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ABSTRACT 

A high-speed optical beam deflector based on potassium tantalate niobate (KTa1-xNbxO3 

[KTN]) crystal, which has been used in swept-source optical coherence tomography (SSOCT), has 

been gaining interest for its potential application to laser measurement, sensing, imaging, printing, 

display, storage, and communication in advanced optical systems.  The studies in this dissertation 

aimed to explore the unknown aspects of the KTN beam deflection technique and identify novel 

functionalities.  Our investigation of non-uniform charge distribution in KTN crystals led us to 

develop a method to quantitatively simulate space-charge-controlled (SCC) beam deflection in 

KTN crystals with non-uniform charge distribution.  Our method of dividing charge densities in 

KTN crystals with respect to the distance from the KTN cathode was experimentally verified and 

found to be useful when designing SCC KTN beam deflectors with non-uniform charge 

distribution.  We also discovered that 2-D beam deflection can be achieved on a single piece of 

KTN crystal by combining space-charge-controlled (SCC) deflection and temperature-gradient-

controlled (TGC) deflection. When a temperature gradient is induced on a SCC KTN beam 

deflector in a direction perpendicular to the external electric field, 2-D beam deflection occurs in 

the KTN crystal.  In addition to beam deflection, I studied the high-speed laser activation technique 

involving SI-GaAs and a photoconductive semiconductor switch (PCSS).  I identified 

unconventional lock-on behavior during non-linear switching in PCSS by activating the PCSS with 

optical beams of multiple wavelengths simultaneously.  After bonding the activating portion of the 

PCSS with a ruby crystal, the PCSS was triggered by a combination of a 532-nm laser pulse and a 

694-nm fluorescent light. This resulted in an ultra-long lock-on time (i.e., on the order of 

milliseconds) three orders of magnitude longer than the typical lock-on behavior in the non-linear 

switching mode of PCSS. 
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Chapter 1 

 

Introduction 

An optical beam deflector is a key component that is used to change the direction of light 

in a range of advanced techniques, including imaging, sensing, printing, optical storage, and 

communication.  Driven by the various needs of optical instruments and communication systems, 

including swept-source optical coherence tomography [1], laser displays [2], laser printing [3], 

switchable waveguides [4], and spectral multiplexed holograms [5], researchers have made a 

tremendous effort to develop different ways to enhance our ability to steer optical beams.  

Generally, there are two types of optical beam steering systems: mirror-based mechanical deflectors 

and optical solid-state deflectors.  By far, the most advanced mechanical beam steering systems are 

rotating polygonal mirror scanners [6-8], microelectromechanical system (MEMS) mirror scanners 

[9–11], and piezoelectric beam deflectors [12,13].  Solid-state beam steering systems include 

acousto-optic deflectors (AODs) [14–16] and electro-optic deflectors (EODs) [17–18], as 

illustrated in Fig. 1-1.  

Table 1-1 briefly compares the common properties of the aforementioned optical scanners.  

In comparison to mechanical beam deflectors, solid-state optical deflectors not only are free of the 

mechanical movement associated with refractive mirrors, and thus make much less noise and avoid 

wear and tear, but also feature much faster scanning speed, and therefore are better candidates for 

applications that require higher operation frequency.  Both AODs and EODs can achieve high 

deflection velocities, short response time, and high angular accuracy.  However, AODs suffer from 

heavily attenuated open-state transmittance, which significantly limits their application.  
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Figure 1-1: Illustration of optical beam deflectors: (a) polygonal mirror deflector, (b) MEMS 

mirror deflector, (c) AO beam deflector, and (d) EO beam deflector. 

 

 

Table 1-1: Comparison of the properties of optical beam steering systems [19]. 

Beam 

steering 

technology 

Aperture 

size [mm] 

Deflection 

angle [rad] 

Scanning 

speed [103 

rad/s] 

Response 

time 

Transmittance 

(Efficiency) 

Galvo 

deflector 

7-30 0.5-1 0.1 ms 95% 

Polygon 

deflector 

2-12 0.6-1 1-10 ms 90% 

Piezo 

deflector 

10-25 0.01-0.1 0.01-0.1 ms 95% 
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MEMS -

static 

1-2.5 0.5 0.1-1 ms 90% 

MEMS -

resonant 

1 0.5-1 10-30 ms 90% 

AOD 1-10 0.01-0.05 5-250 μs 60-80% 

EOD 

(Pockels) 
2 0.001 2-20 ns 85% 

EOD (Kerr) 0.5 0.2 40 ns 90% 

 

By nature, EODs feature high scanning speed, high accuracy and control, fast response, 

and high efficiency across the visible wavelengths.  Although they are not without limitations in 

terms of some factors, such as aperture size, they are the best option for high-speed beam steering.  

They can be divided into two types based on which EO effect is dominant: (1) the linear Pockels 

effect or (2) the quadratic Kerr effect.  These effects are discussed in detail in chapter 2 of this 

dissertation. 

Materials with a strong EO effect have been widely investigated.  Typical Pockels cells, 

including zinc selenide (ZnSe), lithium niobite (LiNbO3), and monopotassium phosphate (KDP), 

were found to have linear EO coefficients ranging from 10-13 to 10-12 m/V.  Additionally, the 

quadratic EO coefficients of common Kerr cells, such as lead zirconate titanate (PLZT), barium 

titanate (BaTiO3), and potassium tantalite niobite (KTN), were found to range from 10-15 to 10-14 

m2/V2.  Tables 1-2 and 1-3 list the largest EO coefficients found for Pockels and Kerr cells, 

respectively. 
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Table 1-2: EO coefficients of Pockels cells [20]. 

Pockels cell rij (10-12 m/V) 

ZnSe r41 = 2.2 

ZnTe r41 = 4.5 

CdSe r33 = 4.3 

LiNbO3 r51 = 32.6 

LiTaO3 r33 = 33 

KH2PO4 (KDP) r63 = 10.3 

(NH4)H2PO4 (ADP) r41 = 23.76 

KNbO3 r42 = 380 

BaTiO3 r51 = 1640 

Ba0.25Sr0.75Nb2O6 r33 = 1340 

KTa0.35Nb0.65O3 r51 = 8000 
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Table 1-3. EO coefficients of Kerr cells [20]. 

Kerr cell sij (10-18 m/V) 

KH2PO4 (KDP) s11 - s12 = -2.58 

(NH4)H2PO4 (ADP) s11 - s12 = -1.63 

KTaO3 s11 - s12 = 10 

SrTiO3 s11 - s12 = 31 

BaTiO3 s11 - s12 = 2290 

PLZT s33 - s13 = 1768 

KTa0.6Nb0.4O3 s11 - s12 = 69400 [13] 

 

Although numerous materials listed above have been adopted in high-speed EODs, most 

suffer from relatively small EO coefficients.  KTa0.6Nb0.4O3 (KTN), which was made available in 

large high-quality single crystals with the state-of-the-art top-seed solution growth (TSSG) 

techniques only a decade ago [21], stands out due to its exceptionally large EO coefficient.  Thus, 

interest in KTN crystal’s potential application in, for example, EO switches, modulators, dynamic 

waveguides, high-speed beam scanners, wavelength-tunable lasers, optical coherent tomography, 

and holographic memory systems [22-32], has been rapidly growing. 

One of the most successful applications of KTN crystal is in the commercialized space-

charge-controlled (SCC) KTN beam deflector developed by Japanese researchers [33, 34].  SCC 

beam deflection proceeds as follows: the incoming laser beam is deflected in the crystal by an 

electric-field-dependent prism-shaped refractive index distribution inside the KTN crystal, which 
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is formed when charge carriers are injected into the crystal and trapped by the defects inside.  Figure 

1-1 depicts a SCC KTN beam deflector.  In this model, beam deflection in the x-direction is 

expressed as follows: 

3 2 2

11( )
2

d V
x n g e N L x

eNd




 
= − − + 

 
,                                             (1.1) 

where n is the refractive index, g11 is the effective Kerr coefficient, N is the pre-injected space-

charge density, L is the propagation length of light in the crystal, d is the distance between the two 

electrodes, ε is the permittivity, e is the electron charge, and V is the applied voltage.  It is evident 

that deflection is directly proportional to the applied voltage.  Details about the working mechanism 

of the SCC deflector are presented in Chapter 4.  Because beam deflection is solely dependent on 

the applied voltage field, as all other parameters are predetermined upon operation, the speed of 

beam deflection is significantly affected by the speed of the driving source.  Currently, the scanning 

frequency of an commercialized SCC beam deflector can be as high as 700 kHz [35]. 

 

Figure 1-2: Illustration of a SCC KTN beam deflector. 

Electric field
Top electrode

Bottom electrode

KTN Crystal

Without 
external bias

With external 
bias

Θ(x)

L

d
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Although the SCC beam deflector has been well-investigated and commercialized, much 

about it remains unexplored.  For example, the physical model of the SCC beam deflector was 

based on a KTN crystal with a uniform charge distribution.  However, according to a recent report, 

the charge distribution inside a KTN crystal can be non-uniform [36].  Therefore, it is worth 

investigating non-uniform SCC beam deflectors.  In this study, a model was built to describe a non-

uniform SCC beam deflector, and an experiment was conducted to verify the model. 

The SCC beam deflector can only perform beam deflection in a direction parallel to its 

electrodes.  In other words, multiple deflectors are needed to perform 2-D or 3-D beam steering, 

increasing the costs and complications associated with the process.  To this end, we have discovered 

a novel way to perform 2-D beam deflection using KTN single crystal that involves adding another 

deflection mechanism—temperature-gradient-induced beam deflection—to the existing SCC beam 

deflector.  By employing both beam deflection mechanisms and setting the directions of deflection 

to be perpendicular to each other, 2-D beam steering can be performed.  In this study, we 

comprehensively analyzed the mechanism of temperature-gradient beam deflection in KTN crystal.  

In addition, the effects of space-charge and temperature-gradient mechanisms were quantitatively 

analyzed and experimentally confirmed.  This allowed us to develop a compact, 2-D, large-

bandwidth, and high-speed beam deflector.  In theory, proper selection of the temperature gradient 

and external driving field for KTN crystal are needed to scan the full projecting plane.  This finding 

expands the functionality of KTN beam deflectors and can be used to improve many applications 

of KTN beam deflectors in the fields of advanced imaging, printing, and communication. 

As mentioned previously, the speed of KTN beam deflector is greatly impacted by its 

driving source.  In other words, the speed of the entire system is limited by the part with the least 

speed.  The quadratic Kerr effect of KTN crystal can be expressed as follows: 

2

11 12 3 2

d
s s

n LV


− = ,                                                           (1.2) 
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where λ is the wavelength, d is the distance between the electrodes, n is the refractive index of 

KTN, L is the propagation length of light, and V is the driving voltage.  Insertion of practical 

numbers into Eq. 1.2 provides a driving voltage, V, ranging roughly from hundreds to several 

thousands of volts.  Unfortunately, it is often difficult to acquire a high-power voltage source with 

a high switching speed. 

A photoconductive semiconductor switch (PCSS) made of semi-insulating gallium 

arsenide (SI-GaAs) was developed decades ago.  However, it is still an active research topic 

because of its advantageous features, such as ultrafast switching speed, low-jitter response and 

delay, high repetition rate, high scalability to large operating voltages or currents, ability for optical 

control, and simple structure, which have led it to be widely used in a number of applications, 

including pulsed power systems, terahertz emitters, and high-speed electronics [37-40].  The 

abilities of various types of materials, including silicon, silicon carbide, gallium nitride, and hybrid 

nanocomposites, to further enhance the performance of light-controlled conductive switches have 

been explored [41-43].     

Although the high stability and scalability of the low-bias linear switching of PCSS has 

been useful in some applications, such as high-speed switches, the high triggering energy required 

is not optimal.  PCSS in a non-linear mode, however, requires much less triggering energy and 

features a faster turn-on time; in fact, the turn-on time can be faster than the rise time of the optical 

triggering pulse.  In addition, non-linear PCSS has a unique lock-on phase with a lock-on time 

ranging from tens to hundreds of nanoseconds and a lock-on voltage determined by the material 

and dimensions of the switch [44].  Thus, it can be used to develop a very compact switch with an 

ultra-fast turn-on time, customized lock-on output, and low required triggering energy.  However, 

an ultra-long lock-on time (i.e., on the order of milliseconds) can be even more advantageous for 

certain applications, such as a firing set switch [45].  Such a switch requires minimum ignition 

energy (for instance, igniting a propane–air mixture [46].)  It usually takes several milliseconds to 
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accumulate enough ignition energy for the switch in a conduction state.  Thus, a PCSS with long 

lock-on time (and thus low ignition power, low driving voltage, and compact size) is preferred as 

it provides enough time to achieve the minimum ignition energy. 

