposited with the
electrode on the back side. The top electrodes are 10 m in width, w, and have a
displacement, d, of 100 m. Since KTN’s optical characteristics are sensitive to the
environmental temperature, the chip was attached to a pre-patterned TEC, which controls
not only the temperature but also the applied voltage, V = Vs − V0, between the
electrodes. When voltage is applied, the bound charge on the top electrode induces a
strong electric field under the top electrode. The refractive indices of the KTN crystal can
be easily varied by an induced electric field with giant EO coefficients. A field-induced
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optical waveguide for the V-polarized wave is thus formed under the top electrode, as
shown in the inset of Figure 5-12.

d

+V0

+Vs

KTN

w

Electrodes

t

TEC

L

Figure 5-11. Field-induced 1 × 2 KTN EO switch with thickness t is attached to a TEC module.
When the voltage, Vs, is applied, a dynamic waveguide is induced underneath the top electrode,
which has a width of w, length of L, and displacement of d.

As explained in section 5.1.2 (and depicted in Figure 5-7), the guiding effect is
tunable by controlling the applied voltage. The controlling device should consist of a
high-speed/broadband optical modulator and switch. For example, when the applied
voltage is OFF, V = 0, the coupled CW goes straight and is propagated through the chip,
as depicted in Figs. 5.6 (a) and 5.9 (a). When the voltage is ON, V ≠ 0, the V-polarized
wave is coupled into the dynamic waveguide, and laterally shifts at the output plane with
a displacement, d, as depicted in Figs. 5.6 (b) and 5.9 (b). Thus, one can switch the route
of optical waves by turning the voltage OFF, called channel 1 (Ch1), or turning the
voltage ON, called channel 2 (Ch2). Alternatively, one can also modulate the applied
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voltage with carrier signals. In this case, the device acts as an optical modulator or
multiplexer, with the modulated output in each channel.

Figure 5-12. Electric field distribution inside the KTN crystal plotted at the x-y cross-sectional
plane. The norm of the field intensity, E (x, y) (V/m), is rendered in a rainbow scale. The arrows
show the vector of the field in the logarithm scale. The inset shows the three dimensional (3D)
field distribution when the voltage is applied.

When the optical wave propagates along the z-axis, a guiding or blocking effect
emerges, depending on its polarization status. The relationship between the indices
change and the field distribution is described in Eqs. (5.1)–(5.5). As described in section
5.1.2, the electric field distribution is calculated by COMSOL Multiphysics® while the
voltage is being applied. Figure 5-12 shows the field distribution of a KTN waveguide
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switch with crystal thickness, t = 500 m, electrode width, w = 10 m, and voltage
difference, V = 200 V. The arrows display the vector of the electric field,

E(x, y)  Ex (x, y)xˆ  Ey (x, y)yˆ . The norm of the field intensity, E (x, y) , is rendered by
the rainbow scale in units of V/m. It is observed that the y-component of the field is
dominant close to the center of the electrode. In the following discussion, we assume that
the Ex (x, y)  0 and E y (x, y)=E (x, y) . Thus, = 0 in Eq. (5.4). For the optical waves
that propagate along the z-axis, Eq. (5.5) can be reduced as

1
1
 2  s12 E 2 (x, y)
2
nx n
1
1
 2  s11 E 2 (x, y).
2
ny n

(5.6)

Here, nx and ny emerge as the refractive indices of the H- and V-polarized waves,
respectively. Since the EO coefficient s11 is a positive number and s12 is a negative
number for KTN crystals, the H-polarized and V-polarized waves, respectively, result in
the emergence of a guiding and blocking effect as the field is presented. In this study, for
the purpose of wave guiding, the H-polarized wave is adopted.
Figure 5-13 (a) shows the intensity of the electric field at the center of the
electrode, x = 0, at various applied voltages from 0 to 300 V. By taking the isotropic
refractive index, n = 2.23 and s11 = 2 × 10−14 m2/V2 into Eqs. (5.4) and (5.5), the
corresponding index change, n = ny’ −n, can be plotted as a function of depth beneath
the top surface, y, as in Figure 5-13 (b). In the other words, a graded-index waveguide
with the maximum index change, nmax = 0.05, and the core diameter, dFWHM = 5 m, is
induced while V = 300.
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Figure 5-13. (a) The electric field distribution in various applied voltages (volts) plotted at x = 0
along the y-axis and (b) The refractive indices distribution in various applied voltages (volts)
plotted at x = 0 along the y-axis.

