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In Phase I of this research, we first designed, fabricated and demonstrated a 

thin-film polymeric thermo-optic waveguide beam deflector based on prism-array 

heating electrode, whose shape contour was designed to effectively steer the beam 

at maximal deflection. At 1310 nm, a beam deflection angle of 2.52° with eight 

corresponding resolvable spots at an applied voltage of eight volts was 

demonstrated, suggesting a 1×8 switch is possible with this design. An electrode 

design was proposed to improve the heating efficiency and apply in the design of 

the 1×N thermo-optic switch in Phase II of this research. 

Based on the results that demonstrated the beam-steering capability of the 

prism-array heating electrode, a 1×N thermo-optic switch was designed based on 

incorporating the prism-array electrode and an elliptic total internal reflection 



 vii

waveguide mirror. At 1310 nm, a 1×6 switching result was demonstrated; the 

extinction ratios and crosstalks were found to be > 20 dB and < -44 dB respectively. 

A switching time as low as 4 ms was observed. The device offers a unique 

advantage for 1×N (N > 2) switching using only one single driving electrode that 

simplifies the driving scheme. 

We also proposed a 1×N switch device structure applying the same 

operational principle except using an extra-small single-prism electrode to replace 

the prism-array electrode, with which the power consumption is expected to 

decrease drastically. With the same design and material parameters in the 1×6 

switching device, a 1×3 switching can be expected with the power consumption 

reduced by a factor of 1000 simply due to the extra-small heating area. A 2×2 

switch can also be achieved with this extra-small electrode design. 



 viii

Table of Contents 
 

List of Figures......................................................................................................xi 

Chapter 1 – Introduction.......................................................................................1 

1.1 Overview on Fiber-optic Communication System ................................1 

1.1.1 Why Fiber Optics..........................................................................1 

1.1.2 Building Blocks in Fiber-optic Communication System..............3 

1.2 Optical Switches in Optical Network ..................................................13 

1.2.1 Roles of Optical Switches...........................................................13 

1.2.2 Overview on Current Approaches for Optical Switches ............15 

1.3 Why TO Effect in Polymers ................................................................20 

1.4 Researched Devices .............................................................................22 

Chapter 2 – Theoretical Analysis of Researched Devices..................................26 

2.1 Waveguide Prism-Array Beam Deflector............................................26 

2.1.1 Basic Operational Scheme..........................................................26 

2.1.2 Performance-improved Scheme..................................................28 

2.1.3 Definition of Resolvable Spot ....................................................30 

2.2 Beam Steering 1×N Fiber-optic Switch...............................................32 

2.2.1 Waveguide Image System Using Elliptic Mirror .......................32 

2.2.2 Theoretical Analysis on Beam Steering 1×N Switch .................38 

2.3 Thermal Analysis on Prism-array Electrode .......................................40 

2.4 Curved Channel Waveguide Design....................................................43 

2.5 Physical Origin of Thermo-optic Effect in Matters.............................44 

Chapter 3 – Thermo-optic Polyimide Waveguide Beam deflector ....................46 



 ix

3.1 Introduction..........................................................................................46 

3.2 Device Structure ..................................................................................49 

3.3 Material................................................................................................51 

3.4 BPM Simulation ..................................................................................54 

3.5 Device Fabrication...............................................................................55 

3.6 Experiments .........................................................................................58 

3.6.1 Experimental Setup.....................................................................58 

3.6.2 Experimental Results and Discussions .......................................59 

3.7 Summary..............................................................................................62 

Chapter 4 – Polymer-based 1×6 Thermo-optic Switch Incorporating an Elliptic 

TIR Waveguide Mirror ..................................................................64 

4.1 Introduction..........................................................................................64 

4.2 Waveguide Material.............................................................................66 

4.3 Device Structure ..................................................................................70 

4.4 Device Fabrication...............................................................................76 

4.5 Experiments .........................................................................................80 

4.5.1 Experimental Setup.....................................................................80 

4.5.2 Experimental Results ..................................................................81 

4.6 Summary..............................................................................................87 

Chapter 5 – Alternative Design on the 1×N Thermo-optic switch.....................89 

5.1 Introduction..........................................................................................89 

5.2 Device Structure ..................................................................................89 

5.3 Future Work.........................................................................................92 

5.4 Summary..............................................................................................93 



 x

Chapter 6 – Conclusion ......................................................................................95 

6.1 Thin-film Polymeric Waveguide Beam Deflector...............................95 

6.2 Polymeric Beam-steering 1×N Fiber-optic Switch..............................96 

Bibliography .......................................................................................................98 

VITA.................................................................................................................104 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 xi

 List of Figures   

 

Fig. 1.1 Typical fiber attenuation curve...........................................................2 

Fig. 1.2 Schematic view of (a) DBR and (b) DFB laser structures..................4 

Fig. 1.3(a) Schematic InGaAs photodiode ...........................................................6 

Fig. 1.3(b) Basic APD structure ...........................................................................6 

Fig. 1.4 Absorption of a photon (hν < Eg) by FK effect ..................................8 

Fig. 1.5 Influence of a transverse electric field on the absorption in a quantum 

well .....................................................................................................9 

Fig. 1.6 Schematic view of a Mach-Zehnder modulator................................10 

Fig. 1.7 Schematic view of a modulator based on directional coupler ..........10 

Fig. 1.8 Schematic view of a traveling wave amplifier (TWA).....................12 

Fig. 1.9(a) Amplification illustrated in energy diagram of Er3+ in silica ...........13 

Fig. 1.9(b) Basic scheme of an EDFA................................................................13 

Fig. 1.10 Optical switches in reconfigurable wavelength routing ...................15 

Fig. 1.11 Schematic view of an optomechanical switch ..................................16 

Fig. 1.12(a) Typical 2-D MEMS switch...............................................................17 

Fig. 1.12(b) Typical 3-D MEMS switch...............................................................17 

Fig. 1.13 Schematics of Mach-Zehnder interferometer for optical switches...18 

Fig. 1.14 Schematics of crossconnect waveguide for optical switches ...........18 

Fig. 1.15 Photograph of a “bubblejets” optical switch from Agilent...............20 

Fig. 1.16 Proposed device structure .................................................................23 

Fig. 2.1 Schematic view of the waveguide prism-array beam deflector........28 

Fig. 2.2 Schematic view of an effective prism-array beam deflector ............29 



 xii

Fig. 2.3 Redefinition of resolvable spot explained using beam deflection with 

a lens .................................................................................................31 