 To summarize, the studies in this dissertation aim to contribute to the field of laser beam 

steering, exploit the potential of KTN crystal, and develop new functionalities.  The major 

accomplishments of this work are listed below: 

• Developed and experimentally verified a non-uniform SCC model for KTN beam 

deflector (Chapter 3) 

 (J.-H. Chao et al., Proc. SPIE 9958, 99580S (2016) [47]) 

• Achieved a high-speed non-mechanical 2-D beam deflection on a single KTN deflector 

with space-charge-controlled (SCC) and temperature-gradient-controlled (TGC) 

deflection (Chapter 4) 

 (J.-H. Chao et al., Opt. Express 25(13), 15481–15492 (2017) [48]) 

• Designed and realized a ruby fluorescence-enabled ultra-long lock-on phase in high-gain 

gallium arsenic photoconductive semiconductor switch (PCSS) (Chapter 5) 

 (J.-H. Chao et al., Opt. Lett. 43(16), 3929–3932 (2018) [49]) 



 

 

Chapter 2 

 

The Essentials of KTN Crystal 

KTN crystal has attracted a significant amount of interest and has been widely used in a 

variety of applications since its discovery six decades ago.  KTN has many spectacular physical 

properties because it is a solid solution of two perovskite materials, KTaO3 and KNbO3.  One of its 

best-known features is its giant electro-optic (EO) effect, which has not been surpassed to this day.  

This chapter provides comprehensive information about KTN, including its structure, growth, 

various physical properties, and characteristics that are important to this research. 
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2.1 Structures, working phases, and preparation 

2.1.1 Crystal structure of KTN  

KTN crystal has a typical perovskite structure (i.e., a simple ABO3 structure), as shown in 

Fig. 2-1.  In this structure, the two cations, “A” and “B,” are typically different sizes, with the larger 

one, “A,” located in the corners of the cube (0,0,0) and “B” located at the center (1/2,1/2,1/2).  The 

oxygen anion is bonded to both cations on each face of the cube (1/2,1/2,0).  In the case of KTN, 

“A” is a potassium (K) atom, and “B” can be either a tantalum (Ta) or niobium (Nb) atom.  

However, the ideal cubic perovskite structure shown in Fig. 2-1 is not very common due to its strict 

size requirements for ions.  Additionally, any temperature changes or stress can easily cause the 

structure to be distorted, reducing the level of crystal symmetry, which has a major impact on the 

physical properties of the material.  

 

Figure 2-1: Illustration of the structure of KTN crystal. 

K

O

Ta/Nb
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2.1.2 Working phases of KTN crystal 

As a type of perovskite crystal, KTN crystal exhibits four crystal phases—cubic, tetragonal, 

orthorhombic, and rhombohedral—at different temperature ranges, depending on the concentration 

ratio of Ta and Nb atoms, as shown in Fig. 2-2 [50].  The solid lines in the figure represent the 

phase transition temperatures as a function of the concentration of Ta.  In the cubic phase, KTN 

crystal is paraelectric and isotropic, and it exhibits both center symmetry and m3m point group 

symmetry.  As the temperature lowers, nearing the point at which the crystal transitions to the 

tetragonal phase, the dielectric property of KTN crystal significantly increases, reaching its 

maximum at the edge of the phase transition temperature.  This phenomenon led to the largest 

quadratic EO effect ever reported [25].  In the tetragonal phase, KTN crystal exhibits 

ferroelectricity and 4 mm point group symmetry.  Because of the different Curie temperatures of 

KTaO3 (Tc = 2–13 K) and KNbO3 (Tc = 698–700 K), the transition temperature, TC, between the 

cubic and tetragonal phase has a linear relationship with the concentration ratio of Ta.  It can be 

expressed as follows [50, 51]: 

𝑇𝐶 = 676𝑥 − 241 ℃,                                                         (2.1) 

where x is the mol ratio of Nb atoms to the total number of Nb and Ta atoms.  Based on this 

equation, the phase transition temperatures of KTN crystal can be altered by controlling the 

concentration ratio of Nb and Ta during crystal growth. 
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Figure 2-2: Diagram of the crystal phase transition temperatures with respect to the concentration 

ratio of KTaO3 of a KTaxNb1-xO3 crystal. Data points were extracted from Ref. [51]. 

2.1.3 Preparation of KTN crystal 

As it is a solid solution of two perovskite materials—KTaO3 and KNbO3—with very 

similar lattice constants (KTaO3: a0 = 4.0026 Å ; KNbO3: a0 = 4.0226 Å ) but different Curie 

temperatures (KTaO3: Tc = 2–13 K; KNbO3: Tc = 698–700 K), it has always been challenging to 

grow KTN crystal [52, 53].  The first KTN single crystal was grown by Triebwasser in 1959 using 

the Kyropoulos process [53, 54], which was the most advanced technique at the time for growing 

large single crystals.  Since this work, the superior EO properties of KTN have attracted much 

attention, leading to its application in, for instance, switches, modulators, and deflectors.  However, 
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the first-generation KTN single crystal suffered from an insufficient size and an overly low working 

TC due to complications during the growth process.  In an attempt to improve the size and quality 

of the crystal, an improved top-seeded solution growth (TSSG) technique was used [55–58].  

However, it was still difficult to maintain stable KTN crystal growth during the process, causing 

the crystal to have too many defects to function.  Researchers made continuous efforts to overcome 

this problem in the following decades.  In 2008, using a state-of-the-art TSSG technique, a high-

quality, sizeable KTN single crystal with an adjustable composition ratio was successfully grown 

by a Japanese research group from NTT.  Specifically, they reported successfully growing a bulk 

KTN single crystal with a size of 40 mm × 40 mm × 20 mm [21, 59].  Soon after the study was 

published, KTN crystal became commercially available.  Many attempts were made to grow KTN 

in thin films using liquid phase epitaxy (LPE) [59,60], RF sputtering [60, 61], chemical solution 

deposition (CSD) [62, 63], sol-gel method [64, 65], metal-organic chemical vapor deposition 

(MOCVD) [66, 67], and pulse laser deposition (PLD) [68, 69].  KTN films could be used in a 

variety of applications, such as waveguides [59], pyroelectric detectors [70], optical fibers [71], 

semiconductor processes [69], or microwave devices [68]. 
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2.2 Physical properties of KTN crystal 

 The physical properties of KTN crystal depend to a large extent on the concentration ratio 

of KTaO3 and KNbO3.  In addition, its working phases vary.  Table 2-1 lists the basic physical 

properties of KTN crystal, including its thermal and mechanical properties, and the concentration 

ratio and working phase in which the properties were observed. 

 

Table 2-1: Physical properties of KTa1-xNbxO3 crystals [57, 72–75] 

Properties Tetragonal phase Cubic phase Ratio (x) 

Lattice constant (Å ) 
3.9970 3.9941 0.37 

Melting point (K) 

1536.90 

1520.31 

 0.33 

0.37 

Density (g/cm3) 

6.235 

6.180 

 0.33 

0.37 

Elastic stiffness coefficient (GPa) 

c11 = 424.8295  

c33 = 121.3778  

c44 = 82.8600  

c12 = 68.0517  

c13 = 80.7003  

c66 = 93.6141  

c11 = 489.0866  

c33 = 472.4396  

c44 = 87.9732  

c12 = 65.1750  

c13 = 64.7585  

c66 = 84.1298  

0.50 

Bulk modulus (GPa) 
135.62 204.58 0.50 

Shear modulus (GPa) 
91.79 124.12 0.50 

Young’s modulus (GPa) 
224.689 309.79 0.50 

Thermal expansion (K−1) 

6.4×10−6 

6.6×10−6 

 0.33 

0.37 

Specific heat (J/g-K) 

0.421 

0.430 

 0.33 

0.37 
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Thermal conductivity (W/m-K) 

8.551 

5.592 

 0.33 

0.37 

Thermal diffusion coefficient 

(mm2/s) 

2.132 

1.689 

 0.33 

0.37 

Resistivity (𝛺-cm) 

5 × 1011 

2 × 108 

 0.37 

0.40 

 

2.2.1 Optical properties 

KTN single crystal is a colorless and optically transparent material with a broad 

transmission window.  Figure 2-3 shows a sample of double-side polished KTN single crystal sized 

10 mm × 10 mm × 1 mm.  

 

Figure 2-3: Double-side polished KTN crystal sized 10 mm × 10 mm × 1 mm. 
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The optical bandgap of KTN crystal is approximately 3.1 eV, which corresponds to the 

absorption edge at a wavelength of 0.4 μm. The transmittance window of KTN was found to be 

between 0.4 and ~4 μm according to both UV-VIS and FTIR spectrometers, as shown in Fig. 2-4.   

 

 

Figure 2-4: Measured transmittance of a KTa0.7Nb0.3O3 crystal corresponding to a spectrum of 

0.25–10 μm. Data points were extracted from Ref. [76]. 

 

The refractive index of cubic-phase KTN was found to follow a dispersion equation known 

as the single-term Sellmeiser formula:  

𝑛0
2 − 1 =

3.7994

[1−(
𝜆𝑆
𝜆
)
2
]

 ,                                                             (2.2) 

where S = 0.2012 m.  This dispersion relationship is shown in Fig. 2-5. 
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Figure 2-5: Dispersion relationship between the refractive index and wavelength of a 

KTa0.63Nb0.37O3 crystal. Data points were extracted from Ref. [77]. 

2.2.2 Dielectric properties 

KTN crystal exhibits quite peculiar dielectric properties due to its composition and crystal 

structure.  As a solid solution of KNbO3 and KTaO3, the physical properties of KTN depend on the 

composition ratio of these two materials.  In addition, the physical properties of numerous materials 

with a perovskite crystal structure, including KTN, have peculiar temperature dependence.  For 

example, the relative permittivity of KTN was found to sharply rise near its phase transition 

temperatures.  Fig. 2-6 shows the temperature dependency of the relative permittivity of KTN 

crystal.  The three spikes in relative permittivity correspond to the three phase transition 
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temperatures between the four working phases of perovskite crystal.  In a phenomenon known as 

thermal hysteresis, temperature dependency differs in heating and cooling processes.  This will be 

discussed further in Section 2-3.  

 

 

Figure 2-6: Relative permittivity and temperature dependency of KTa0.63Nb0.37O3 crystal. Data 

points were extracted from [78]. 

 

 The temperature dependency of the relative permittivity, , of cubic-phase KTN follows 

the Curie-Wiess Law, which is expressed as follows: 

 

1
r

cT T
 

−
,                                                                (2.3) 

where T is the temperature and Tc is the Curie temperature of the crystal. 
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2.2.3 Electro-optical properties 

The EO properties of KTN crystal are a core feature of KTN on which this study is based.  

Prior studies have reported that KTN has a spectacular EO effect.  As an EO crystal, the optical 

dielectric impermeability tensor, 𝜂𝑖𝑗, of KTN depends on the distribution of charges in the crystal.  

When an electric field is applied to it, the E-field forces redistribution of the bond charges and 

slight deformation of the ion lattice in the crystal, resulting a net change in the optical dielectric 

impermeability tensor.  This change is defined by the following equation: 

𝜂𝑖𝑗(𝐸) − 𝜂𝑖𝑗(0) ≡ ∆𝜂𝑖𝑗 = 𝑓𝑖𝑗𝑘𝑃𝑘 + 𝑔𝑖𝑗𝑘𝑙𝑃𝑘𝑃𝑙 ,                                      (2.4) 

where E is the electric field, 𝑃 is the electric polarization, and 𝑓𝑖𝑗𝑘 and 𝑔𝑖𝑗𝑘𝑙 represent the linear 

and quadratic EO coefficients, respectively.  Also, P and E are related by the permittivity tensor, 

𝜀𝑖𝑗 , as follows: 

 

𝑃 = (𝜀𝑖𝑗 − 𝜀0)𝐸 .                                                          (2.5) 

 

Thus, Eq. (2.4) can also be expressed as follows: 

 

∆𝜂𝑖𝑗 = 𝑟𝑖𝑗𝑘𝑃𝑘 + 𝑠𝑖𝑗𝑘𝑙𝑃𝑘𝑃𝑙 ,                                                  (2.6) 

 

with  

 

𝑓𝑖𝑗𝑘 =
𝑟𝑖𝑗𝑘

𝜀𝑘−𝜀0
 ,                                                             (2.7) 

𝑔𝑖𝑗𝑘𝑙 =
𝑠𝑖𝑗𝑘𝑙

(𝜀𝑘−𝜀0)(𝜀𝑙−𝜀0)
 .                                                     (2.8) 
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 As formerly mentioned, tetragonal-phase KTN crystal is ferroelectric with 4 mm point 

group symmetry.  The EO effect in this phase is dominated by the Pockels effect, causing the 

quadratic EO coefficient to typically be negligible under an external E-field.  Therefore, the EO 

coefficient is given by the Pockels coefficient, which can be expressed in a tensor form as follows: 

 

13

13

33

51

51

0 0

0 0

0 0

0 0

0 0

0 0 0

ij

r

r

r
r

r

r

 
 
 
 

=  
 
 
  
 

 .                                                          (2.9) 

 

Note that 𝑟13 = 𝑟23 and 𝑟42 = 𝑟51 in the above tensor due to the type of symmetry exhibited by 

ferroelectric KTN. Because 𝑟13 was found to be quite smaller than and difficult to be separated 

from 𝑟33 [79], an effective linear EO coefficient, 𝑟𝑐, is defined as follows:  

 

𝑟𝑐 = 𝑟33 − (
𝑛𝑎

𝑛𝑐
)
3
𝑟13 ,                                                        (2.10) 

where 𝑛𝑐  and 𝑛𝑎  represent the refractive index along the polar c-axis and the index on its 

orthogonal plane, respectively.  Both 𝑟𝑐 and 𝑟51 are used to characterize the linear EO effect of 

ferroelectric KTN. The temperature dependencies of these two coefficients were reported by Raalte 

[79] and are shown in Fig. 2-7.  Later, 𝑟33 was reported by Loheide et al. [80].  The linear EO effect 

in ferroelectric KTN was found to be much larger compared to other commonly used EO crystals; 

the half-wave voltage of linear EO modulation in KTN is approximately half of that in BaTiO2, one 

tenth of that in LiNbO3, and a mere one hundredth of that in KDP-based EO modulators. 