The guiding efficiency of the KTN waveguide switch was simulated by the
RSOFT® tool as described in section 5.1.2. A Gaussian beam was launched at the input
plane of the chip, z = 0, and monitored by two separated detectors (i.e., Ch1 and Ch2 are
placed at the coordinates (x, y) = (0, 5) and (100, 5) in m units, respectively). Here, the
beam waist at the input plane is 20 m. According to Gaussian beam approximation, the
beam waist at the output plane (z = 5 mm) would be 47 m for a wavelength of
m. Thus, a well-separated (d = 100 m) detector Ch2 could minimize the XT
in the OFF state (V = 0).
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Figure 5-14. Optical field distribution of propagation waves plotted in the propagated x–z plane (lower
figures) and the output x–y plane (upper figures) as applied voltage increased. The rainbow color renders
the field intensity normalized to the peak intensity of the launched Gaussian beam .

Figure 5-14 shows the optical field distribution of the beam propagated inside the
device at various applied voltages from 0 to 300 V. The field intensity, normalized to the
peak intensity of the input Gaussian profile, is plotted in the x–z plane at y = 5 m. When
the voltage was OFF, the beam was undisturbed, but went straight with a slight
divergence inside the crystal. The normalized output power at Ch1 was 0.7, and the XT at
Ch2 was −48 dB, as plotted in Figure 5-15. As the voltage was increased, the fieldinduced indices variation made the V-polarized wave couple into the waveguide. Thus, it
was possible to observe the partially optical confinement, where the beam waist was
truncated near the input plane (z < 1 mm). However, the output power at Ch2 remained at
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a low level since the indices variation was small (npeak < 0.001 at V = 50 V), as seen in
Figure 5-13. The optical wave leakage also resulted in a high XT at Ch1 (XT < −10 dB).
The optical wave was not fully coupled into the waveguide until the voltage approached
250 V, where the peak indices variation, npeak > 0.02. The detectors obtained a strong
output power at Ch2 and small XT (−40 dB), when V > 250 V.
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Figure 5-15. (a) Normalized output power and crosstalk (XT) of the KTN waveguide switch shown at
various applied voltages: the power dissipations of channel one (Ch1) and channel two (Ch2) are shown as
red and blue lines, respectively. The green line shows the XT between each channel. (b) The extinction
ratios of Ch1 and Ch2 are shown as red and blue lines, respectively.

The performance of an optical switch/modulator is usually evaluated by its XT
and extinction ratio. The lower the XT (or the higher the extinction ratio), the more the
bit rate can be modulated or carried by the device. The XT represents the primary factor
in the signal-to-noise ratio, and the extinction ratio represents the dynamic range of the
amplitude modulation. Figure 5-15 (b) plots the extinction ratio of each channel at
various voltages, where the output power ratio is in dB units. When V = 0, the optical
signal is switched to Ch1 for extinction ratios >38 dB. When V ≠ 0, the optical signal is
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switched to Ch2 for extinction ratios >40 dB. With such high extinction ratios and low
XTs, this 1x2 field-induced optical waveguide based on KTN promises to yield great
performance in modern high speed communication networks.