Fig. 2.4 Schematic view of a waveguide imaging system using elliptic TIR 

mirror ................................................................................................33 

Fig. 2.5 The radius of curvature R (z) of the Gaussian beam, the pink line 

shows the radius of curvature of the spherical beam........................35 

Fig. 2.6 Goos-Hänchen shift due to total internal reflection..........................36 

Fig. 2.7 Schematic view of a beam-steering 1×N fiber-optic switch.............38 

Fig. 2.8 Schematic view of a prism-array deflector steering a focused beam 

..........................................................................................................39

Fig. 2.9 Simplified scheme for evaluation of beam aberration due to 

deflection ..........................................................................................40 

Fig. 2.10 Waveguide index profile before (black line) and after (red line) 

heating, assuming the silicon substrate as a perfect heat sink with ∆T 

= 0 .....................................................................................................42 

Fig. 2.11 A cosine-curved channel...................................................................43 

Fig. 3.1 Schematic view of the beam deflector based on alternatively placed 

polymeric and silica micro prisms....................................................48 

Fig. 3.2 Schematic view of the proposed waveguide beam deflector............50 

Fig. 3.3 Calculated prism array contour and beam trajectories with respect to 

∆neff ...................................................................................................50 

Fig. 3.4 Material Properties of Cured Ultradel 9120D ..................................51 

Fig. 3.5 Layer thickness versus spin speed for U9120D on silica .................52 

Fig. 3.6 Dependence of Refractive index of UV 15 on UV exposure time ...52 



 xiii

Fig. 3.7 Layer thickness versus spin speed for UV 15 on silicon wafer ........53 

Fig. 3.8(a) BPM simulation results for zero deflection ......................................54 

Fig. 3.8(b) BPM simulation results for maximum deflection.............................54 

Fig. 3.9 Photograph of the polished device end-face.....................................56 

Fig. 3.10 Summary of device fabrication procedure........................................57 

Fig. 3.11(a) Schematic view of the experimental setup .......................................58 

Fig. 3.11(b) Photograph of the device testing setup: 1) Micro cylindrical rod 2) 

Device under test 3) Output collimating rod 4) Electrode probe 5) 

translational stage .............................................................................59 

Fig. 3.12 Measured beam deflection angle as a function of applied voltage, the 

solid points represent the measured data and the curve the fitting 

quadratic function .............................................................................60 

Fig. 3.13 Photographs of the output far field spot image at 0V and 8V ..........61 

Fig. 3.14 Schematic view of an improved prism-array electrode design.........62 

Fig. 4.1 Basic scheme for a beam-steering switch using waveguide lenses ..65 

Fig. 4.2 UV 11-3 film thickness on silicon wafer vs. cyclopentanone 

concentration.....................................................................................67 

Fig. 4.3 Dependence of Refractive index of UV 11-3 on UV exposure time  

..........................................................................................................67 

Fig. 4.4 Material stability and durability test with respect to various 

chemicals ..........................................................................................68 

Fig. 4.5(a) UV 11-3/UV 15 RIE sidewall after 10-minute immersion in AZ 425 

developer, UV 15 sidewall slightly recessed....................................69 



 xiv

Fig. 4.5(b) UV 11-3/UV 15 RIE sidewall after 10-minute immersion in acetone, 

UV 15 sidewall severely recessed ....................................................69 

Fig. 4.5(c) UV 11-3/UV 15 RIE sidewall after 8-minute immersion in Al 

etchant, UV 15 sidewall swelled ......................................................69 

Fig. 4.6 Schematic view of the device ...........................................................70 

Fig. 4.7(a) Schematic view of the channel cross section....................................71 

Fig. 4.7(b) Modal field distribution of the channel ............................................72 

Fig. 4.8 Calculated prism array contour.........................................................73 

Fig. 4.9 Mask layout of the output channels, the dimensions are not in scale 

..........................................................................................................74 

Fig. 4.10 Beam deflection angle for each corresponding channel ...................74 

Fig. 4.11(a) BPM simulation of power evolution profile along channel #6.........75 

Fig. 4.11(b) BPM simulation of normalized power along channel #6 .................75 

Fig. 4.12 Photograph of the device input end face...........................................77 

Fig. 4.13 SEM photograph of the elliptic mirror sidewall ...............................78 

Fig. 4.14 Photograph of a fabricated sample, the inset shows the magnification 

of a prism in the prism array.............................................................79 

Fig. 4.15(a) Summarized flow chart for material preparation..............................79 

Fig. 4.15(b) Summarized flow chart for device fabrication .................................80 

Fig. 4.16 The device testing setup with the inset showing the photograph of the 

device under test: 1) Device under test, 2) Input fiber, 3) Output 

fibers, 4) Translational stages, 5) Electrode probes..........................81 

Fig. 4.17 The electrical signal (upper trace) and switching response (lower 

trace) in an oscilloscope for (a) channel #1, (b) channel #2, (c) 



 xv

channel #3, (d) channel #4, (e) channel #5 and (f) channel #6. The 

time scale is 5 ms/div........................................................................83 

Fig. 4.18 Summary of applied voltage, corresponding power and extinction 

ratio for each output channel ............................................................84 

Fig. 4.19(a) Measured electrode resistance versus hot plate temperature change, 

the points denote the measured data, the straight line the fitting curve

..........................................................................................................85 

Fig. 4.19(b) Measured electrode resistance versus applied electrical power, the 

points denote the measured data, the straight line the fitting curve..85 

Fig. 4.20 Electrode surface temperature change (∆Ts) for corresponding 

channel: The ∆Ts is scaled by a factor of 0.4. The linear curve shows 

the calculation results of effective temperature change (∆Teff) with 

respect to beam displacement calculated by Eq. (2.7)......................86 

Fig. 5.1 Schematic view of the device structure with single-prism electrode 

..........................................................................................................90 

Fig. 5.2 Schematic view of the 2×2 switch ....................................................92 
 



 1

Chapter 1 

Introduction 

1.1 Overview on Fiber-optic Communication System 

1.1.1 Why Fiber Optics 

Since the first employment of optical fibers for information transmission 

during the 1980s, the term, fiber optics, has revolutionized the field of 

communication. Optical fibers offer tremendous advantages over their conventional 

counterparts, the coaxial cables, in several perspectives: 

First of all, the development of low-loss optical fibers enabled the 

deployment of fiber-optic communication system. Figure 1.1 shows the typical fiber 

attenuation curve. The loss coefficient is around 0.7 dB/km at 1.3 µm and 0.2 

dB/km at 1.55 µm [1], an improvement of at least three orders of magnitude over 

coaxial cables. 