22 

 

 

Figure 2-7: Temperature dependence of the linear EO coefficients, 𝑟𝑐 and  𝑟51. Data were 

extracted from [79]. 

 

 When the temperature of KTN crystal is above its Curie temperature, the crystal exhibits 

cubic m3m point group symmetry.  As a result, the linear EO effect no longer exists when an 

external E-field is applied to the crystal.  Therefore, the quadratic EO effect (i.e., the Kerr effect) 

becomes dominant in this phase.  The quadratic EO coefficient, 𝑠𝑖𝑗 , in the tensor form can be 

written in a tensor form as follows: 
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.                                              (2.11) 

 

Many of the entries are either vanished or shown as their equals due to the crystal symmetry.  

Measurements of , , and  have been reported over the past few decades and are listed in Table 2-2.  

 

Table 2-2: Kerr coefficients of cubic KTN crystal reported in prior studies.  

Composition of KTN Kerr coefficient* Reference 

KTa0.65Nb0.35O3 

g11 = 0.136 

g12 = -0.03 

g11 -g12 = 0.174 

g44 = 0.147 

[72] 

KTa0.65Nb0.35O3 

g11 -g12 = 0.140 

g44 = 0.135 

[81] 

KTa0.65Nb0.35O3 

g11 -g12 = 0.217 

g44 = 0.167 

[78] 

KTa0.65Nb0.35O3 

s11 = 3.0 

s12 = -1.8 

s11 -s12 = 4.8 

[82] 

KTa0.65Nb0.35O3 s12 = -1.5 [83] 

KTa0.59Nb0.41O3 s11 = 22.4 [33] 

               * The units of gij are m4/C2 and sij × 10−15 m2/V2. 
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Like other physical properties of KTN, the Kerr coefficient is very much dependent upon the 

temperature near the Curie point, TC.  The temperature dependence of the quadratic EO coefficients 

of a KTa0.59Nb0.41O3 crystal was reported by Nakamura et al. [33]and is shown in Fig. 2-8.  

 

Figure 2-8: Temperature dependence of the quadratic EO coefficients of a KTa0.59Nb0.41O3 crystal 

with TC = 35 ºC. Data were extracted from [33]. 
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2.3 Thermal hysteresis of KTN 

The term thermal hysteresis refers to the phenomenon in which the properties of a material 

behave differently during the processes of heating and cooling.  It is common in materials with an 

ABO3 perovskite structure.  For example, it was found that the evolution of the relative permittivity 

of KTN crystal with respect to temperature during a heating process is very different from that 

during a cooling process [78], as illustrated in Fig. 2-9.   

 

Figure 2-9: Conceptual illustration of the temperature dependence of permittivity in KTN crystal.  

 

Moreover, it was found that this behavior differs with respect to the rate at which the 

temperature changes.  For example, Chang et al. [25] showed that the EO coefficient of KTN with 

respect to temperature differs at different cooling rates (see Fig. 2-10) and that the coefficient was 
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measured an EO coefficient of 6.94 ×10-14m2/v2, which is the highest quadratic EO coefficient to 

ever be reported. 

 

 

Figure 2-10: Temperature dependence of the quadratic EO coefficients of KTa0.6Nb0.4O3 at 

different cooling rates. Data points were extracted from Ref. [25]. 
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2.4 Field-induced phase transition 

The phenomenon of field-induced phase transition was observed in K0.95Li0.05Ta0.73Nb0.27O3 

(KLTN) by Imai et al. [84].  They found that KLTN crystal behaves as it does in its ferroelectric 

phase when an external electric field was applied at a temperature above the Curie temperature, 

which should cause the crystal to be in its paraelectric phase.  It was also found that such a phase 

transition event would be more vigorous at a temperature closer to the Curie point of the crystal 

and in the presence of a higher electric field.  However, above a certain temperature (the so-called 

critical end point), the crystal is no longer affected by the electric field.  This peculiar phenomenon 

was also observed in KTN by Zhu et al. in 2016 [85].   

It was believed that the perovskite crystal structure of KTN plays a major role in phase 

transitioning behavior.  In a perovskite KTN cell, eight potassium (K) atoms are located at each 

corner of the cubic cell and six oxygen (O) atoms are positioned at the center of each face of the 

cube, with either a niobium (Nb) or tantalum (Ta) atom at the center of the cell, as shown in Fig, 

2-1. When the crystal is in a cubic phase and the temperature is well above the Curie point, the 

niobium ions randomly deviate from the center of the cell, generating dipoles.  All the dipoles are 

randomly aligned at this temperature, and hence the total sum of the polarization is zero.  As the 

temperature lowers, nearing the Curie point, the random dipole movement becomes weaker.  Also, 

localized polar nanoregions (PNRs) start to appear due to interactions among adjacent dipoles [86].  

When the temperature is below the Curie point and the crystal is in its ferroelectric phase, the 

dipoles become aligned in a certain direction, generating polarization.   

In the case of field-induced phase transition, the PNRs in the crystal are aligned along the 

direction of the biasing field, which generates polarization in the crystal, as if it were in its 

ferroelectric phase.  

  



 

 

Chapter 3 

 

Non-Uniform SCC Laser Beam Deflection 

Currently, space-charge-controlled (SCC) KTN beam deflectors are based on a model of 

uniform charge distribution.  However, non-uniform space-charge-controlled (SCC) beam 

deflection was proposed after a recent study [36] found non-uniform space charge distribution in 

KTN crystal.  This chapter extensively studies non-uniform charge distribution in SCC KTN beam 

deflectors.  

High-speed optical beam deflectors are widely employed in many applications, including 

laser displays [2], high speed beam scanners [3], switchable waveguides [4], low-coherence optical 

tomography [1], and spectral multiplexed holograms [5].  Among all sorts of beam deflectors, EO 

deflectors have not only rapid switching speed but also great precision control.  Of the various EO 

materials, KTN has the greatest EO coefficient ever reported [72, 86] and thus has immense 

potential in the development of ultra-fast beam deflectors.  One study developed an SCC KTN 

beam deflector with a simple configuration [87], in which beams are deflected by an electric-field-

dependent prism-shaped refractive index distribution inside the KTN crystal, which is formed by 

injected electrons when an external field is applied to the crystal.  Because the refractive index 

distribution is dependent on the applied voltage field through the quadratic EO effect, the speed of 

beam deflection is essentially determined by the switching speed of the external source, and thus, 

in theory, could be at the nanosecond scale.  The fastest KTN beam scanner reported to date has a 

speed of around 700 kHz [88].  To maximize the relative permittivity of KTN crystal, beam 

deflectors are generally operated in their cubic phase slightly above the Curie temperature. 

The behavior of charges inside KTN crystal depends strongly on the operating temperature 

[84].  Recent investigations have indicated that electric-field-induced phase transition usually 
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occurs under a high bias field and causes the phase transition temperature to rise [85].  This field-

induced phase transition could affect the speed of KTN beam deflectors [25], as could non-uniform 

charge distribution.  Thus, in this study, we perform a quantitative analysis of a non-uniform SCC 

KTN beam deflector. 
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3.1 Uniform SCC KTN beam deflector 

Beam deflection occurs in SCC KTN crystal by harnessing the effect of a pre-injected 

charge in the crystal under an electrical bias.  The deflector is a simple structure usually involving 

a KTN crystal located between two metallic layers, which serve as electrodes.  To enable charge 

injection, titanium is chosen for the electrodes so that electrons can drift across the Schottky barrier 

between the crystal and metal and be injected into the crystal when an external bias is applied to 

the deflector.  Under the influence of the external bias, those injected electrons are driven toward 

the opposite side of the electrode.  The electric field distribution inside the crystal is altered as the 

electrons are injected into the crystal, inducing a change in the refractive index of the crystal, which 

in turn influences the input laser beam, causing beam deflection.  However, deflection induced 

merely by injected charges is relatively slow, taking up to seconds [33].  

A revised method of charge injection was proposed by Miyazu et al. [34].  They determined 

that a portion of the injected electrons were trapped inside the crystal due to defects that formed 

when the crystal was growing.  These charges could remain trapped for many hours if they were 

not rapidly released by either changing the temperature or performing excitation with an external 

light source.  Importantly, these trapped charges play a key role in high-speed beam deflection.  

Assuming that the trapped electrons are uniformly distributed in density N, according to Gauss’s 

law, the overall electric field distribution inside the crystal when applying external bias would be 

as follows [34]: 

( )
2

eN d V
E x x

eNd





 
= − − + 

 
,                                               (3.1) 

where 𝑒 is the electric charge, 𝜖 is the permittivity of the crystal, d is the gap between electrodes 

and V is the applied voltage.  The change in refractive index due to the Kerr effect is given by the 

following equation: 
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,                                           (3.2) 

 

where n is the refractive index and 𝑔11 is the EO coefficient of the crystal in polar form when the 

polarization of the beam is parallel to the applied electric field.  The deflection angle can therefore 

be given by the following equation: 

( ) ( )
d

x L n x
dx

 =    

3 2 2

11
2

d V
n g e N L x

eNd

 
= − − + 

 
.                                             (3.3) 

 

where L is the propagation length of the beam in the crystal.  Near the center of the electrode, the 

divergence angle of p (the polarization of light in parallel to the applied electric field) and s (the 

polarization of light perpendicular to the applied electric field) are given by the following equations: 

 

3

11 0( ) ( )
2

p r

d V
n g x L

d
   = − .                                             (3.4) 

3

12 0( ) ( )
2

s r

d V
n g x L

d
   = − .                                             (3.5) 

 

where 𝑔11 and 𝑔12 are the EO coefficients in terms of polarization for the p and s polarized light 

beams, respectively; 𝜌(𝑥) is the pre-injected space charge density, which is a constant in cases of 

uniform charge distribution; and 𝜖0 and 𝜖𝑟 are the vacuum permittivity and relative permittivity of 
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KTN crystal, respectively. Fig. 3-1 shows the configuration of a pre-injected SCC KTN beam 

deflector.   

 

 

Figure 3-1: Illustration of the configuration of an SCC KTN beam deflector. 
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3.2 Non-uniform SCC KTN beam deflector 

 Recently, Imai et al. investigated in depth the charge distribution inside KTN crystal under 

external bias, finding that the injected charges could have non-uniform distribution [36].  

Furthermore, they found that the final penetration depth of the injected charge did not change with 

time, but with the applied bias field; the higher the bias field, the deeper the penetration.  Thus, it 

is necessary to study the beam deflection effect in the context of a non-uniform space charge 

distribution.   

 When a KTN crystal is applied with an external biasing field, the charges would be injected 

into the crystal due to similar work functions between the KTN crystal and the titanium electrode. 

Part of the injected charges would be trapped by the defect states in the crystal, forming a non- 

uniform space charge distribution. To obtain the electric field distribution for a non-uniform 

injected charge, we divide the crystal into multiple sections, 1, 2, and 3, along the direction of the 

electrodes, x, by different depths to the cathode, 𝑑1, 𝑑2, and 𝑑3, respectively, as shown in Fig. 3-2. 