5.3.2 Device fabrication and test
A prototype field-induced 1 × 2 KTN EO switch was fabricated on a 10 mm × 10
mm × 0.5 mm KTN substrate, as shown in Figure 5-16. Here, a single-crystal of
KTa0.7Nb0.3O3 was adopted. The top electrode with a width of w = 50 m and a
displacement of d = 100 m, as defined in Figure 5-11, were patterned by
photolithography and an evaporation/lift-off process. Since the proposed KTN waveguide
switch was considered to be a metal-dielectric-metal device, the electric field distribution
inside the dielectric was influenced not only by the geometry of the device but also by the
relationship between the work function and the conduction band of the materials under a
high electric potential. As reported in Ref. [77], the typical adhesion layer for the metal
contact, titanium (Ti), with low work function (4.33 eV), could easily result in a charge
injection effect under a high electric potential. To avoid this effect, which lowers the
response time of the device, it was suggested that we replace the metal contact with
platinum (Pt), which has a higher work function (5.65 eV). The report also showed a
strong dielectric strength (>200 V/m) on this metal-dielectric-metal configuration.
Therefore, Pt was evaporated as the bottom and top electrodes. The back electrode was
then bonded to an outlet on a pre-patterned circuit board by indium (In) solder, and the
top electrode was bonded to another outlet by a gold (Au) bonding wire. As shown in the
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Figure 5-16 inset, the Au thin film, deposited on Pt contact, gave not only better adhesion
with the bonding wires but also lower contact resistance.

Figure 5-16. Field-induced 1 × 2 KTN electro-optic switch on the testing bench, where the CW
laser with a wavelength of 532 nm is coupled. The inset is a photograph of a 1 × 2 EO switch
(right) and a 1 × 1 EO modulator (left) fabricated on the same KTN substrate.

A CW laser with a wavelength of 532 nm was focused in the 50 m waist of the
input plane of a chip placed on a TEC. According to Gaussian approximation, the size of
beam waist maintained at the output face at the propagation length, L = 10 mm, is shorter
than the Raleigh length. Figure 5-17 shows the images focused on the output plane while
the switch was OFF (V = 0 V) and ON (V = 200 V). The dotted line is the interface
between the KTN and the air; the solid line is the geometry of the top electrode. The
arrows show the location of the input and output beams. The beam maintained its
direction and barely diverged at the output when the switch was OFF, as shown in Figure
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5-17 (a). However, it was slightly deflected by the top electrode at the top surface since
the launch location was close to the interface. When the switch was ON, the location of
the output beam shifted, as shown in Figure 5-17 (b). The output beam was found to not
only shift laterally with the banded electrode in the x-direction but also vertically, closer
to the interface in the y-direction. This experiment showed strong evidence that the
external electric field induces a waveguide beneath the top electrode, which can
manipulate the direction of the coupled beam.

Electrode

(a) 0 V

50 m

(b) 200 V

50 m

Figure 5-17. Images of the output beam shape at an applied voltage of 0 V (switch OFF) and 200
V (switch ON) while focusing on the output plane: the dotted line shows the surface of the KTN
chip; the solid lines show the geometry of the top electrodes. The arrows plotted in center of the
beams indicate the position translation between switch’s ON/OFF states. The defocused input
plane illuminated by the launch beam can also be observed in the background.

The time response of the field-induced 1 × 2 KTN EO switch was tested on the
optical bench, as depicted in Figure 5-8. A high speed pulser (Avtech Electrosystems
AVL-3A-C) delivered pulses with a rise time of 1 ns, a duration of 50 ns, a repetition rate
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of 1 kHz, and a voltage of 300 V. The optical fiber-coupled photodetector (FEMTO
Messtechnik HCA-S-200M-Si) was connected with output Ch1 of the switch. When the
bias pulse is at the ground level (V = 0), the beam propagated in a straight line and cannot
be detected (photovoltage, Vp = 0, as seen in Figure 5-18). When the bias pulse is at the
higher level (V = 300), the beam propagated along the “induced” dynamic waveguide and
could be detected (photovoltage, Vp = 1 V, as seen in Figure 5-18). The response time
shown in Figure 5-18 was approximately 12.5 ns. Again, the result corresponded with our
simulation results, R = 50 and C = 190 pF (by COMSOL Multiphysics® ). To evaluate
the impact of the device’s geometry on the capacitance (or rise time, tr ≈ 2.2 R × C),
Figure 5-19 shows the calculated capacitance, C, as a function of the electrode width, w,
with length L = 5 mm and various crystal thicknesses, t, from 100 to 500 m. One could
observe that the thinner the crystal thickness, the higher the capacitance (or the lower the
speed). For a low power (or voltage) operation, as discussed in the following section, the
field-induced 1 × 2 KTN EO switch must have a small enough electrode width to
efficiently lower the capacitance. However, a smaller electrode resulted in lower
capacitance. It should be noted that the electrode cannot be so small as to be below the
cutoff wavelength that would prevent the wave from propagating in the induced
waveguide.
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Figure 5-18. Response time of the field-induced 1 × 2 KTN EO switch obtained by a high speed
photodetector.