Secondly, the frequency spread at the two primary minima in Fig. 1.1 are 

around 5 × 1012 Hz near 1.3 µm and around 12 × 1012 Hz near 1.55 µm [1], which 

are more than three order of magnitude larger than the bandwidth of coax. The large 

frequency windows also indicate that wavelength multiplexing is feasible, which 

combined with Erbium Doped Fiber Amplifier (EDFA) boosts the data bit rate up to 

10 Gbit/s [2]. 

Optical signals in fibers are immune from external electromagnetic fields 

since the optical energy is well trapped inside the fiber using total internal 

reflection, which implies 1) the optical fibers can be grouped in bundles without any 
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crosstalk, and 2) it is difficult to eavesdrop: the transmitted information is well 

protected.  

Moreover, optical fibers are advantageous over coax in cost and size. Optical 

fibers are made of silica, which is abundant on earth and therefore a lot cheaper 

compared with copper. Size wise, optical fibers are typically around 100 µm in 

diameter while those of coax are at least 1 mm, which makes optical fibers easier to 

handle and install. 

 

 

Fig. 1.1 Typical fiber attenuation curve [3] 

 

Finally, fiber optics combined with microelectronics is believed to be the 

major factor for the advent of the information age, evidence can be found in the 

advent and maturity of, for example, personal computers (PCs). The explosively 
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increased availability of low-cost and high-speed PCs has led to many applications 

requiring ultra-high-speed interconnections. PC users sharing data, video 

conferencing, accessing information over large databases, doing e-business, etc. 

fully utilize the enormous bandwidth of the Internet equipped with fiber cables.  

 
1.1.2 Building Blocks in Fiber-optic Communication System  

Besides the successful development of optical fibers, deployment of fiber-

optic communication system also requires advance in components such as light 

source, light detector, modulator and amplifier/repeater. Not surprisingly, 

microelectronics has been a competing and even irreplaceable technology in 

developing these components for fiber-optic network. Other technologies are also 

found competitive in modulators and amplifiers. 

1. Semiconductor Lasers 

Fiber-optic communication systems use semiconductor lasers as the optical 

source due to their inherent advantages such as compact size, right wavelength 

range, light emitting area compatible with fiber core dimensions and possibility of 

direct modulation at high frequency. Light emitting from semiconductor lasers is 

based on stimulated emission, which can be dominant only if the condition of 

popular inversion is satisfied. Lasing using semiconductor materials can be achieved 

by heavily doping a homogenous p-n junction so that the quasi Fermi-level 

separation exceeds the bandgap under forward bias. The injected current density 

when population inversion occurs is called threshold current density. Semiconductor 

lasers using homogeneous p-n junction are inefficient with large threshold current 

density since the injected current and the lasing light are not confined. The problems 
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can be solved using the double hetero-junction structure, which sandwiches a 

narrow-bandgap material (e.g. GaAs) with two wide-bandgap materials (e.g. 

AlGaAs). Threshold current density is greatly reduced since the injected current is 

confined inside the narrow-bandgap layer. On the other hand, semiconductor 

materials usually exhibit larger refractive indices if their bandgaps are smaller.  The 

lasing light is therefore confined inside the narrow-bandgap layer since the double 

hetero-junction structure is essentially a waveguide. 

 

 

 

  

 

 

 

 

 

 

 

Fig. 1.2 Schematic view of (a) DBR and (b) DFB laser structures 

 

With the requirement of narrow line width and single-mode operation for 

optical sources in high data bit rate communication systems, the active area of a 

semiconductor laser is designed in nanometer scale, which takes advantages of the 

quantized density of states. Research efforts have been devoted to making quantum-
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well, quantum-wire and quantum-dot semiconductor lasers. The threshold current 

density is further brought down in these quantum devices. For single longitudinal 

mode operation, distributed feedback (DFB) mechanisms have been integrated into 

the laser structures. There are two broad types of semiconductor laser using DFB 

mechanisms: DBR (distributed Bragg reflector) lasers and DFB lasers, shown in 

Fig. 1.2 (a) and (b) respectively. While the feedback by the grating occurs 

throughout the active region in the DFB laser, the gratings in the DBR laser are 

made outside of the active region acting like mirrors whose maximum reflectivity is 

designed for the lasing wavelength. 

2. Semiconductor photodetectors  

In optical communication systems, photodetectors convert the optical signals 

back into the electrical form at the receiving end. Fiber-optic communication 

systems use semiconductor photodetectors for their advantages such as compact size 

compatible to that of fiber core, fast response, high sensitivity and low noise. A 

basic form of a semiconductor photodetector is a p-n junction under reverse bias. 

Light illuminated from one side of the p-n junction generates electron-hole pairs 

through absorption. These generated electron-hole pairs are separated and 

accelerated toward the two sides of the junction respectively due to the built-in 

electric field. The resulting current flow is therefore proportional to the incident 

optical power. This simple p-n junction photodiode is inefficient in that a significant 

part of electron-hole pairs is generated outside the depletion region, and the time for 

these electron-hole pairs to diffuse into the depletion region (diffusive photocurrent) 

is intolerable especially in high data bit rate communication. The problem can be 

relieved by increasing the width of the depletion region using a p-i-n structure, in 
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which a nearly intrinsic semiconductor material is sandwiched between the p-n 

junction. The depletion region essentially extends throughout the i-region, whose 

thickness can be designed and controlled during fabrication. 

The performance of a p-i-n photodiode can be further improved using a 

double hetero-junction structure. The bandgaps of the p-type and the n-type 

materials that sandwich the i-layer are chosen so that they are transparent in the 

designated wavelength range. The incident light therefore can only be absorbed by 

the i-layer, and the diffusive photocurrent can be completely eliminated. An 

example can be found in using InP (Eg = 1.35 eV) for the p-type and the n-type 

layers and InGaAs (Eg = 0.75 eV) for the i-layer, shown in Fig. 1.3 (a). This InGaAs 

photodiode is useful in the wavelength region 1.3-1.6 µm. 