The charge densities for each sections 1, 2, and 3 are 
1 , 

2 , and 
3 , respectively.  Since the 

charges are injected into the crystal from the cathode, typically 
1 2 3    .  To simplify the 

discussion, we assume that 𝐶1 and 𝐶2 are arbitrary constants that can be determined based on the 

boundary conditions and the applied voltage.  Therefore, the total electric field provided on the 

crystal can be distributed according to the fixed charges from these sections. 

When 0 ≤ 𝑥 ≤ 𝑑1, from gauss’s law, 

1

( )dE x

dx
 = .                                                                (3.6) 

Therefore,  

1( )E x x



 = .                                                                (3.7) 
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When 𝑑1 ≤ 𝑥 ≤ 𝑑2,  

2
1( )E x x C




 = + .                                                            (3.8) 

When 𝑑2 ≤ 𝑥 ≤ 𝑑3,  

3
2( )E x x C




 = + .                                                            (3.9) 

 

When 𝑥 = 𝑑1,  

1 2
1 1 1d d C

 

 
= +    

1 2
1 1

( )
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−
= .                                                      (3.10) 

 

When 𝑥 = 𝑑2,  

32
2 1 2 2d C d C



 
+ = +  

2 3 2 3 1 2
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Eqs. (3.10) and (3.11) can be used to determine the arbitrary constants 𝐶1 and 𝐶2.  Substituting 𝐶1 

and 𝐶2 in Eqs. (3.7)–(3.9) enables identification of the electric field in each section.  Then, the 

electric-field-induced refractive index change in each section can be obtained by applying the 

relationship ∆𝑛(𝑥) = −
1

2
𝑛3𝑔11𝜖

2  𝐸(𝑥)2.  Furthermore, the deflection angle of each section can 

be derived by applying the relationship 𝜃(𝑥) = 𝐿
𝑑

𝑑𝑥
∆𝑛(𝑥).    
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Figure 3-2: Illustration of non-uniform charge injection in KTN crystal. 

 

        Figs. 3-3(a), (b), and (c) show the profiles calculated for the electric field distribution, 

refractive index gradient, and deflection angle, respectively inside the crystal.  For calculation, we 

use the following parameters: 𝑑1= 0.1 mm, 𝑑2=1 mm, 𝑑3=2 mm, 𝜌1 = −200 𝐶 ×𝑚−3 ,  𝜌2 =

−50 𝐶 ×𝑚−3 , and 𝜌3 = −5 𝐶 ×𝑚−3 , with an applied voltage of 500V.  Furthermore, the 

calculation was done by assuming a zero electric field occurring at the cathode in order to simplify 

the discussion. 
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Figure 3-3: Calculated profiles of (a) electric field, (b) refractive index gradient, and (c) 

deflection angle in a SCC KTN beam deflector with a non-uniform charge distribution.  

 

  Based on above figures, we can see that in the section 0 ≤ 𝑥 < 𝑑1, 𝜃 ∝ 𝜌1, in the section 

𝑑1 ≤ 𝑥 < 𝑑2,  𝜃 ∝ 𝜌2, and in the section 𝑑2 ≤ 𝑥 < 𝑑3, 𝜃 ∝ 𝜌3.  In other words, different sections 

have different deflection angles.  This can be useful for some applications (e.g., electric-field-

controlled beam separation).  However, to achieve a uniform beam deflection angle throughout the 

entire KTN crystal, non-uniform charge distribution must be avoided. 
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3.3 Experimental results and discussion 

 To verify our theory, we prepared a SCC beam deflector.  A KTN crystal was diced into a 

2.5 mm × 2.5 mm × 5 mm cuboid with six polished faces.  A pair of titanium/gold electrodes were 

applied to the 2.5 mm × 2.5 mm faces in the x direction.  The crystal was mounted onto a 

temperature-controlling Peltier module, which was then mounted onto a 3-D stage.  A graphic sheet 

was set three meters away from the deflector.  A DC bias was applied along the x direction, as 

shown in Fig. 3-4. 

 

 
 

 

Figure 3-4: (a) Illustration and (b) photo of the experimental setup. 
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The experiment was performed at a temperature of 28 ºC, which was well above the Curie 

temperature of the crystal (21 ºC), so that it was in a cubic phase and free of possible birefringence 

caused by field-induced phase transition.  The external driving voltage was 2000 V, which was near 

400 V/mm for the crystal and a proper biasing field for a SCC beam deflector.  The laser beam was 

fixed at half the height of the crystal, 5 mm from the top or bottom of the crystal.  A series of beam 

deflection procedures was then measured at the closest position to the cathode and at every mm 

away from the cathode until the anode was reached by horizontally adjusting the 3-D stage in the 

x-direction.  The result of the experiment is shown in Fig. 3-5(a).  Mathematical calculation was 

performed based on the previously proposed model, setting d1, d2, and d3 at 0.8, 2.75, and 5 mm, 

respectively, and the space charge densities ρ1, ρ2, and ρ3 at 45, 35, and 25 C/m3, respectively, as 

shown in Fig. 3-5 (b).  As can be seen in Fig. 3-5 (a), the deflection angle at different distances 

from the cathode shows a trend that, overall, aligns well with the calculated model shown in Fig. 

3-5 (b).  Non-uniform distribution of space charges occurred, although the charges were fairly 

divided into three portions between the cathode and anode.  Higher accuracy can be achieved if the 

distribution is divided into more portions between the electrodes in the calculated model. 
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Figure 3-5: (a) SCC beam deflection in a 2.5 mm × 2.5 mm × 5 mm KTN crystal at 28 ºC and 2000 

V at different locations until halfway between the cathode and anode.  (b) Calculated beam 

deflections based on the model proposed in this study.  
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3.4 Conclusion 

This study quantitatively analyzed the electric field distribution and deflection angle of a 

non-uniform SCC KTN beam deflector.  This theoretical analysis was experimentally verified.  

We found that the beam deflection angle could be different in different regions due to the 

non-uniform injected space charge distribution.  Our mathematical model provides an efficient way 

to analyze non-uniform charge distribution in KTN crystal, which could be useful for applications 

such as electric-field-induced beam separation.  However, to achieve a uniform beam deflection 

angle, non-uniform space charge distribution must be avoided.   

 

  



 

 

Chapter 4 

 

2-D Beam Deflection Enabled by SCC and Temperature-Gradient KTN 

Deflectors 

Due to the rapid advances in technologies such as 3D printing, vivo imaging, and optical 

coherence tomography, there has been increasing demand for a high-resolution, high-speed optical 

beam scanner that can operate in multiple dimensions [1-3].  Due to their fundamental physical 

limitations, it is difficult for conventional mechanical deflectors to achieve sub-microsecond 

deflection speed.  Therefore, there has been significant interest in developing high-speed, non-

mechanical beam scanners.  In comparison to traditional mechanical beam deflectors, beam 

deflectors based on the EO effect not only features a faster frequency response, but also is free from 

mechanical movement-induced noise.  Additionally, the deflection angle can be precisely 

controlled by modulating the EO phase delay.  The use of different materials, such as KH2PO4 [17], 

PZT [18], and LiTaO3 [19], in EO beam deflectors has been explored.  However, these materials’ 

performance is limited by a relatively small EO coefficient.  

Among the many different types of EO materials, potassium tantalate niobate (KTN) has 

the greatest potential due to its large EO coefficient when operated in the paraelectric phase [72].  

The quadratic EO coefficient of 6.94×10-14 m2/V2 was, by far, the largest EO Kerr effect found in 

EO media [86], which was by far the largest EO Kerr effect found among all EO media.    

By taking advantage of the large EO coefficient, KTN beam deflectors have a number of 

advantages, such as high-speed response, low driving voltage, and the ability to work at room 

temperature.  These features have made KTN a popular material in various applications, such as 

optical coherent tomography [29], high-speed spectrometry [23], wavelength tunable lasers [30], 

optical wave guides [28], and holographic memory systems [32].  
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Recently, a type of KTN beam deflector using an SCC mechanism was developed [34, 47] 

and became commercially available.  It functions by injecting electrons into the KTN crystal and 

then performing EO modulation in the paraelectric phase.  The injected electrons generate a non-

uniform electric field, resulting in an electric-field-dependent prism-shaped refractive index 

distribution via the quadratic EO effect.  This distribution can deflect incoming light beams.      

Despite the great qualities of this KTN beam deflector, it does have a few weaknesses that 

must be dealt with.  One is the field-induced phase transition [26, 84, 85] associated with a rise in 

the Curie temperature, which occurs when a high biasing field is applied to the crystal.  In addition, 

the resolution, which is essential for optical scanning devices, could be improved.  Two major 

factors that determine the resolution are aperture size and deflection angle.  Although the KTN 

beam deflector with space-charge modulation has a decent deflection angle, the aperture size is 

limited by the penetration depth of the injected charge.  Furthermore, only 1-D beam deflection has 

been achieved on KTN single crystal. 

Appropriately lining up two deflectors can result in 2-D beam deflection.  However, such 

a deflector requires more power to operate and more complexity to achieve 2-D scanning.  In this 

study, we report 2-D scanning based on a combination of two different physical scanning 

mechanisms in an effort to achieve compact, cost-effective 2-D deflection.  In addition to SCC 

beam deflection in the x direction, we employ another beam-deflecting mechanism on the same 

KTN crystal by inducing a temperature gradient in the y direction.  Since the relative permittivity 

of KTN near its Curie temperature is strongly dependent on the operating temperature in the 

paraelectric phase, a gradient forms in the refractive index and, in accordance with the induced 

temperature gradient inside the crystal, bends the incoming laser beam in the y direction. As a 

result, beam deflection can be achieved in both the x and y directions in KTN single crystal.   
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4.1 SCC KTN beam deflection 

To understand the physical mechanisms of 2-D deflection in a KTN beam deflector 

characterized by both SCC and a temperature gradient, we briefly review the physical mechanism 

of 1-D deflection when only SCC is involved. 

SCC beam deflection was first reported by Nakamura et al. [33].  It is believed that the 

external field induces a rise in the energy level of electrons at the electrodes, allowing charges to 

drift across the Schottky barrier between the crystal and electrode and driving them towards the 

other electrode.  When the charges are injected into the crystal, the electric field distribution inside 

the crystal is altered.  This changes the refractive index inside the crystal, causing the input beam 

to deflect.  Later, Miyazu et al. [34] found that the injected charges could be trapped due to defects 

in the crystal.  These charges could be stored in the crystal for hours before being naturally released 

or pushed out by the excitation of other energy sources.  Assuming that the trapped charges were 

uniformly distributed with a density of N in the crystal, Miyazu et al. [34] developed a mathematical 

model to describe space-charge-preinjected KTN beam deflection. Based on Gauss’s law, the 

overall electric field distribution inside a crystal with an applied external field can be expressed as 

follows [34]: 

 

( )
2

eN G V
E x x

eNG





 
= − − + 

 
,                                               (4.1) 

 

where 𝑒 is the electric charge, 𝜖 is the permittivity of the crystal, G is the gap between electrodes, 

and V is the applied voltage.  The change in the refractive index due to the EO Kerr effect is given 

by the following equation [34]: 
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,                                           (4.2) 

 

where n is the refractive index and 𝑔11 is the EO coefficient of the crystal in polar form when the 

polarization of the beam is parallel to the applied electric field.  For a beam that has traveled a 

distance of L in the crystal, the deflection angle can be given by the following equation: 

 

( ) ( )
d

x L n x
dx

 =    

3 2 2

11
2

G V
n g e N L x

eNG

 
= − − + 

 
.                                             (4.3) 

 

As can be seen in Eq. (4.3), the deflection angle, 𝜃, is proportional to the external voltage. 

Therefore, the scanning speed of the deflector can be as fast as the voltage source. Fig. 4-1 shows 

the configuration of an SCC KTN beam deflector. 
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Figure 4-1: Illustration of a 1-D SCC KTN beam deflector. 

4.2 2-D beam deflection by temperature-gradient and SCC KTN beam deflectors 

To achieve 2-D beam deflection, the input beam has to experience a gradient of the 

refractive index in two dimensions within the KTN crystal.  To do so, we assume that the space 

charge is uniformly injected in the KTN crystal, as in the typical SCC deflection model, by applying 

a pair of parallel conductive plates in the x direction with a charge density of 𝜌.  We also assume 

that there is a temperature gradient in the y direction created by attaching a pair of temperature-

controlling plates on the bottom and top surfaces of the KTN crystal, as illustrated in Fig. 4-2.  The 

red and blue arrows in the figure represent the directions of the temperature gradient and electric 

field, respectively, and the thick green line denotes the light propagation direction. The 

temperatures of bottom and top plates are 𝑇1 and 𝑇2, respectively.  In this case, inhomogeneous 

permittivity, 𝜀(𝑦) = 𝜀0𝜀𝑟(𝑦), is induced in the y direction. 
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Figure 4-2: Sketch of a 2-D temperature-gradient and SCC KTN beam deflector. 