Figure 5-19. Capacitance, C, as a function of the electrode width, w, is calculated based on the
device with a length of L = 5 mm and at various crystal thicknesses, t, from 100 to 500 m.
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5.2.3 Preliminary study of a low-power ultra-high bandwidth switch based on KTNs
Although the proposed configuration shows good performance in several aspects,
including the XT, power dissipation, and extinction ratio, the required voltage is much
higher than standard voltage levels for signal transmission. For example, typical voltage
levels in an RS-232 interface are in the range from ±3 to ±15 V. Voltage levels for a USB
3.0 and a twisted paired Ethernet cable are ±3 and ±2.5 V, respectively. Thus, one should
lower the driving voltage of the 1 × 2 KTN EO switch from a current V ~ 300 V to V < 10
V. According to Eq. (5.6), the indices change can only be maintained by reducing the
thickness,

t,

of

the

crystal

while

the

voltage,

V,

is

dropped,

since

E ( x, y )  E y ( x, y )  V (x, y) /  ( y  t ) . The strongest field occurs at the origin point (0,

0), where E = V/t. To further reduce the power dissipation and XT, a “two arms” design is
introduced, as shown in Figure 5-20. The low voltage field-induced 1 × 2 KTN EO
switch has a length of L = 1.5 mm, a thickness of t = 20 m, an electrode width of w = 5
m, and a separation of d = 150 m. The small electrode width not only possesses lower
capacitance, as depicted in Figure 5-19 but also enables single-mode wave guiding.
While the back electrode is signal-grounded, the three top electrodes are controlled by
three voltage sources. A direct current (DC) voltage, VDC, is applied to the electrode
before the split. When the voltage signal is applied to the source V1, the optical wave will
be guided to Ch1; when the voltage signal is applied to the source V2, the optical wave
will be guided to Ch2. Moreover, the input power, Pin, can be modulated as P1 or P2 by
respectively varying the voltage level of V1 and V2.
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Figure 5-20. A low-voltage field-induced 1 × 2 KTN EO switch, with a length of L = 1.5 mm,
thickness of t = 20 m, electrode width of w = 5 m, and separation of d = 150 m, attached to a
TEC module.