 

 

 

 

 

 

 

 

 

                  (a)                                                           (b) 

 

Fig. 1.3 (a) Schematic InGaAs photodiode (b) Basic APD structure 
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For an optical communication system where the optical power is low at the 

receiving end, APDs (Avalanche Photodiodes) are developed to provide internal 

current gain based on impact ionization. Compared with the p-i-n photodiodes, 

APDs differ primarily only in that an additional layer is inserted for the secondary 

electron-hole pairs generated by impact ionization. Fig. 1.3 (b) shows a basic 

structure for an APD.  

3. External High-speed Intensity Modulators 

One way in fiber-optic communication systems to encode the information 

onto the optical carrier is through intensity modulation, which modulates the 

amplitude of the optical carrier according to the electrical information bit stream. 

One straightforward way to implement intensity modulation is through direct 

current modulation of semiconductor lasers. However, it is the characteristics of the 

semiconductor that the refractive index depends on the injected current density. The 

emission frequency (wavelength) is therefore chirped due to the carrier-induced 

refractive index change in the laser active region. This frequency chirping combined 

with the chromatic dispersion characteristics of optical fibers results in signal 

spreading and eventually the ISI (inter-symbol interference). Therefore, external 

modulators coupled with lasers are employed to achieve high bit-rate 

communication system. 

The approaches for external modulators can be classified into two categories 

based on their working mechanisms: electro-absorption (EA) modulators and 

electro-optic (EO) modulators. EA can be observed in bulk semiconductors through 

Franz-Keldysh (FK) effect, which changes the absorption of photons with energies 

smaller than the bandgap under the presence of electric field. Fig. 1.4 shows a 
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photon of energy hν absorbed under FK effect, in which also illustrates FK effect is 

essentially a photon-assisted tunneling process. However, this effect is rather weak 

and therefore either a very large field or a very long device is needed to enhance the 

absorption. 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Absorption of a photon (hν < Eg) by FK effect 

 

EA can be drastically enhanced using Quantum Confined Stark Effect 

(QCSE). With a transverse electric field applied to a multiquantum well (MQW), 

shown in Fig. 1.5, the electrons and holes are pulled toward opposite sides resulting 

in a modification of subband energy levels and a corresponding red shift of the 

absorption edge. This shift, known as QCSE, is much greater when compared with 

FK effect and Stark effect in bulk semiconductors. The implementation of EA 

modulators using QCSE generally employs a p-i(MQW)-n structure to apply the 

transverse bias across the MQW. 
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Fig. 1.5 Influence of a transverse electric field on the absorption in a quantum well 

 

Based on operational principles, EO modulators can be categorized into two 

groups: Mach-Zehnder interferometer and directional coupler. Fig. 1.6 shows the 

schematic view of a Mach-Zehnder modulator, in which the optical path in one arm 

is electro-optically adjusted to constructively/destructively interfere with the beam 

in the other arm. Fig. 1.7 shows the schematic view of a modulator based on 

directional coupler structure. Generally the two single-mode waveguides are 

designed optically identical and brought closely enough so that the optical power in 

one arm can be completely coupled to the other arm with properly designed length 

(L). Modulation is achieved by electro-optically adjusting the identicalness of the 

two waveguides. Various materials have been investigated in search of high EO 

coefficient, r33, since index modulation ∆n is proportional to r33 value. So far EO 

modulators using LiNbO3 and EO polymers have been commercialized. 

It should be note that frequency chirping mentioned in direct current 

modulation of lasers still exists even with the application of the external modulators. 

E = 0 E 

Eg   E’g < Eg  
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However, frequency chirping can be completely eliminated in modulators based on 

Mach-Zehnder interferometer. Providing the output electric field E can be expressed 

as [4] 

 

                                                 )exp()cos(0 LjLEE ββ∆= .                                  (1.1) 

Where 
2

21 βββ −
=∆ , 

2
21 βββ +

= . Zero frequency chirping requires ββ = , 

which can be achieved by changing β1 and β2 with the same amount of ∆β in 

opposite sign. 

 

 

 

 

 

 

Fig. 1.6 Schematic view of a Mach-Zehnder modulator 

 

 

 

 

 

 

Fig. 1.7 Schematic view of a modulator based on directional coupler 
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4. Optical Amplifiers 

In long-haul fiber-optic communication systems, fiber dispersion and loss 

are the two major factors determining the transmission distance. Electronic 

regenerators, which convert the optical signal back to electrical domain by optical 

receivers and then regenerate the optical signal by transmitters, have been applied to 

overcome the problems. However, with the employment of wavelength division 

multiplexing (WDM) necessary for ultrahigh data bit rate communication system, 

the electronic regenerators can not be effectively adapted into the system design in 

that the cost and complexity grow as the channel increases. Optical amplifiers, 

which amplify the optical signal directly, are therefore important in combination 

with WDM. Furthermore, optical amplifiers boost the signal to noise ratio (SNR) 

enabling the use of direct detection scheme on the receiving end, which takes 

advantages over the more complex coherent detection systems (homodyne and 

heterodyne detection). 

There are primarily two types of optical amplifiers: semiconductor optical 

amplifiers (SOAs) and erbium doped fiber amplifiers (EDFAs). SOAs share the 

same operational principle as semiconductor lasers except the feedback mechanism 

has to be excluded. An SOA with optical feedback suppressed using anti-reflection 

coating on both facets is illustrated in Fig. 1.8, which is also referred as traveling 

wave amplifier (TWA). SOAs are generally polarization sensitive since the material 

gain coefficient is intrinsically polarization dependent. On the other hand, 

dependence of mode confinement on both polarizations also results in difference in 

the signal gain spectrum due to the waveguide nature. 
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Fig. 1.8 Schematic view of a traveling wave amplifier (TWA) 

 

EDFAs are based on single-mode fibers with erbium ions (Er3+) doped inside 

the fiber cores during the manufacturing process. The amplifier operation can be 

treated using a simplified three-level system, shown in Fig. 1.9 (a) for the use of a 

980-nm pumping source. The ground state (4I15/2) erbium ions are excited to the 

higher energy level (4I11/2) by the pumping photos and then quickly decay non-

radiatively to the metastable state (4I13/2). With the transition from 4I13/2 to 4I11/2 

radiative, amplification is achieved when simulated emission occurs. Fig. 1.9 (b) 

shows the basic operational scheme of an EDFA. 