 

For simplicity, we assume that the temperature gradient is linear in the y direction and the 

distance between bottom and top plates is 𝐻.  Therefore, the temperature at an arbitrary location, 

y, can be derived from the following equation: 

 

1 2 1( ) ( )
y

T y T T T
H

= + − ,                                                     (4.4) 

 

where 𝑇2 > 𝑇1.  In the paraelectric phase, the relative permittivity of KTN follows the Curie-Wiess 

law [89]:  
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where 𝐶1 is a material-specific Curie constant and 𝑇𝑐 is the Curie temperature of KTN.  Substituting 

Eq. (4.4) into Eq. (4.5), we obtain the following: 

 

1

1 2 1

( )

( )
r

c

C
y

y
T T T T

H

 =

+ − −

.                                                 (4.6) 

 

To achieve 2-D refractive index modulation, we first need to calculate the static electric 

field by solving the Maxwell equations.  In this inhomogeneous dielectric case, Maxwell’s 

equations are as follows [90]: 

0E = ,                                                               (4.7) 

D  = ,                                                               (4.8) 

where 𝐸 = (𝐸𝑥, 𝐸𝑦 , 𝐸𝑧) and 𝐷 = 𝜀(𝑦)𝐸.  Since the permittivity is homogeneous in the z direction 

and there is no electric field applied in the z direction, we find that 𝐸𝑧 = 0 due to symmetry.  

Substituting this condition into Eq. (4.7), we obtain the following: 

 

0

0x y

x y z

E
x y z

E E

  
 = =

  
.                                                  (4.9) 

 

Eq. (4.9) can be further decomposed into three scalar equations as follows: 

 

0xE

z


=


,                                                             (4.10a) 

0
yE

z


=


,                                                             (4.10b) 
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.                                                         (4.10c) 

 

Eqs. (4.10a) and (4.10b) indicate that 𝐸𝑥 and 𝐸𝑦 are the only functions of x and y, as given 

by 𝐸𝑥(𝑥, 𝑦) and 𝐸𝑦(𝑥, 𝑦).  In this case, Eq. (4.8), can be written as follows: 
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.                                            (4.11) 

 

Since 𝜀(𝑦) is not a function of x, Eq. (4.11) can be simplified as follows: 

( )
( ) ( )

yx
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EE d y
y E y
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.                                      (4.12) 

 

To obtain a partial differential equation containing only 𝐸𝑥, we apply 
𝜕

𝜕𝑥
 to both sides of 

Eq. (4.12), creating the following: 
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Substituting Eq. (4.10c) into Eq. (4.13), we obtain the following: 
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which only contains 𝐸𝑥.  Similarly, by applying 
𝜕

𝜕𝑦
 to both sides of Eq. (4.12) and inserting Eqs. 

(4.10c) and (4.12) into the new equation, we obtain the following: 
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 ,                          (4.15) 

 

which only contains 𝐸𝑦.  We assume following boundary conditions: 

 

(0, ) 0yE y = ,                                            (4.16a) 

( , ) 0yE G y = ,                                            (4.16b) 

      
0

G

xE dx V= ,                                                            (4.16c) 

 

where G and V are the differences in distance and voltage between the two electrodes, respectively.  

Theoretically speaking, by solving Eqs. (4.14)–(4.16) simultaneously, we can obtain 𝐸𝑥 and 𝐸𝑦.  

We further assume that the polarization of the incoming light occurs in the x direction.  In this case, 

the corresponding refractive index modulation can be derived from the following equation: 

 

3 2 2 2 3 2 2 2

11 0 12 0

1 1
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2 2
r x r yn x y n g y E n g y E    = − − − − ,                  (4.17) 
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where 𝑔11 and 𝑔12 are the quadratic EO coefficients in the polar form and 𝑛0 is the refractive index 

without an applied electric field.  The beam deflection in the x and y directions can be derived from 

the following: 

( , )
x

n x y
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,             (4.18b) 

where 𝐿 is the propagation length of the light beam in the z direction. 

Unfortunately, there are no obvious closed-form analytic solutions for Eqs. (4.14) and 

(4.15) when 𝜀(𝑦) is not a constant and 𝜌 ≠ 0.  Thus, we adopted a numerical approach to solve 

Eqs. (4.14) and (4.15).  We began by establishing the temperature gradient for this computation. 

To ensure that the result of the numerical computation would be consistent with the experimental 

result, we used realistic experimental parameters.  The dimensions of the KTN crystal were 3 mm 

x 3 mm x 3 mm.  The Curie temperature was 𝑇𝑐 = 22 𝐶𝑜 .  The bottom (y = 0 mm) and top (y =

3 mm) temperatures were set at 𝑇1 = 23 𝐶𝑜  and 𝑇2 = 38 𝐶𝑜 , respectively.  We assumed 𝐶1 =

110000  in Eq. (4.6).  Fig. 4-3 shows the calculated permittivity distribution as a function of 

position on the y-axis under the conditions described above.  To avoid complexity in the electric 

fields near the edges (i.e., 𝑦 = 0 and 𝑦 = 𝐻) as well as singularity when 𝑇 → 𝑇𝑐 , based on Eq. 

(4.6), only 𝜀𝑟(𝑦) within a range of 0.5–2.5 mm was employed.  The calculated numbers were 
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similar to the experimental results reported in [17, 19, 23] for the KTN crystals with a similar Curie 

temperature. 

 

 

Figure 4-3: Calculated relative permittivity, 𝜀𝑟(𝑦), as a function of location y with the following 

parameters: 𝑇1 = 23 𝐶𝑜 , 𝑇2 = 38 𝐶𝑜 , 𝑇𝑐 = 23 𝐶𝑜 , 𝐶1 = 110,000, and 𝐻 = 3 𝑚𝑚. 

 

To investigate the influence of the temperature gradient on the electric field distribution 

inside the KTN crystal, we compared the electric field distribution in KTN with and without the 

temperature gradient.  We assumed an external applied voltage of 𝑉 = 800𝑉, 𝜀𝑟 = 13000 and a 

uniformly injected charge density of 𝜌 = −3 𝐶/𝑚3 , which were both realistic parameters and 
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within the same order of magnitude as the previously reported experimental results [33, 34, 84].  

Fig. 4-4(a) shows the electric field distribution without the temperature gradient (i.e., 𝑇1 = 𝑇2).  It 

is obvious that the electric field only occurs in the x direction.  Then, based on Eqs. (4.13)–(4.15), 

we computed the electric field with a temperature gradient (i.e., 𝑇1 = 23 𝐶𝑜  𝑎𝑛𝑑 𝑇2 = 38 𝐶𝑜 ), as 

shown in Fig. 4-4(b).  In this case, 𝐸𝑦 was no longer 0, but it was too small compared to 𝐸𝑥 to be 

observed.  Hence, we enlarged 𝐸𝑦 in Fig. 4-4 (b) by 200 times to show that the E-field distribution 

did in fact occur in both the x and y directions.  
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Figure 4-4: Calculated electric field under an external biasing field (a) without a temperature 

gradient, in which case 𝐸𝑦 = 0, and (b) with a temperature gradient of 𝑇1 =  23 𝐶𝑜  𝑎𝑛𝑑 𝑇2 =

38 𝐶𝑜 , in which case 𝐸𝑦 ≠ 0.  The colored bar shows the magnitude of the electric field in V/m. 
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We then computed the refractive index distribution by inserting the electric field 

distribution obtained in Figs. 4-4 (a) and (b) into Eq. (4.17).  We started by applying the refractive 

index modulation without the external electric field, as shown in Fig. 4-5.  The refractive index was 

almost uniform in this case, but a small variation induced by the internal electric field and created 

by the injected charge was slightly observable.  This almost-uniform refractive index modulation 

had a negligible effect on light beam deflection.  

 

 

Figure 4-5: Calculated refractive index modulation in space-charge-injected KTN crystal without 

applying an external electric field. 
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Again, we compared the refractive index modulation without and with a temperature 

gradient under an external electric field (V = 800 V), as shown in Figs. 4-6(a) and (b), respectively.  

Fig. 4-6(a) shows that refractive index modulation occurred in only the x direction, and thus beam 

deflection could occur only in the x direction.  Fig. 4-6(b), on the other hand, clearly shows that, 

with the induced temperature gradient of 𝑇1 = 23 𝐶𝑜  and 𝑇2 = 38 𝐶𝑜 , the refractive index was 

distributed in both the x and y directions, enabling 2-D beam deflection.   

Finally, by substituting the calculated refractive index modulation into Eqs. 4-18(a) and 4-

18(b), we obtained beam deflection as a function of the external electric field.  The computed beam 

deflections were compared with the experimental results, as discussed in detail in the following 

section. 
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Figure 4-6: Calculated refractive index distribution (a) without a temperature gradient (i.e., 𝑇1 =
𝑇2) and (b) with a temperature gradient of 𝑇1 = 23 𝐶𝑜  and 𝑇2 = 38 𝐶𝑜 . 
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4.3 Experimental results and discussion 

We conducted an experiment to validate the proposed 2D beam deflector with both SCC 

and a temperature gradient.  In the experiment, a cubic KTN crystal with a side length of 3 mm was 

coated with a pair of titanium/gold electrodes on the surface along the x direction, as illustrated in 

Fig. 4-2.  The Curie temperature of this KTN crystal was 𝑇𝑐 = 22 𝐶𝑜 .  Two Peltier thermo-electric 

modules connected to a temperature controller were attached to the surfaces in the y direction.  The 

temperatures of the bottom and top Peltier thermo-electric modules were set at 𝑇1 =

 23 𝐶𝑜  𝑎𝑛𝑑 𝑇2 = 38 𝐶𝑜 , respectively.  A horizontally polarized diode-pumped solid-state laser 

beam with an output wavelength of 532 nm travelled in the z direction through the center of the x-

y surface.  A DC biasing field was applied to the crystal in the x direction via the electrodes.  The 

output beam was projected onto a graph sheet.  Fig. 4-7 shows an illustration and photo of the 

experimental setup. 
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(a) 

 

(b) 

 

 

Figure 4-7: (a) Illustration and (b) photo of the experimental setup used to measure the deflection 

angle. 

 

In the experiment, the deflection angles were measured at different applied voltages (100–

800 V) with an interval of 100 V. The measured data points formed a 2-D trace on the projection 
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surface, which was analyzed in the x and y directions separately, as shown in Figs. 4-8(a) and 4-

8(b).  The circular dots in Fig. 4-8(a) show the experimentally measured deflection angles in the x 

direction.  For comparison, the deflection angles computed using Eq. 4.18(a) with the same 

parameters (i.e., 𝑇1 =  23 𝐶𝑜  𝑎𝑛𝑑 𝑇2 = 38 𝐶𝑜 ) are depicted as solid lines in Fig. 4-8(a). In Fig. 4-

8(b), the triangular dots represent the deflection angles measured in the y direction with different 

applied voltages.  To quantify the difference between the experimental and theoretical results, we 

computed the average relative difference (i.e., the average deflection difference/deflection range) 

between the theoretical and experimental results for deflection angles in x and y directions, which 

was 2.9% and 7.2%, respectively.  This confirmed that the theoretical and experimental results had 

good agreement.  Furthermore, as shown in Fig. 4-8(b), deflection shows a slight linear trend at 

low voltages (e.g., <200V) and a parabolic increase at high voltages (e.g., >200 V).  In other words, 

the quadratic term (i.e., the first term of Eq. 4-17(b)) dominates in that equation as the applied field 

increases.  Note that the measured deflection angle was smaller than that reported in [19] due to the 

lower injected charge density in our KTN sample.  As mentioned in [26], there were large variations 

in the injected charge density with a given external electric field and penetration depth among 

different KTN samples, even those with similar compositions, due to uncontrollable perturbations 

(e.g., temperature fluctuations) in the growing process.  For example, as reported in [26], with the 

same applied electric field (300 V/mm) and a penetration depth of 0.5 mm, sample A had an 

injected charge density of ρ = −70  C ⁄ m3, while sample B had an injected charge density of ρ =

−5 C ⁄ m3.  The value of sample B was comparable to the injected charge density in this study 

(ρ = −3 C ⁄ m3) awith an applied field of 266.7 V/mm.  In other words, although the value of the 

injected charge density in this study was small, it was still within the range of the previously 

reported values. 
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Figure 4-8: Deflection angles (a) in the x direction at different applied voltages, with the circular 

dots representing the experimentally measured results and the solid line denoting the deflection 

angles calculated based on Eq. 4.18(a), and (b) in the y direction at different applied voltages, with 

triangular dots representing the experimentally measured results and the solid line denoting the 

deflection angles calculated based on Eq. 4.18(b). 
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As mentioned previously, in our approach, deflection in the x direction was caused by the 

space-charge-injection-induced gradient electric field, while deflection in the y direction was 

caused by the temperature-gradient-induced gradient electric field and gradient permittivity 

distribution.  To show the 2-D deflection capability of the deflector, we measured deflection as a 

function of voltage in the x and y directions at different temperature gradients, as shown in Fig. 4-