By the approach described in section 5.3.1, the performance of the low voltage 1
× 2 KTN EO switch is optimized at a wavelength of 1.31 m (O band). Figure 5-21
shows the output power variation in decibels at increments of the driving voltage at V1.
Here, it is assumed that the voltage at V2 spontaneously dropped as the voltage at V1 is
increased. The curves in Figure 5-21 are more symmetric than in Figure 5-15 (b),
showing the benefit of the two-arm design. The output power can be as high as >30 dB
when the driving voltage is >2 V. The calculation result also reveals another advantage of
the KTN-based EO switch—the ultra-wide bandwidth operation. When the operation
window is extended to the E band (centered at 1.55 m), a modulation depth >30 dB can
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still be maintained at a voltage of 3 V. For the purposes of comparison, the modulated
output with the applied voltages of a directional coupling switch and a MZI switch is
shown in Figure 5-22 (a) and (b). Here, the applied voltage, V0, is the half-wave voltage
at a wavelength of 1.31 m. Although the switches show excellent performance at the
optimized wavelength of 1.31 m, they easily lost their modulation when the spectra
shifted. Compared to the KTN-based waveguide switch, which has an XT of −37 dB,
typical LiNbO3-based switches have dramatic increments of XT at the E band.
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Figure 5-21. Output power in decibels varied by the driving voltage. The blue and red lines,
respectively, show the power at Ch1 and Ch2. The solid and dotted lines, respectively, show the
power at wavelengths of 1310 nm and 1550 nm.
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Figure 5-22. Normalized output power at various applied voltages for different EO switches: (a)
LiNbO3-based 1 × 2 directional coupling switch, (b) LiNbO3-based 1 × 2 Mach–Zehnder
interference (MZI) switch, and (c) KTN-based 1 × 2 field-induced waveguide switch. Here, V0 is
the half-wave voltage of LiNbO3-based switches. Schematic drawings of each switch are
illustrated below the plots.