Compared with SOAs, EDFAs offer advantages such as polarization-

independent operation, high saturation power, low insertion loss and most 

importantly, nearly 1.55-µm operation. However, drawbacks such as non-uniform 

gain spectrum and requirement of pumping source required supports from other 

technologies such as gain equalizer and high-power semiconductor lasers [5]. 
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(b) 

 

Fig. 1.9 (a) Amplification illustrated in energy diagram of Er3+ in silica (b) Basic 

scheme of an EDFA 

 
1.2 Optical Switches in Optical Network 

1.2.1 Roles of Optical Switches 

With the increasingly explosive growth of multimedia data transmitted 

across media such as Internet, the communication networks are challenged of their 

capability of handling the ever-increasing traffic. For the past decade, Synchronous 
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Optical Networks (SONETs) have been providing the main transport service for the 

explosion of the Internet. The emergence of wavelength division multiplexing 

(WDM) optical network multiplies the fiber bandwidth many a fold by transmitting 

the signals using different closely divided wavelengths within single fiber. With the 

increasing interest and required functions in dynamically reconfigurable networks, 

optical switches combined with multi/demultiplexers are the key devices for signal 

processing in the nodes/junctions of WDM networks. 

One of the most important examples is in signal routing. Conventional data 

package routing was done according to the address header included in the package. 

The network routers read the address header and redirect the data package based on 

the routing tables in the routers. However, optical/electrical/optical conversion is 

necessary to read the address information and convert back to optical signal, which 

severely deteriorates the network throughput due to the electronic bottleneck and 

requires high cost for the electrical hardware and maintenance. Therefore, all-optical 

routing is greatly demanded for fully exploiting the potential of optical networks. Of 

all optical networks, currently wavelength routing is the most promising method to 

enhance the network throughput, which implements the routing function based on 

different carrier wavelengths that carry the signals. Optical switches are the key 

devices along with multiplexers/demultiplexers for reconfigurable wavelength 

routing. Fig. 1.10 shows an example of the basic building block [6], in which shows 

a wavelength routing node of degree of four with four wavelengths per fiber and 

two fibers per cable. 

Another example could be found in optical crossconnect where the form of 

the network is changed over a long time period compared with the bit interval. 
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Optical switches function to switch a whole network into or out of service due to 

probably repair or maintenance purpose. 

           

 

Fig. 1.10 Optical switches in reconfigurable wavelength routing [6] 

 
1.2.2 Overview on Current Approaches for Optical Switches 

A switch functioning without optical/electrical/optical conversion is said to 

be nonblocking or transparent, which is one of the most important requirements for 

optical switches as discussed in the previous section. Approaches proposed so far 

for optical switches can be divided into four main categories: (1) Opto-mechanical 

switches, (2) Microelectromechanical system (MEMS), (3) Nonlinear optical effects 
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in waveguides and (4) Liquid-crystal based optical switches. A general overview is 

as follows. 

 

(1) Opto-mechanical switches 

A schematic view is shown in Fig. 1.11. Signals from the input fiber is 

switched to an arbitrary output fiber by the moving part, which is usually a moving 

fiber or a moving optical component such as mirror or lens. This type of switch is 

primarily applied in applications where switching is not frequently needed due to its 

low speed. 

 

 

 

 

 

 

Fig. 1.11 Schematic view of an optomechanical switch 

 

(2) Microelectromechanical system (MEMS) 

Generally speaking, MEMS devices are miniature mechanical structures 

fabricated by a process called micromachining using conventional semiconductor 

fabrication techniques. The basic switching principle is changing the input light 

using electrostatics, which for example turns or slides a micromirror. Typically the 

driving voltage can be as low as 10 V, and the switching time is on the order of 

milliseconds. MEMS switches are most promising in applications requiring large 

Input fiber Output fibers

Moving part
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number of routing channels, which is difficult to implement using integrated 

waveguide switches (described below) due to the increasing of insertion loss. 

256×256 to 1000×1000 switches have been reported using 3-D MEMS and 32×32 

using 2-D [7]. Fig. 1.12(a) and (b) show the schematic view of generic 2-D and 3-D 

MEMS switches respectively [8][9]. The major issues for MEMS devices are the 

reliability problem due to the involvement of moving components; and as the 

number of output ports increases, the challenge comes in since the critical alignment 

between the fibers and the moving components (lenses/mirrors) has to be addressed. 

 

          

(a) 

 

                            

(b) 

Fig. 1.12 Typical (a) 2-D [8] (b) 3-D MEMS [9] switch 
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(3) Nonlinear optical effects in waveguides 

Optical switches without any moving parts utilize nonlinear optical effects in 

various materials: (1) Electro-optic (EO) effect in EO polymers such as PMMA-

DR1 or EO crystal such as LiNbO3 [10]-[16]; (2) Thermo-optic (TO) effect in silica 

or optical polymers [17]-[19]; (3) current-injection induced index change in 

semiconductor such as GaAs [20][21]. Typical waveguide structures implementing 

switching functions are based on Mach-Zehnder interferometers or crossconnects. 

Fig. 1.13 and Fig. 1.14 show the schematic view of the structures respectively. 

 

 

 

 

 

 

 

Fig. 1.13 Schematics of Mach-Zehnder interferometer for optical switches 

 

 

 

 

 

 

 

Fig. 1.14 Schematics of crossconnect waveguide for optical switches  
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Optical switches using Mach-Zehnder interferometer electrically manipulate 

the optical paths in the two arms in or out of phase for switching between the two 

output channels. Those using crossconnects electrically induce a TIR wall at the 

junction to reflect the input beam into the other output channel for switching. EO 

effect is most favorable in these structures due to its high-speed capability, however 

the operation is generally polarization-sensitive. Carrier-injection also offers high-

speed operation, but generally thermal drift is the problem due to the involvement of 

injection current. TO effect serves as an attractive alternative approach providing 

moderate response time, low power and polarization-insensitive operation. 

Compared with MEMS devices, the major limitation is these devices only 

provide two output ports, and realization of more output channels by cascading 

building blocks of 1×2 or 2×2 switch [22]-[26] generally results in large insertion 

loss and requires a complicated driving scheme. 

(4) Liquid-crystal based optical switches 

By applying a voltage bias over a liquid crystal, the crystal orientation and 

thus the polarization allowed to pass can be electrically controlled. The basic 

switching operation is based on separating the two orthogonal polarizations into 

different directions.  