9.  It is evident that the deflection angles could cover the entire x-y plane if the applied voltage and 

magnitude of temperature gradient were adjusted.  In other words, the beam could be deflected to 

any location in the x-y plane if the proper combination of applied voltage and temperature gradient 

magnitude were selected. 
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Figure 4-9: Deflection locations in the x-y plane measured at different voltages (100–800V) with 

an interval of 100V under different temperature gradients.  The square, diamond-shaped, and 

circular dots denote the measured deflection locations corresponding to temperature gradients of 

23–28 ºC, 23–33 ºC, and 23–38 ºC, respectively.  
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4.4 Speed performance of the 2-D KTN deflector 

Finally, to demonstrate the capability of high-speed beam deflection, we measured the 

deflection speed using the experimental setup illustrated in Fig. 4-10.  An iris was placed between 

the beam deflector and a high-speed photodetector (FEMTO Messtechnik GmbH HCA-S-200M-

Si) connected to an oscilloscope.  When a fast-changing voltage signal was induced, the beam was 

deflected and then blocked by the iris.  Hence, the photodetector could measure the change in light 

intensity as a function of time, which indicated the deflection speed.  In this experiment, a fast-

changing voltage signal with a rise time of about 1 ns was applied to the KTN crystal.  Fig. 4-11 

shows the drop in detected light intensity as a function of time.  Despite some slight noise from the 

circuit, there is a clear response time of 77 ns (from 90% to 10%).  The capacitance of the KTN 

crystal in this experiment was 0.54 nF, and the impedance of the circuit was 68 ohm.  Thus, the rise 

time of the RC circuit was 81 ns, which is close to the measured response time.  The speed of this 

device was mainly limited by the RC time constant of the circuit in this experiment.  The results 

confirm that very fast deflection speed can be achieved. 

    

     

Figure 4-10: Experimental setup used to measure deflection speed. 
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Figure 4-11: Measured time response of beam deflection. 
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4.5 Conclusion 

In this study, 2-D KTN beam deflection was successfully achieved by combining two 

deflection mechanisms: SCC beam deflection and temperature-gradient-controlled beam deflection 

in the x and y directions, respectively.  By applying an external biasing field in the x direction and 

inducing a temperature gradient in the y direction on KTN single crystal, deflection in both the x 

and y directions was observed.  The effects of the space-charge and temperature-gradient 

mechanisms were quantitatively analyzed and experimentally confirmed.  The maximum 

difference between the experimental results and theoretical analyses was about 7%.  Furthermore, 

high-speed (~80 ns) deflection capability was also experimentally demonstrated.  Such a compact 

non-mechanical high-speed beam deflector can be very useful for a variety of applications, 

including high-speed 3D laser printing, high-resolution high-speed scanning imaging, and free-

space reconfigurable laser communications. 

 

  



 

 

Chapter 5 

 

Advanced Laser-Induced Activation Technique for PCSS with SI-GaAs 

Electrical devices with laser activation rely on the activation by absorbing a certain amount 

of optical energy from laser beams.  A PCSS is one type of device that harnesses the 

photoconductivity of semiconductor materials to facilitate electrical switching.  The device 

becomes electrically conductive when it is turned on by laser radiation, and it can hold a large 

biasing electric field while remaining insulating in its off state.   

PCSS was first made with SI-GaAs decades ago, but it is still an active research topic 

because of its advantageous features, such as ultra-fast switching speed, low-jitter response and 

delay, high repetition rate, high scalability to large operating voltages or currents, optical control, 

and simple structure, which have led it to be used in a number of applications, including pulsed 

power systems, terahertz emitters, and high-speed electronics [37–40].  The abilities of various 

types of materials, including silicon, silicon carbide, gallium nitride, and hybrid nanocomposites, 

to further enhance the performance of light-controlled conductive switches have been explored 

[41–43].  Although the high stability and scalability of the low-bias linear switching of PCSS has 

been useful in some applications, such as high-speed switches, the high required triggering energy 

is not optimal.  A PCSS in a non-linear mode, however, is advantageous because it requires much 

lower triggering energy and features a faster turn-on time.  In fact, the turn-on time can be even 

faster than the rise time of optical triggering pulses.  In addition, non-linear PCSS has a unique 

lock-on phase, with the lock-on time ranging from tens to hundreds of nanoseconds and the lock-

on voltage determined by the material and dimensions of the switch [44].  In other words, it is 

possible for a switch to have an ultra-fast turn-on time, customized lock-on output, low required 

triggering energy, and very compact size.  However, an ultra-long lock-on time (e.g., at the 
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millisecond scale) can be even more advantageous for certain applications, such as a firing set 

switch [45].  Such a switch requires a minimum ignition energy, which can be produced by, for 

example, igniting a propane–air mixture [46].  It usually takes a millisecond to accumulate enough 

ignition energy for the ignition switch in the conduction state.  Thus, a PCSS with a long lock-on 

time (and thus low ignition power, a low driving voltage, and a compact size) is preferred as it 

provides enough time to achieve the minimum ignition energy.  

This chapter reviews the basic physical characteristics of PCSS and technical details 

regarding the ultra-long lock-on phase of non-linear switching in PCSS.  Then, it presents the 

experiment and characterizes the newly developed front-bonded-ruby PCSS. 
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5.1 PCSS essentials 

Photoconductivity is the physical phenomenon of electrical conductivity between two 

terminals on a semiconductor material induced by absorption of electromagnetic radiation.  The 

conductivity of some semiconductor materials can be significantly altered (i.e., by many orders of 

magnitude) when the material absorbs enough photon energy from optical radiation, which is often 

greater than the band-gap energy of the material.  Electron–hole pairs are generated during this 

process, rendering the material electrically conductive.  Thus, an optically controlled electrical 

switch with a very simple structure can be fabricated by placing metal electrodes across a suitable 

semiconductor material.  A typical lateral configuration of PCSS is shown in Fig. 5-1.  

 

 

 

 

Figure 5-1: Configuration of a typical lateral PCSS. 

 

Gap length
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5.1.1 Optical absorption of PCSS 

Photoconductivity involves optical absorption, photocarrier transport, and recombination, 

although optical absorption is at the core of the phenomenon.  Photoconductivity is largely 

dependent upon the power of the incident radiation and independent of the size of the illuminated 

area; that is, a semiconductor of any size could become electrically conductive with sufficient 

optical radiation.  Since the resistance between any two points on the surface of a material is 

proportional to the distance between the points, changes in conductivity can be modulated with the 

effect of photoconductivity, enabling a PCSS to function.  A typical PCSS is simply a 

semiconductor substrate with two metal terminals deposited on the surface, as shown in Fig. 5-1. 

The conductivity between the metal electrodes changes by several orders of magnitude as the gap 

region absorbs enough energy from the incident radiation.  The switching time of a PCSS is usually 

determined by the rise time of the triggering optical pulse, which is often longer than the time 

needed for photon absorption.  For these reasons, PCSS is often considered an almost-ideal switch.  

Among the available semiconductor materials, GaAs is the most widely used for PCSS due to its 

dark resistivity, which can be as high as 108 ohm-cm, and high electron mobility. 

Optical absorption can be roughly separated into two categories: intrinsic absorption and 

extrinsic absorption.  Intrinsic optical absorption involves the raising of an electron’s energy state 

from the valence band to the conduction band, while extrinsic optical absorption involves the 

raising of the energy state from a defect to the conduction band or from the valence band to a defect, 

as shown in Figs. 5-2(a) and (b).  
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Figure 5-2: Illustration of optical absorption in semiconductors. 

 

For intrinsic optical absorption, if the conduction band minimum has the same k value in 

the energy plot as the maximum valence band energy, vertical transition of electron with only the 

absorption of a photon occurs.  Such transition is called direct optical transition, and it occurs only 

in materials with a direct band gap.  On the other hand, if the k values of the conduction band 

minimum and valence band maximum are different, optical transition from the top of the valence 

band to the bottom of the conduction band must involve absorption of a photon and simultaneous 

absorption or emission of a phonon.  In materials with a direct bandgap, such as GaAs, optical 

absorption occurs near the surface of a material.  Light penetrates much deeper into materials with 

an indirect bandgap, such as Si. 

A few terms are used to describe the behavior of optical absorption.  When an optical 

source illuminates a semiconductor material, its energy is absorbed at an optical absorption depth 

of d0.  Fig. 5-3 shows the optical absorption depth with respect to the visible light in GaAs.  Since 

(a) (b)
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d0 is dependent upon the wavelength of the incident light, the wavelength of the light is often chosen 

so that the absorption depth is much less than the semiconductor thickness to ensure complete 

absorption of energy. 

 

 

Figure 5-3: Optical absorption depth versus optical wavelength in GaAs [37]. 

 

 Before illumination, the off-state resistance, offR , is determined by the dark resistivity of 

the semiconductor material, 0 , as follows: 
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where sh , sw , and st  are the switch gap length, width, and thickness, respectively. 
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5.1.2 Linear switching mode of PCSS 

 Depending on the operating biasing field and the optical energy received by the PCSS, the 

PCSS can be in one of two modes of operation: the linear mode or the nonlinear mode, as described 

below.  In the linear mode, the number of generated electron–hole pairs is equal to the number of 

photons absorbed by the material.  Therefore, in general, the conductivity of PCSS is linearly 

proportional to the intensity of incident radiation.  In other words, the switch closes in direct 

response to the amplitude of the optical triggering pulse, remains conductive during illumination, 

and opens as soon as the pulse is removed, with a time constant of the carrier lifetime of the 

material.  In addition, the triggering delay and jitter of the output current are considered to be 0 due 

to the ultra-short photon absorption time (i.e., the electron–hole pair generation time).  

 The timely response of conductivity in an optically triggered PCSS can be described by 

resistance as a function of time: 

0

1e h c cL r

s s r

dn dn dn nP S

dt dt dt h w d 

−
= = =  −

 
,                                        (5.2) 

where ℎ𝑠 is the switch (gap) length (distance between the metal contacts), 𝑤𝑠 the switch width, 𝑑0 

is the absorption depth of the triggering optical pulse, and 𝑛𝑒 and 𝑛ℎ are the excess concentration 

of the generated electrons and holes, respectively.  Since they are generated in pairs, they are both 

equal and can be marked by 𝑛𝑐, the carrier concentration.  𝑃𝐿 is the power of the incident optical 

pulse, 𝑆𝑟 is the surface optical reflection coefficient, 𝜖𝜆 is the photon energy, and 𝜏𝑟 is the carrier 

recombination time for both electrons and holes.  The carrier concentration, as a function of time, 

from Eq. (5.2) can be rewritten as follows: 
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Assuming a rectangular optical pulse shape with a duration of T0 and constant intensity of P0, Eq. 

(5.3) becomes the following: 
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If the optical pulse duration, T0, is much smaller than the carrier recombination time, 𝜏𝑟 , the 

exponential term in Eq. (5.4) can be approximated to 01 rT − . Therefore, 
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where 𝐸0 = 𝑃0𝑇0 is the total incident optical energy. The conductivity,  , of the semiconductor 

material is expressed as follows: 

( )e e h h c e hqn qn qn    = + = +  ,                                          (5.6) 

where 𝜇𝑒  and 𝜇ℎ  are the mobility of generated electrons and holes, respectively, and q is the 

elementary charge. The on-state resistance, Ron, of the switch when it is triggered is expressed by 

the following equation: 
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In other words, the on-state resistance is independent of the width of the switch, ws, and proportional 

to the square of the gap length, hs. 

 After removal of the optical pulse on the PCSS at Ts, the carrier concentration starts to 

decay: 

0( ) rt

cn t N e
−

= ,                                               (5.8) 

with 0 ( )c sN n T= . Fig. 5-4 shows the temporal change in the resistance of a PCSS triggered by an 

optical pulse. 
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Figure 5-4: Illustration of the temporal development of switch resistance, optical power, and 

carrier concentration in a PCSS. 