An electric field-induced optical waveguide based on KTN was discovered in this
study. The varied indices of the electric field and their corresponding optical field
distributions for the H- and V-polarized waves were quantitatively computed at different
applied voltages (or electric fields). The simulation results showed that the V-polarized
light could be guided within the regions between the two electrodes. Results also
indicated that both the total intensity and the distribution of the optical fields can be
adjusted by the amplitude of the external electric field, to enable the dynamic optical
waveguide. The dynamic nature of the optical waveguide allows for quick control of the
guiding effect in optical waveguides. In addition, a multimode dynamic waveguide was
fabricated and its performance was evaluated with respect to output beam shape and
response time. The experimental results agreed relatively well with the theoretical model
results. Base on this discovery, we introduced a field-induced 1 × 2 KTN EO switch.
Using similar techniques, such as FEM and BPM, we simulated the electric field
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distribution, the induced indices variation, and the optical field distribution in the device.
Results indicate that the device has very low power dissipation (<1%) and low XT (<−30
dB) at an operation wavelength of 532 nm. A proof-of-concept experiment was also
fabricated and tested. Compared to the complex fabrication processes of traditional
integrated photonic devices, the field-induced KTN EO device was much simpler and
lower in cost.
The measured response time of both fabricated devices is <20 ns, which is limited
by their capacitance and impedance of the driver. As a preliminary study, one can further
reduce the capacitance of the devices, as well as the driving voltage. A proposed lowpower 1 × 2 KTN EO switch can be driven by a conventional ±5 V modulation signal.
This switch also has low power dissipation (<1%) and low XT (<−30 dB) in both the O
band and E band windows. With this outstanding performance, the field induced 1 × 2
KTN EO switch represents a good replacement for conventional EO switches like the
MZI and direct coupling switches. The device can potentially simplify high speed optical
fiber networks consisting of cascaded (or multiple) SOA-MMI-MZI devices. Moreover,
any tunable optical device such as variable optical attenuators and dynamic gain
equalizers can utilize this discovery.
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Chapter 6
Conclusion and Future Work
This research was stimulated by the extraordinary electro-optic (EO) coefficients
of the Kerr medium, potassium tantalate niobate [KTa1−xNbxO3 (KTN)] crystal. KTN
exhibits the largest EO coefficients among all EO mediums. However, there had as yet
been no systematic study of its characteristics or applications until the recent availability
of crystals of sufficient size and quality. This dissertation began with an introduction to
the preparation of single-crystal KTNs (e.g., Czochralski and TSSG processes). The
physical properties of KTN are also summarized in Tables 2.1 and 2.2, including their
fascinating electrical, optical, and electro-optical characteristics. Since KTNs are a solidsolution of KTaO3 and KNbO3, their properties are highly dependent on the composition
ratio of Nb/(Nb + Ta). Moreover, the EO coefficients vary with the function of
temperature (Figures 2-9 and 2-10). This observation spurred another subject of
research—the thermal hysteresis of the nonlinear EO effect on KTNs. It was well known
that perovskites, such as KTNs, exhibit peculiar dielectric properties with thermal
evolution; this nonergodic change is associated with the formation of polar nano-regions
(PNRs). This study conducted transient observations of the EO effect in cooling and
heating processes. We found that the PNRs strongly impact the optical characteristics at
temperatures between the Burn temperature and the Curie temperature. Our investigation
also discovered that the super cooling process can effectively suppress the growth of
PNRs, which thus minimizes optical depolarization and scattering. An enormous EO
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coefficient (approximately 6.94 × 10−14 m2/V2) was measured at the transient state, a
value almost ten times larger than those observed at the quasi-steady state.
This giant EO effect makes the single-crystal KTN a good candidate as a freespace optical (FSO) switch. The large EO coefficient reduces the driving voltage of the
large aperture switch. The KTN-based FSO switch also possesses a wide field of view
(FOV) when the crystal is in cubic symmetry without any applied voltage. This study not
only simulates the optical and electrical characteristics of the device but also evaluates
the performance of fabricated samples in multiple dimensions. A device with a large
aperture (6.5 mm×10 mm) and a wide FOV (±30°) and a very fast speed (rise time, tr =
1.84 ns) is demonstrated. In addition, by taking advantage of the Kovacs effect, the
driving voltage can be reduced to as low as 800 V. Furthermore, this dissertation
introduces a novel technique for manipulating the guiding waves inside the EO crystal. A
dynamic optical waveguide can be locally induced and controlled by an external electric
field due to the enormous EO coefficients of the single-crystal KTN substrate. This
discovery is not only confirmed by the simulation tools, but is also demonstrated with a
fabricated single-channel dynamic waveguide. Based on this discovery, a field-induced 1
× 2 KTN EO switch is also proposed. The theoretical calculation shows that the device
possesses very low power dissipation (<1%) and low XT (<−30 dB) for an H-polarized
wave at a wavelength of 532 nm. The model has been proven to work by the fabricated
device based on a KTN chip (10 mm × 10 mm × 0.5 mm), which shows a quick response
time (tr = 12.5 ns) at a driving voltage of 300 V. To further reduce power consumption, a
low-voltage version of the KTN-based EO switch is introduced. This device not only
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exhibits low power dissipation and low XT but also has spectral insensitivity, making it
applicable in the O band and E band.
Efforts toward the development of KTN-based EO devices continue. To better
understand and improve the performance of KTNs, aspects about their material growth
and characteristics must be studied in the future. First, we know that the Curie
temperature of single-crystal KTNs is adjustable by the weight percentage of niobium
(Nb) and tantalum (Ta) dopants as depicted in Eq. (2.1). However, the Curie temperature
of a single-crystal KTN hardly achieves room temperature since the difficulty of
crystallization increases as the weight percentage of the Nb dopant exceeds x > 0.4. Most
of the highly doped KTN crystals suffer from problems of growth defects and strains.
These defects and strains can, respectively, cause optical scattering (or depolarization)
and birefringence in their application. Better techniques for crystal growth are still
needed. The better the crystalline structure, the stronger the EO effect will be. Secondly,
KTN properties with extra dopants (i.e., KTN:Cu and KTN:Li) dramatically change from
those of pure KTN. There needs to be further discussion about the types of dopants, and
their impacts on KTN electrical and optical properties. Thirdly, by taking advantage of
the Kovacs effect on KTNs, EO coefficients can be hugely enhanced. However, a key
factor—the formation of PNRs with evolution of temperature—is still under discussion.
More observations are necessary during the super cooling process. More physical
evidence is also needed to comprehensively describe the mechanism behind the Kovacs
effect on KTNs.
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Figure 6-1. (a) Interdigital electrodes embedded in a KTN wafer as a large-aperture FSO switch.
(b) The cross-sectional electric field distribution in units of V/m in the rainbow scale.