With typical approaches for implementing optical switches being mentioned 

above, other interesting technologies are emerging to compete. “Bubblejets” optical 

switches developed by Agilent Technology Inc. is one example. Fig. 1.15 [27] 

shows the photograph of the switch at a crossconnect junction, in which is a small 

hole and filled with fluid whose refractive index is matched to that of the 
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waveguides. The beam is reflected for switching by inserting a bubble in the 

junction using inkjet technology. 

 

                      

 

Fig. 1.15 Photograph of a “bubblejets” optical switch from Agilent [27] 

 
1.3 Why TO Effect in Polymers 

As briefly mentioned above, EO effects might have been the most attractive 

approach for implementation of optical switches due to its high-speed capability. 

Inorganic EO crystals and EO polymers have been investigated for device 

applications. However, several issues have to be addressed: 1) Devices based on 

inorganic crystals cannot be integrated within the same chip with the lasers and 

photodetectors due to the material mismatch with semiconductor materials. On the 

other hand, the refractive indices of these inorganic crystals are typically much 

higher than that of silica, which increases the insertion loss when being integrated 
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with fibers. 2) Devices based on EO polymers are advantageous over their inorganic 

counterparts in that polymers are capable of being integrated with various substrates 

and of refractive indices close to silica. However, EO polymers are vulnerable to 

ultraviolet light and heat that can relax down the poled dipoles and therefore the EO 

coefficients, which gives rise to fabrication difficulties and reliability issues. 3) EO 

devices are generally polarization sensitive. In some applications of optical switches 

such as by-pass switching in local area networks, polarization-insensitive operation 

is more important than high-speed capability.  

Thermo-optic (TO) effect in thin-film waveguides on the other hand has 

presented itself as an attractive alternative providing low-power operation, moderate 

response time and polarization-insensitive operation. TO effect can be found in 

almost all dielectrics, crystals and semiconductors. At present, optical polymers and 

silica are the most reliable waveguide materials for TO application. The TO effect in 

silica originates from both the change in density and the change in UV absorption 

band, while in polymers the TO effect comes exclusively from the density change 

[28], which results in large negative TO coefficients. Optical polymers combine 

large TO coefficients with low thermal conductivities resulting in low electrical 

power consumption for TO devices. The temperature rise in the heating electrode is 

proportional to the input electrical power density and inversely proportional to the 

thermal conductivity (σ) of the waveguide material. Normally σ is about 0.05–0.2 

W/mK for optical polymers and about 1.4 W/mK for silica. Therefore, to induce the 

same temperature difference in thin-film waveguides, at least seven times more 

power is needed for silica-on-silicon waveguides than for a polymeric waveguides. 

Furthermore, the thermo-optic coefficient of polymers (∼ –1.0×10–4/°C) is an order 
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of magnitude larger than that of silica (∼ +1×10–5/°C). Therefore, with optical 

polymers combining large TO coefficients and low thermal conductivity, the 

electrical power consumption for polymeric TO devices can be two orders of 

magnitude less than that for silica devices. From the fabrication point of view, 

optical polymers are also of low cost and can be spin-coated, processed using very 

large scale integration (VLSI) fabrication techniques, which opens up the possibility 

for large-scale integration of optical devices on many substrates of interest due to 

the hybrid nature of polymer technology. 

 
1.4 Researched Devices 

In the research field of optical switches, there are still continuing needs to 

reduce the cost and size while improving the performance. With the approaches for 

optical switches being mentioned above, the following properties have to be 

addressed in designing an optical switch: no moving part, simplified driving 

scheme, low fabrication cost, polarization-insensitive operation, large number of 

routing channels, low insertion loss, low power consumption and high speed. 

Keeping these requirements in mind, in this research, we propose a new device 

structure incorporating an elliptic total internal reflection (TIR) waveguide mirror 

and a TO prism array electrode on a polymer waveguides as shown in Fig. 1.16. The 

elliptic TIR mirror functions as an imaging mechanism mapping the input channel 

waveguide onto the first output channel waveguide, that is, the two waveguides are 

placed at the two focal points respectively. The prism array electrode steers the 

beam onto the output channels using TO effect. Our previous research results 

[29][30] have successfully demonstrated the beam steering capability of the prism 
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array electrode. With the device design using beam steering as the switching 

mechanism and the advantages promised by TO effect in optical polymers, the 

optical switch can offer the following advantages: 

1.  Simplified driving scheme: only one driving electrode. 

2. Low-cost fabrication: polymer technology. 

3. Polarization-insensitive operation and moderate switching time: using 

TO effect. 

4. Large number of routing channels and low-power operation: exploiting 

the large TO coefficient in polymers. 

 

 

Fig. 1.16 Proposed device structure 
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 In the following chapters, we shall describe the device concept, fabrication, 

experimental results and analysis of the TO prism-array waveguide beam deflector 

and the beam-steering 1×N TO switch. In Chapter 2, we first theoretically 

investigate the researched devices: Basic operational scheme and performance-

improved scheme for the prism-array deflector are discussed. The definition of 

resolvable spot is modified to meet the design of the optical switch. Theoretical 

discussions for designing the elliptic TIR mirror, prism-array electrode and output 

channel waveguides in the optical switch are presented. An experimental 

methodology is devised to determine the surface temperature change due to the 

application of electrical power, which is required to analyze the heating efficiency 

of the designed electrode and the temperature profile in the waveguide. Physical 

origins of TO effects in materials are also visited. 

In Chapter 3, we explore the beam-steering capability of the prism-array 

heating electrode. The device structure, material system, BPM simulation and the 

experimental results are included. At 1310 nm, the device demonstrated a maximal 

deflection angle of 2.52° with corresponding eight resolvable spots at an applied 

voltage of eight volts. The results suggested a 1×8 optical switch is possible based 

on this operational scheme. An improved electrode structure is also suggested to 

increase the heating efficiency. 

In Chapter 4, with the beam-steering capability of the prism-array electrode 

being demonstrated in Chapter 3, a 1×6 fiber-optic switch is designed and realized. 

Device concept, fabrication, experimental results and analysis of the device are 

presented. At 1310 nm, the extinction ratios and crosstalks were found to be > 20 

dB and ≤ -44 dB respectively. Switching time as low as 4 ms was observed. The 
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device offers the advantage of single-electrode driving scheme for 1×N (N > 2) 

switching.  