 

 If the PCSS is illuminated by a continuous wave (CW) optical source, generation and 

recombination of the carriers would reach equilibrium. The steady-state resistance can be expressed 

as follows: 
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 When the recombination time, r , is much less than the pulse duration, T0, the excess 

carrier concentration can be approximated as follows: 
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This is typically applicable in the case of a SI-GaAs PCSS, for which the carrier lifetime is usually 

less than or around 1 nanosecond and the pulse width triggering pulse is more than 5 ns. 
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5.1.3 Nonlinear switching mode of PCSS 

 The nonlinear mode, or high-gain mode, of PCSS occurs only in operations with very high 

biasing fields (>40 kV/cm).  In this mode, the generated electron–hole pairs are no longer linearly 

proportional to the photons absorbed by the switch.  Instead, the carriers are generated in an 

avalanche fashion; many more carriers are generated than the number of photons that are absorbed, 

resulting in a gain between the absorbed optical energy and induced electrical pulse.  In other words, 

much lower optical energy is required to close the switch in the nonlinear mode than in the linear 

mode.  The switching process in the nonlinear mode can be generally divided into three stages: the 

initiation phase, the sustaining (lock-on) phase, and the recovery phase. 

 It was found that once the threshold of the biasing field for the nonlinear mode is reached, 

the minimum triggering energy needed to initiate this mode is inversely proportional to the average 

field on the PCSS.  In addition, the turn-on time of the switch is inversely proportional to the biasing 

field [37]. 

 The second phase of the nonlinear mode is the lock-on phase.  Unlike in the linear mode, 

in which resistance starts to rise once the optical pulse is gone, the switch stays conductive for a 

period of time because an excess number of generated carriers requires a much longer period to 

recombine before the current dissipates in the circuit.  The length and amplitude of the lock-on field 

depends on the material as well as the circuit, which can last as long as microseconds after the 

optical pulse diminishes.  It was found that the rise time of PCSS in the nonlinear mode can be 

significantly faster than the optical triggering pulse width because the rise time is inversely 

proportional to the average electric field on the PCSS [37].  In addition to the turn-on time and 

optical trigger threshold, a time delay in the lock-on phase was found to exist and to be inversely 

proportional to the applied field. 
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 The final phase of the nonlinear mode is the recovery phase, which occurs when the 

dissipating current is no longer able to hold the lock-on phase and starts to disappear.  This recovery 

process has always been very slow compared to linear switching. 

 Fig. 5-5 shows a typical nonlinear response of a PCSS.  As shown, the switch remains 

conductive after the pulse is gone.  For measurement, we probed the PCSS in series with a 50-kΩ 

load resistor, a DC high-power supply, and an oscilloscope.  A 532-nm Q-switched Nd:YAG  laser 

with a full width at half maximum (FWHM) of 5 ns was used in this experiment. 

 

 

 

Figure 5-5: Temporal response of the optical pulse and resistance of a PCSS in the nonlinear 

mode. 

 

 The nonlinear mode of PCSS suffers from the current filaments associated with the 

vigorous power-switching process.  Repeatedly triggering the switch results in more and more 
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current filaments, which can cause irreversible damage, such as surface flashover or breakdown.  

However, this problem can be effectively suppressed by a surface coating of Al2O3. 

 In summary, the nonlinear switching mode of PCSS consists of three stages: initiation, 

sustaining (i.e., the lock-on phase), and recovery.  The process of nonlinear switching involves 

many physical mechanisms and is so complicated that, although several theories regarding the 

working mechanisms have been proposed, the understanding of the nonlinear behavior in PCSS is 

still incomplete. 

 

5.1.4 Comparison of switching modes of PCSS 

To summarize the features of the linear and nonlinear switching modes of PCSS, the 

nonlinear mode requires a much higher electric field and much lower triggering energy to turn on 

the switch, implying that it involves current gain.  In addition, it can be faster to turn on the switch 

in the nonlinear mode than in the linear mode.  Further, it has a characteristic lock-on phase and 

slow recovery to a dark state.  Due to the high density of energy in the nonlinear mode, current 

filaments often occur, causing damage to the surface of the PCSS.  
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5.2 Ultra-long lock-on phase in the non-linear switching mode 

 In the following sections, we report a new type of high-gain PCSS switching that features 

an ultra-long (e.g., on the order of millisecond) lock-on phase due to the integration of Si-GaAs 

and a ruby crystal. 

 As mentioned in Section 5.1, a PCSS functions by harnessing optical energy to produce 

charge carriers in the material to dramatically alter the resistivity of the material, thus causing the 

material to shift from an insulation state to a conductive state.  The operation of SI-GaAs PCSS 

differs in the linear mode and non-linear mode depending on the optical triggering fluence and bias 

field.  At a low triggering fluence and bias field, the PCSS is operated in the linear mode, and the 

exchange rate between the absorbed photons and the generated electron–hole pair is almost one to 

one.  The switch turns on once the triggering pulse hits the material and the resistance of the switch 

is inversely proportional to the number of photons in the pulse.  As soon as the pulse ends, the 

switch has a high resistance again.  However, in the presence of a sufficiently high electric field as 

well as triggering fluence, the switch is operated in the non-linear, or high-gain, mode, which 

produces an avalanche effect; instead of generating just one electron–hole pair from one photon, a 

chain reaction occurs, resulting in the generation of many more charge carriers almost immediately.  

It is believed that the tremendous amount of charge carriers would fill up all spaces in the material, 

and because the carriers are generated faster than they can recombine, the switch enters a lock-on 

phase for a period of time.  That is, the switch remains conductive even after the triggering pulse 

ends, rather than immediately resuming its off state, like in the linear switching mode.  The amount 

of space in which charge domains can form is determined by the dimensions of the device.  The 

switch starts to recover to its initial state when the carriers recombine faster than they are generated 

and eventually resumes its open state when they deplete.  It has been found that this behavior is 

independent of the switch length, initial provided voltage, and triggering energy as long as the 
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minimum requirement for it to occur is fulfilled [91].  It is believed that multiple mechanisms may 

play a role in generating the carriers required to sustain the lock-on phase, although there is no 

complete, uncontroversial physical explanation.  Numerous theories have been proposed to 

describe this behavior, such as band-to-band ionization, negative differential mobility (NDM) of 

the electrons in GaAs, the Gunn effect, double-injection, and a combination of trapping and band 

impact ionization, moving electric fields, and photon recycling [44, 92–94]. 

 Even though the details concerning the lock-on mechanism are still under debate, it is clear 

that a minimum charge density is required to maintain the lock-on state, a PCSS can be treated as 

a Gunn device when operating in the non-linear mode [44], and the space charge density with 

respect to time in the active area of PCSS can be expressed as follows: 

0( ) Rt t
t e  −
= ,                                                                       (5.15) 

where ρ0 is the initial electron density, e is the electron charge, and tR is the dielectric relaxation 

time, which can be expressed as follows: 
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= ,                                                                            (5.16) 

where ε is the permittivity of GaAs, n is the electron density, and μ is the average electron mobility 

of GaAs.  It has been found that, for the space charge domain formed in the triggered PCSS to be 

stable, the transit time required for the charge domain to move from the cathode to the anode, given 

by τ=l/vs, has be larger than tR.  We thus obtain the following equation: 
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where l is the length of the active area of PCSS between the electrodes and vs is the saturation 

velocity of electron in GaAs.  Eq. (5.17) can be rewritten as follows: 
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by inserting typical values of GaAs parameters, including vs =1×107 cm/s, ε= 13.18×8.85×10-12 

C2N-1m-2, μ=-2000 cm2/V, and e=1.6×10-19 C.  Eq. (5.18) provides the critical condition for the 

PCSS to maintain the lock-on phase.  Once the charge density falls below this requirement, the 

PCSS starts to recover to its open state.  To maintain the minimum required charge density, in this 

study we develop a new type of PCSS consisting of a SI-GaAs substrate and a front-bonded ruby 

crystal.  The 532-nm laser pulses from an Nd-YAG laser shoot on the front surface of the ruby 

crystal.  A portion of the laser pulse passes through the crystal, reaching the GaAs substrate, and 

the remaining portion of the laser pulse is absorbed by the ruby crystal.  This results in emission of 

694-nm fluorescent light, a portion of which also reaches the GaAs substrate.  A high-fluence 532-

nm short laser pulse with a pulse width of about several nanoseconds is used to cause the PCSS to 

enter its high-gain non-linear mode. In contrast, low-fluence, long-lifetime (i.e., on the order of 

milliseconds) 694-nm fluorescent light is used to generate the minimum charge density required to 

maintain the lock-on state.    
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5.3 Experimental results and discussion 

 In our experiment, a PCSS with a typical lateral configuration was fabricated.  First, a SI-

GaAs wafer with a resistivity of about 7×108 Ω-cm was well-lapped and polished.  Second, a 

photoresistant mask was placed on top of the polished surface by optical lithography.  Third, a pair 

of titanium/gold electrodes were placed on the patterned GaAs substrate.  Finally, the remaining 

photoresist was removed.  The gap between the two electrodes of the fabricated PCSS was 0.5 mm, 

and the electrodes were 2 mm wide. A 532-nm Nd-YAG Q-switch pulsed laser with a 5-ns pulse 

duration was used to trigger the PCSS. The 532-nm wavelength was selected for the following 

reasons: (1) the photon energy at the 532-nm wavelength is greater than the bandgap of GaAs, so 

it can effectively trigger the PCSS; (2) it is within the excitation wavelength range of the ruby 

crystal; and (3) it is a widely available laser wavelength that is available in our lab.  A common 

ruby rod was cut and polished into a 2 mm × 2.5 mm × 4.5 mm cuboid, as shown in Fig. 5-10(a).  

The 2 mm × 2.5 mm face was placed between the PCSS electrodes shielding the gap area, as shown 

in Fig. 5-10(b).  Norland optical adhesive was used to fill the space between the ruby and the PCSS, 

fixing the configuration while preventing electrical breakdown through air.  Fig. 5-11 shows the 

configuration of the PCSS sample and the circuitry used to measure its performance.    
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(a) 

 

 (b) 

 

Figure 5-6: Photos of (a) a polished ruby cuboid and (b) the PCSS bonded with the ruby crystal. 
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 (a) 

 

 (b) 

 

Figure 5-7: Illustrations of (a) the configuration of the PCSS with a ruby and (b) the measurement 

setup. 
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  The PCSS was connected in series with a DC voltage source and a 150-kΩ load resistor, 

RL.  This resistance was chosen as it is sufficiently smaller than the dark-state resistance of the 

PCSS (>5 GΩ) and sufficiently larger than the on-state resistance.  A testing probe was placed 

between the RL and the PCSS to measure the response of voltage across the PCSS.  The time-

dependent voltage response of the PCSS in the circuit is described by the following equation: 

 

( )
( ) .

( )

PCSS
PCSS DC

PCSS L

R t
V t V

R t R
=

+
                                                               (5.19) 

  

 For the purpose of comparison, we conducted an experiment with a high-gain PCSS and 

without a ruby crystal.  We started by measuring the time-dependent voltage drop across the PCSS, 

which was operating in the non-linear mode.  To ensure that measurement was performed when the 

PCSS was in its non-linear mode, an excessively large biasing field (60 kV/cm) and single-shot 

triggering energy (2.2 mJ) were introduced to the PCSS during the experiment.  Fig. 5-12(a) shows 

the initial phase of non-linear switching.  We believe that the PCSS worked in the nonlinear mode 

because, in the linear mode, the response of PCSS follows the pulse shape of the laser.  Since the 

pulse width used in our experiment was around 5 ns, the response time of PCSS would also be 

around 5 ns if it were in the linear mode.  However, the measured response time, as shown in Figs. 

5-12 and 5-13, was much longer than 5 ns, and thus the PCSS was undoubtedly in the nonlinear 

mode in our experiment.  The PCSS initially holds the majority of the voltage drop in the circuit at 

the off-state, and upon being triggered, the voltage across the PCSS immediately drops below zero 

(the solid line) and exhibits a little oscillation, in line with the non-linear responses reported in prior 

studies.  Fig. 5-12(b) shows that the PCSS stayed in the lock-on phase for nearly 3 μs shortly after 

triggered and then recovered to the off-state within several microseconds.  Fig. 5-12(c) confirms 
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that the VPCSS was activated and responded in a timely manner at a large time scale.  The maximum 

lock-on time of the PCSS without a ruby crystal was on the order of microseconds.  

 Second, we conducted the same measurements of the high-gain PCSS with a ruby crystal.  