Innovative designs will also improve the performance of KTN-based EO devices.
The following concepts can be applied to further extend the applications of single-crystal
KTNs. For the FSO switch, interdigital electrodes, as shown in Figure 6-1 (a), can be
introduced in the design. Electrodes are embedded in a KTN wafer at a thickness of 1
mm and then bonded with a pair of thin film polarizers. The electrode gap is 2 mm, and
the active area is 40 mm × 40 mm. Figure 6-1 (b) shows the cross-sectional electric field
distribution of this large aperture FSO switch. Although narrowed electrode gaps
effectively lower the driving voltage of the switch, the current-induced self-inductance
can be revealed in this way. Also, the inhomogeneity, as seen in Figure 6-1 (b), may
lower the extinction ratio of the switch. If one can effectively reduce the inductance,
capacitance, and inhomogeneity via precise calculation, an interdigital FSO switch based
on a KTN substrate with ultra-fast speed, large aperture, and low power consumption will
be realized.
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Figure 6-2. Schematic illustration of the beam deflector based on a KTN crystal with linearlyvariant EO coefficients.

As depicted in Figure 2-3(b), the phase diagram of the KNbO3-KTaO3 system
shows that the Nb/(Ta + Nb) concentration ratio in a single-crystal KTN depends on the
temperature of the crystallization. For the conventional growth process, one can easily
observe the gradient distribution of the Nb/(Ta + Nb) concentration due to the
longitudinally-distributed crucible (or furnace) temperature. The variation in the
concentration results in an inhomogeneous distribution of the Curie temperature and the
EO coefficients, which are meant to be eliminated. However, one can use this kind of
crystal as a high speed beam deflector. Assuming a KTN crystal utilizing the gradient EO
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coefficients, sij, as shown in Figure 6-2, the refractive indices change with the existing
electric field, Ex can be described as

n3
s11 ( y ) E x 2
2
n3
n y ( y )   s12 ( y ) E x 2
2
n x ( y )  

(6.1)

for x- and y-polarized waves, respectively. Here, nx,y = nx,y−n is obtained from the
derivation of Eqs. (5.1) to (5.5). The parameter n is the refractive index of KTN without
an external field. The gradient variable sij(y) is the EO coefficient of the KTN, which is in
the function of position, y. While an x-polarized wave propagates toward the +zdirection, the beam will result in variation of the indices and deflect toward the +ydirection. The deflection angle after a propagation distance of L is approximated as

 L


n x ( y )
y

n3 2 d
=  E x L s11 ( y ).
2
dy

(6.2)

Assuming the EO coefficient, s11(y), is linearly variant in the y-direction, (d/dy)s11(y) = 
s11(y)/w, Eq. (6.2) can be derived as

= 

n 2V 2 s11L
,
2 wd 2

(6.3)

100

0

-50

Deflection Angle (mrad)

-100

-150

-200
s11=2x10-14 m2/V2

-250

s11=4x10-14 m2/V2
-300

s11=6x10-14 m2/V2
s11=8x10-14 m2/V2

-350

s11=10x10-14 m2/V2
-400

0

50

100

150
200
250
Applied Voltage (volt)

300

350

400

Figure 6-3. Deflection angles of the output beam with applied voltages in various s11 calculated
by Eq. 6.3.

where w and d are, respectively, the width and the depth of the crystal. V is the applied
voltage and s11 is the variation of the EO coefficient along the distance w. Assume a
KTN chip with dimensions 5 mm (L) × 2 mm (w) × 0.5 mm (d) is deposited with
electrodes on faces y = 0 and y = w, to enable the external field Ex. The deflection angles
of the output beam with applied voltages in various s11 are calculated as shown in
Figure 6-3. According to the plots, the larger the gradient, the wider the angle that can be
obtained at a given applied voltage. Here, the refractive index without an external field is
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n = 2.23. The EO coefficient is assumed to linearly vary from 10−15 m2/V2 to 10−14 m2/V2.
For a commercially available KTN-based beam deflector, the scanning speed is limited
by the time of the carrier injection/transportation in the crystal, limiting the frequency to
the MHz range. For a KTN crystal with linearly-variant EO coefficients, the scanning
speed is no longer limited by the carrier injection, but rather the response time of the EO
effect in the GHz range.