In Chapter 5, a 1×N switching scheme with an extra small single-prism 

electrode is proposed. Using the same design parameters as those in the previous 

chapter, a 1×3 switching can be achieved, the average power consumption per 

output port could be three orders of magnitude smaller comparatively. A 2×2 switch 

can also be achieved using two single-prism electrodes. A waveguide material 

system of high glass transition temperature and a thorough thermal analysis on the 

heating electrode are required to realize large number of output channel.   

The research work is concluded in Chapter 6. 
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Chapter 2 

Theoretical Analysis of Researched Devices 

2.1 Waveguide Prism-Array Beam Deflector 

2.1.1 Basic Operational Scheme 

In contrast to currently existing beam deflection devices, the proposed beam 

deflector is based on a thermo-optically induced prism array in a thin-film 

polymeric planar waveguide. Fig. 2.1 shows the schematic view of the waveguide 

prism-array beam deflector, in which a prism-array heating electrode is placed on 

top of a planar waveguide. By applying electric power onto the electrode, a 

temperature perturbation structure (T) is induced in the waveguide underneath the 

electrode according to [31] 
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ρ2 .                                       (2.1) 

Where ρ and C are the density and specific heat capacity of the waveguide material 

respectively, k the thermal conductivity of the waveguide material, t the time. The 

analysis can be simplified by considering only the temperature profile at steady 

state, that is 

 

                                                         02 =∇ T .                                       (2.2) 

Eq. (2.2) indicates the steady-state temperature profile is actually the same 

as the voltage distribution between a parallel-plate capacitor since the governing 

equations are of the same form. To have a temperature perturbation structure 
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resembling the electrode shape, the dimensions of the prisms have to be designed far 

larger than the thickness of the waveguide to suppress the fringing fields. 

 An index perturbation structure resembling the electrode shape is therefore 

generated due to the TO effect (dn/dT) of the waveguide materials. Beam deflection 

is acquired by passing the beam through the index perturbation structure. We note 

here that the beam size has to be managed to remain inside the effective prism area 

in that the induced temperature profile does not replicate the electrode shape at the 

prism corners. The degree of discrepancy depends on the waveguide thickness. The 

deflection angle (θdef) after deflection accumulated by each prism can be 

approximated as [32] 
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Moreover, beam displacement (d) can be expressed by 
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Where ∆neff = ∆Teff × (dn/dT) is guided-wave effective index change, neff the guided-

wave effective index, ∆Teff the effective temperature change in the waveguide, L and 

h the length and height of the deflector respectively. Note that Eq. (2.3) denotes the 

deflection angle inside the device. The factor of 1/neff has to be ruled out for 

deflection angle outside the waveguide. 

It should be noted that the calculation model is based on the total phase 

retardation generated by a linearly graded index (GRIN) distribution area. As seen 

in Eq. (2.3) and (2.4), the deflection angle and the beam displace depend only on 
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overall dimension of the deflector but not on how the deflector is subdivided into 

prisms (number of prisms), as long as the interfaces between the adjacent prisms are 

straight lines. It has been shown that with number of prisms more than about ten, the 

beam deflection sensitivity of the prism-array deflector is the same as that of GRIN 

type [33]. However, this simplified model is not adequate when the beam incident 

angle at the prism interface gets large. On the other hand, beam quality (beam 

profile) of the deflected beam depends also on the incident angles. Other simulation 

tools such as beam propagation method (BPM) may be applied to access the 

information for beam profile and also served as a confirmation for the design 

equations Eq. (2.3) and (2.4). 

Fig. 2.1 Schematic view of the waveguide prism-array beam deflector 

 
2.1.2 Performance-improved Scheme 

As seen from the analysis in the previous section, the height of the prism 

array (h) should be kept small to increase the deflection sensitivity while still large 

enough to contain the deflected beam. The simple rectangular deflector is 

ineffective in that the h is unnecessarily kept constant and therefore reduces the 
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deflection sensitivity. To design an effective beam deflector, that is, to have the ray 

trajectory (x(z)) parallel to the contour of the prism array (h(z)) at the maximal 

deflection, we start with 
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From Eq. (2.3), we have 
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Combining Eq. (2.5), (2.6) and the fact that 
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Where ∆neff,max denotes the maximal guide-wave effective index change. Fig. 2.2 

shows the schematic view of an effective prism-array beam deflector. 

 

 

 

 

 

 

 

 

Fig. 2.2 Schematic view of an effective prism-array beam deflector 
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2.1.3 Definition of Resolvable Spot 

Despite the theoretically existing plane wave and the non-diffracting Bessel 

beam [34] that extend infinitely through space, every optical beam is finite in space 

and therefore has a divergence angle θdiv, which is, for Gaussian beams, 

 

                                                         .
0πω

λθ ≅div                                      (2.8) 

Where ω0 is the beam radius, λ the wavelength. It is obvious that the figure of merit 

for a beam deflector is the factor by which θdef exceeds θdiv, namely, the resolvable 

spot (Ns), given by [32] 
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For switch devices, one of the most important performance measures is 

number of switching channels (N). Two channels have to be separated by at least a 

distance of the mode diameter to avoid crosstalk. To equate Ns and N, Eq. (2.9) 

should be modified as 
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Where the plus one counts the non-deflected beam. 

Eq. (2.10) can be explained by considering the beam deflector combined 

with a beam-focusing mechanism such as a lens, shown in Fig. 2.3. The beam radius 

after being focused by the lens (ωf) can be given as [35] 
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Where f is the focal length of the lens. The beam displacement (d) due to deflection 

can be expressed as d=fθdef if assuming the beam delfection angle is small. 

Neglecting the off-axis aberration, the number of switching channel (N) is given as 
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Which is the same as Eq. (2.10) by substituting Eq. (2.8) into Eq. (2.12). Again, the 

plus one counts the non-deflected beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Redefinition of resolvable spot explained using beam deflection with a lens 
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2.2 Beam Steering 1×N Fiber-optic Switch 

2.2.1 Waveguide Image System Using Elliptic Mirror 

In general, waveguide image system using waveguide lenses usually suffers 

from [36] 

1. Guided-wave mode conversion at the lens interfaces 

2. Difficulties in realization of lens with small F-number subject to 

material availability and/or fabrication compatibility 

3. Large off-axis aberration 

4. Chromatic aberration 

5. Sensitivity to fabrication errors such as deviation of thickness and/or 

refractive index of waveguide materials. 