Fig. 5-13 shows the result of triggering the PCSS with a ruby cuboid at the top of the illuminated 

area.  Since the emission wavelength of ruby is 694 nm, the PCSS was illuminated by a combination 

of the 532-nm and 694-nm wavelengths.  In this part of experiment, we ensured that the triggering 

energy of the 532-nm radiance was kept at 2.2 mJ after passing through ruby to obtain consistent 

results.  In Fig. 5-13(a), a pulse very much like the one in Fig. 5-12(a) was measured, indicating 

that the triggering stage of the PCSS in both cases were similar.  However, the switch started to act 

quite differently at a larger time scale. Unlike in Fig. 5-12(b), in which the pulse started to recover 

within 3 μs, the pulse in Fig. 5-13(b) stayed in the lock-on state for more than 10 μs.  Additionally, 

as shown in Fig. 5-13(c), instead of starting to recover to the off-state, the resistance of PCSS 

seemed to be further reduced at a relatively slow speed.  The voltage drop across the PCSS reached 

its minimum within nearly 200 μs and was sustained for nearly a millisecond, as shown in Fig. 5-

13(d).  Fig. 5-13(e) shows the PCSS before it started to recover from the sustaining phase.  Finally, 

Fig. 5-13(f) shows that the PCSS recovered to its initial off state within 15 ms.  The length of the 

lock-on time matches the fluorescent lifetime of a ruby crystal, which is also on the order of 

milliseconds.  Thus, we achieved an ultra-long lock-on time (i.e., on the order of milliseconds) that 

was three orders of magnitude longer than when the fluorescent effect of ruby crystal was not 

harnessed.    
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Figure 5-8: Measured temporal response of the voltage across PCSS without the influence of a ruby at (a) 

5-ns, (b) 2-μs, and (c) 100-μs scales. 
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Figure 5-9: Measured temporal response of the voltage across PCSS with the influence of a ruby at (a) 5-ns, 

(b) 2-μs, (c) 10-μs, (d) 200-μs, (e) 500-μs, and (f) 5-ms scales. 
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We believe that the working principle in our experiments is that much less light intensity 

is required to maintain the lock-on state than when the PCSS is triggered to shift from an insulating 

state to a conductive state.  The minimum triggering light intensity can be determined based on the 

minimum pulsed laser fluence.  As reported in [95], the minimum triggering fluence is 10 μJ/cm2 

for a laser beam with a pulse duration of 5 ns.  Then, the required light triggering intensity, tI , is 

as follows: 

6
2

9

10 10
2000 /

5 10
t

x
I W cm

x

−

−
= = .                                              (5.20) 

The minimum light intensity required to maintain the lock-on state can be estimated with the 

following logic.  Since the fluorescence lifetime of a ruby is long (>10 ms), we can assume that 

fluorescent illumination occurs continuously.  In this case, the total number of photons, N,  received 

by GaAs can be derived from the following equation: 

 
p

P
N

E

 
= ,                                                                              (5.21) 

where  is the quantum efficiency of GaAs, P is the fluorescence power,  is the relaxation time of 

the charge carrier in a conductive state, and Ep is the single photon energy.  Based on previous 

studies’ results,  and  can be assumed to be 0.5 [96] and 1 ns [97], respectively.  Additionally, 

Ep = 2.9x10-19J can be assumed at a wavelength of 694 nm.  The photogenerated charge density can 

be derived from the following equation: 

p

N P
n

wld wldE

 
= = ,                                                                    (5.22) 

where w l  represents the beam size and d is the effective penetration depth of fluorescent light in 

a GaAs wafer.  Based on [44], the minimum charge density required to maintain the lock-on state 

is determined as follows: 
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The minimum required light intensity, Im, can be obtained with the following equation: 

 

1210 p

m

d EP
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= = .                                                                     (5.24) 

Substituting d = 2 m, Ep = 2.9x10-19J,   = 0.5,   = 1 ns, and l = 0.05 cm into Eq. (5.24), we 

obtain Im = 2.32 W/cm2, which is three orders of magnitude smaller than the result for It.  Thus, a 

much lower light intensity is required to maintain the lock-on state.  Since the lifetime of 

fluorescence is long (>10 ms; near-continuous illumination) and a very low light intensity is 

required to maintain the lock-on state, as described above, an ultra-long (>10 ms) lock-on time can 

be achieved.   
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5.4 Conclusion 

In this chapter, we reviewed the basic characteristics of PCSS and reported the application 

of PCSS to a KTN beam deflector.  We reported a new type of PCSS that combines a fluorescent 

ruby crystal and a SI-GaAs substrate, and we calculated the power required to activate the non-

linear mode and maintain the lock-on phase.  The PCSS was illuminated by both high-fluence 532-

nm short laser pulses and low-fluence, long-lifetime 694-nm fluorescent light.  The high-fluence 

laser pulse enabled the PCSS to enter the high-gain conductive mode, and the low-fluence 

fluorescent light was used to generate carriers to achieve the minimum charge density.  Due to the 

long lifetime of the fluorescent light, an ultra-long lock-on time (i.e., on the order of milliseconds) 

was successfully achieved.  The measured lock-on time was three orders of magnitude longer than 

that of a conventional Si-GaAs-based PCSS.  A PCSS with an ultra-long lock-on time can be very 

useful for some applications, such as firing sets.   

 

  



 

 

Chapter 6 

 

Conclusions and Future Works 

This dissertation was intended to produce deep, novel findings regarding the unknown 

aspects of KTN beam deflectors.  We contributed to the theory of SCC KTN beam deflection by 

analyzing a non-uniform SCC beam deflector.  The potential of KTN beam deflectors in different 

applications was broadened by our development of a 2-D KTN beam deflector in which both SCC 

and temperature control occur simultaneously on a single crystal.  In addition to beam deflection, 

the technique of laser activation with PCSS, which is useful in KTN beam deflectors, was enriched 

by our discovery of a prolonged lock-on phase in the non-linear switching mode of PCSS. The 

studies were thoroughly described in previous chapters and are summarized in the following 

paragraphs.  

The dissertation began with a review of information about KTN, including its preparation, 

physical properties, and unique features (e.g., its electrical, optical, EO, and thermal 

characteristics).  It is a special material because it has the largest EO coefficient ever reported and 

possesses a variety of malleable features.  Most of these properties are the result of its nature as a 

perovskite crystal, a relaxor ferroelectric, and a solid solution of KTaO3 and KNbO3. 

In Chapter 3, the electric field distribution and deflection angle in a non-uniform SCC KTN 

beam deflector were quantitatively analyzed and experimentally verified.  A physical model was 

proposed to depict the distribution of the non-uniform space charge, which can generally be divided 

into three parts.  The experimental results exhibited a similar trend as the proposed model.  Hence, 

the approach used to analyze the KTN beam deflector in this study seems to be good. 

In Chapter 4, 2-D KTN beam deflection was successfully achieved by combining two 

deflecting mechanisms—SCC beam deflection and temperature-gradient-controlled beam 

deflection—in the x and y directions, respectively.  By applying an external biasing field in the x 
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direction and inducing a temperature gradient in the y direction on a KTN single crystal, deflection 

was observed in both directions.  The effects of the space-charge and temperature-gradient 

mechanisms were quantitatively analyzed and experimentally confirmed.  Furthermore, high-speed 

(~80 ns) deflection capability was experimentally demonstrated.  The maximum difference 

between the experimental results and theoretical analyses was around 7%. 

In Chapter 5, voltage modulation was introduced to a PCSS.  SCC KTN beam deflection 

occurred on the order of nanoseconds when measured with PCSS.  This confirmed that the scanning 

speed of the SCC beam deflector is mainly limited by the speed of the driving source, not the EO 

effect.  With proper voltage modulation, an ultra-fast beam deflector (within MHz to GHz) can be 

developed, which could be very useful for many applications, such as real-time swept-source-based 

low-coherence tomography.  In the second part of the chapter, a new type of PCSS was developed 

by combining a fluorescent ruby crystal and a SI-GaAs substrate, and the power requirements for 

activating the non-linear mode and maintaining the lock-on phase were calculated.  The PCSS was 

illuminated by both high-fluence 532-nm short laser pulses and low-fluence, long-lifetime 694-nm 

fluorescent light.  The high-fluence laser pulses enabled the PCSS to enter its high-gain conductive 

mode, and the low-fluence fluorescent light was used to generate the carriers needed to achieve the 

minimum charge density.  Due to the long lifetime of the fluorescent light, an ultra-long lock-on 

time (i.e., on the order of milliseconds) three orders of magnitude longer than that of the 

conventional Si-GaAs-based PCSS was achieved.  A PCSS with an ultra-long lock-on time can be 

very useful in some applications, such as firing sets.  Overall, although the findings in this study 

contribute to the field of beam steering technology, there is still much to explore regarding the 

applications of KTN. 

Although the findings in this study has progressively expanded the boundary of science in 

the field of beam steering technology, there remains much potential to be discovered and questions 

to be answered regarding the applications of KTN material.   
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In addition to temperature-gradient-controlled beam deflection, another beam deflection 

mechanism, composition-gradient-controlled (CGC) beam deflection was discovered in a previous 

study [98].  The centration ratio of Ta and Nb atoms in KTN crystal can be controlled during the 

growth process such that a gradient distribution is formed.  CGC beam deflection functions 

similarly to TGC beam deflection, except the gradient of the refractive index is induced by the 

inherent composition gradient of the concentration ratio of Ta and Nb atoms in the crystal.  

Therefore, the Curie temperature of the crystal becomes a function of position corresponding to the 

composition gradient distribution in the crystal. 

The deflection angles produced by TGC and CGC beam deflection exhibit similar physical 

characteristics.  Like TGC beam deflection, CGC beam deflection does not function by itself; 

rather, it must coexist with SCC beam deflection.  When the composition gradient of the KTN 

crystal is perpendicular to the external biasing field, the deflection angles in the x and y direction 

can be expressed as follows: 
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,   (6.1b) 

 

where L, n, g11, and  are the beam propagation length, refractive index, EO coefficient, and 

permittivity, respectively. 

Combining the SCC, TGC, and CGC beam deflection mechanisms can result in an ultra-

fast varifocal 2-D KTN beam deflector.  Fig. 6-1 illustrates the design of such a deflector.  Two 

pairs of metal strips are deposited on the top and bottom faces of a KTN crystal along the z 



95 

 

direction to power the device.  A pair of temperature-controlling modules surrounding the crystal 

in the x direction induces a temperature gradient, and the crystal has an inherent composition 

gradient in the y direction.  As a result, a laser beam entering the crystal in the z direction would 

be subjected to TGC and CGC beam deflection and the SCC varifocal effect within a single 

device.  Due to the superior speed offered by KTN, the device is expected to work at the MHz 

level or higher, which could be very useful in beam scanning technology. 

 

 

Figure 6-1: Configuration of a varifocal 2-D KTN beam deflector. 
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Other than for beam deflection, the SCC EO effect in KTN can be utilized to create optical 

devices, such as a transmission grating with a tunable refractive index.  Refractive index 

modulation via the non-linear EO effect in a SCC KTN crystal is described by the following 

equation: 
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,                                            (6.2) 

 

where x is the position in the direction of the electrodes, n is the refractive of KTN, g11 is the Kerr 

coefficient,  is the dielectric constant, N is the space charge density, d is the distance between 

electrodes, and V is the driving voltage.  According to the equation, SCC KTN crystal has a graded 

refractive index along the direction of the electrodes. 

A previous study found that the amount of preinjected space charge depends on the applied 

electric field [99].  Therefore, the refractive index can be modulated by adjusting the voltage 

applied to a SCC KTN crystal, and a KTN-based transmission phase grating with a tunable index 

can be developed.  The grating equation for a typical transmission phase grating can be written as 

follows: 

 

  0sin ( ) sintrn inc inc

x

n m n m


 = −


,                                            (6.3) 
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where ntrn and ninc are the refractive indices of the transmission and incident regions, respectively; 

m is the diffraction mode, inc is the incident angle, 0 is the wavelength of incident radiation, and 

x is the grating period.  The grating equation can be reduced to the following: 

 

  0sin ( )ktn

ktn

n m m


 = −


,                                                   (6.4) 

 

where nktn and ktn are the refractive index and grating period of the KTN crystal, respectively.  The 

total number of possible diffracted modes, M, of the grating is determined as follows:  

 

0

2
1ktn ktnn

M



= + .                                                      (6.5) 

 

Based on Eqs. (6.2) and (6.5) and by performing refractive index modulation of a SCC 

KTN crystal through a biasing field, we can effectively modulate the diffraction of the grating.  Fig. 

6-2 shows a conceptual drawing of a 1-D transmission phase grating made with a SCC KTN crystal.  

The other possible functionality of this device that is worth exploring is based on a recent finding 

in KTN materials.  Di Mei et al. recently discovered of a giant refraction index in a KTN crystal 

doped with Li (KTN:Li crystal) [99].  In their report, a broadband index of refraction as large as 26 

was observed in a KTN:Li crystal at its Curie temperature.  In addition, field-induced phase 

transition on KTN crystals, which allows KTN crystals to undergo phase transition from the cubic 

phase to the ferroelectric phase with a sufficient applied electric field, was reported in previous 

studies [29, 85].  Therefore, in principle, this giant refractive index can be induced by applying the 

proper electric field to KTN crystals without changing the working temperature, which can be very 

useful in building EO devices with a tunable refractive index feature.  
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Figure 6-2: Conceptual drawing of a 1-D transmission phase grating of an SCC KTN deflector 

with a normal incident beam. 
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