Figure 6-4. Field-induced 1 × 4 KTN EO switch on a KTN substrate. The optical signal can be
switched between each channel.

For the KTN switch based on the electric field-induced dynamic waveguide, low
voltage/power operation can be realized on thin film KTNs grown on silicon wafers since
the strength of the electric field is inversely proportional to the thickness of the KTN
layer. Such silicon-on-insulator (SOI) configuration has the potential to integrate with
existing silicon-based nanofabrication processes. The cascaded structure is also feasible
on a large-scale wafer. For example, a field-induced 1 × 4 KTN EO switch built by
cascading three 1 × 2 switches is illustrated in Figure 6-4. With properly controlled
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voltage, the field-induced waveguides can selectively guide the couple waves beneath the
electrodes, which enable optical signal switching between four channels.
(b)

y

ny
nsat

z
KTN

KTN

Au
Au
x

x
Excitation TM wave
Ex
Ey

Propagation TE wave

Field induced
index change

Optical confinement

Ey


(a) SPP, Ex

(c) TE waveguide
mode, Ey

Au

Figure 6-5. Field-induced 1 × 4 KTN EO switch on a KTN substrate. The optical signal can be
switched between each channel.

On the other hand, the interface between the electrode and the KTN can be
viewed as a typical metal-insulator interface. As shown in Figure 6-5, the surface
plasmons (SPs) can be excited by a transverse magnetic (TM) wave and carried in the
interface if the difference in the wave vectors between the surface plasmon polaritons
(SPP) and the excitation photon is compromised. The electric field distribution of the
SPPs, Ex, is illustrated in the inset of Figure 6-5 (a). For the Au-KTN interface, the
penetration depth of the field, Ex, is 1130 nm at an excitation wavelength of 1550 nm.
This exponentially-decayed electric field also induces the variation of indices described
in Chapter 5, which enables the dynamic waveguide shown in the inset of Figure 6-5 (b).
This optical field-induced waveguide can confine and guide another optical wave in a
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transverse electric (TE) mode with shorter wavelengths as shown in the inset of Figure
6-5 (c). Figure 6-6 illustrates an all-optical switching 1 × 2 KTN switch. The
configuration is similar to the one described in section 5.3, except for the gratings area.
The grating harmonics provide additional momentum for meeting the difference between
the launch beam and the SPP, which enhances the efficiency of SP excitation. The optical
signals are thus switched between two coupled fibers by selectively exciting beams at
each terminal. As with the electric field-induced KTN EO switch, the output intensity of
each can also be modulated by the strength of the excitation beam. Since these dynamic
waveguides are manipulated by the excitation of optical signals, the speed of the device is
no longer limited by the RC constant of the driving circuit. Moreover, since the
wavelength and the polarization of the excitation wave are different from those of the
propagation wave, the proposed device can function as a wavelength converter or a
wavelength selective switch (WSS), each of which play important roles in current
multichannel wavelength-division multiplexing (WDM) systems.
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Figure 6-6. All-optical switching 1 × 2 KTN switch. The optical signal can be switched between
each channel by manipulating the excitation beams.

With a fast response time, low operation voltage, and excellent optical properties,
KTN-based EO devices can improve performance in several applications, including
modulators and switches in FSO communication networks, optical shutters in the highenergy Q-switched laser cavity, and beam scanners in 3D displays and printers. In
addition, high-speed KTN beam deflectors can increase the scanning speed of biomedical
instruments, like the laser scanning microscope, flow cytometry, and optical tomography.
Moreover, the field-induced KTN waveguide switch with an optical add-drop
multiplexing (OADM) function and wavelength selective switching (WSS) can
potentially benefit next generation high speed data centers and communication networks
of the future.
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