To avoid the problems associated with waveguide lenses, a waveguide 

elliptic total internal reflection (TIR) mirror is proposed. Fig. 2.4 shows a schematic 

view of a waveguide imaging system using an elliptic TIR mirror, in which the 

input and output channel waveguides are placed at the two focal points of the mirror 

respectively. Several issues have to be concerned during the imaging process: 

1. Wavefront evolution in the waveguide  

To image the two waveguides, the mirror has to operate in geometrical 

optics region, that is, by the time the beam reaches the mirror, the wavefront has to 

be spherical. The wavefront evolution analysis can be simplified with the 

approximation of waveguide channel mode distribution using Gaussian beam 

profile, whose complex amplitude U (ρ,z) is given as [37] 
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Where ρ and z are the radial and propagation distance respectively, ω0 the beam 

radius at z = 0, k the propagation constant. The equation set of (2.13) fully describes 

the propagation characteristics of Gaussian beam. The beam radius ω(z) increases 

gradually along with z, as described in Eq. (2.13-1). Note that by the time the beam 

radius reaches 2 ω0, the propagation distance z = z0 is known as Rayleigh Range.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Schematic view of a waveguide imaging system using elliptic TIR mirror 
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The wavefront evolution of Gaussian Beam is determined by the phase 

component of Eq. (2.13). The surfaces of constant phase (wavefront) satisfy 
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Where p is an integer. This equation can be simplified due to that fact that R (z) and 

ζ (z) are relatively constant within a single wavefront, that is, 
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Which is essentially the paraboloidal surface with radius of curvature of R.  

Eq. (2.15), plotted in Fig. 2.5, actually shows the radius of curvature of the 

wavefront at position z on the beam axis. The radius of curvature of Gaussian beam 

wavefront exhibits a minimum at z = z0 and approaches that of the spherical wave as 

z >> z0, as also illustrated in Eq. (2.13-2). 

It is now seen that to have the elliptic TIR mirror operate in geometrical 

region, the focal length of the mirror (f) has to be far greater than Rayleigh Range 

defined by the mode radius  
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Where neff is the guided mode effective index, λ the wavelength, and ωi the mode 

radius. Note that the equation is modified by a factor of neff since the beam 

propagates in a waveguide. 
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Fig. 2.5 The radius of curvature R (z) of the Gaussian beam, the pink line shows the 

radius of curvature of the spherical beam 

 

2. Goos-Hänchen shift due to TIR 

The reflected beam after TIR is accompanied with a phase shift with respect 

to the incident beam. Goos-Hänchen shift is a lateral shift of a spatially localized 

beam occurring during TIR due to the dependence of the phase shift on incident 

angle. Fig. 2.6 shows a schematic view of Goos-Hänchen shift due to TIR. The 

phase shift (δ) is given by [38] 
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Where the subscripts denote the polarization states of the incident beam, n = n2/n1. 

The lateral shift (xs) is defined as 
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Where ink θβ sin10= . 
λ
π2

0 =k  denotes the free space propagation constant. 

With refractive indices of polymer around 1.5 and the case of 1.3-µm 

wavelength, the lateral shifts for TM and TE polarizations are around 0.5 µm and 

0.9 µm respectively for the case of 45° incident angle. 

 

 

 

 

 

 

 

 

Fig. 2.6 Goos-Hänchen shift due to total internal reflection 

 

3. Beam imaging fidelity 

The imaging fidelity is determined by the F-number (F#) of the imaging 

system, given as F# = f/D, where D is the mirror aperture. Since the imaging system 

is linear [39], the imaged spot size (ωim) is given by 
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Where ωin is the input beam spot size, ωpsf the spot size produced by placing an 

imaginary point source at the input end, also known as the point spread function. 

For the ideal case that the imaging system is diffraction-limited, the point spread 

function can be given by [36] 
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Theoretically if the mirror aperture can be made infinitely large to cover the entire 

spatial spectrum of the beam or λ → 0, the imaged beam profile can completely 

replicate that of the input beam. In other words, if the feature size of an imaging 

system is far greater than the wavelength, geometrical optics can adequately replace 

wave optics to describe an optical system. 

It is obvious that the elliptic TIR mirror is advantageous over its waveguide 

lens counterpart: first, utilization of reflection instead of refraction for beam shaping 

avoids problems such as chromatic aberration and sensitivity of focal length to 

material refractive index; secondly, mode conversion at the interface can be 

eliminated; moreover, the off-axis aberration is intrinsically small. Fabrication wise, 

the elliptic mirror requires only single step fabrication. The only point to lay eyes on 

is the fabrication control on the shape fidelity and sidewall smoothness of the 

mirror. For polymer-based waveguides, optimized reactive ion etch (RIE) 

parameters are essentially to minimize the mirror surface roughness while 

maintaining mirror wall perpendicularity. 
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2.2.2 Theoretical Analysis on Beam Steering 1×N Switch 

The proposed beam-steering 1×N switch is based on incorporating the 

elliptic TIR mirror with the prism-array beam deflector. Fig. 2.7 shows the 

schematic view of a beam-steering 1×N waveguide switch, in which the prism array 

electrode is placed along the way where the beam is being focused to steer the 

beam, and the output channels are placed correspondingly to collect the steered 

beam. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Schematic view of a beam-steering 1×N fiber-optic switch 

 

Since beam steering takes place when the beam is being focused, the prism 

array contour has to be solved by Eq. (2.7) using the initial conditions: h (0) = h0 
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and 0| =zdz
dh  = h’

0, where h0 is the beam size at the elliptic mirror, h’
0 the slope of 

beam divergence, both of which are governed by the numerical aperture (N.A.) of 

the channel waveguide and the focal length of the mirror, given as, 
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Fig. 2.8 shows the schematic view of a prism-array deflector steering a focused 

beam. 

 

 

 

 

 

 

 

 

Fig. 2.8 Schematic view of a prism-array deflector steering a focused beam 

 

Beam spot size aberration is also introduced during beam deflection. To 

evaluate the significance of this effect, a simplified model is adopted as shown in 

Fig. 2.9, in which beam deflection lengthens the optical path and therefore results in 

beam misfocusing. If the focal length difference ∆fN = fN – f1 is smaller than 

Rayleigh Range defined by the imaged spot size at zero deflection (ωim), that is, 
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the aberration is considered small. 

The number of switching channel (N) is determined by deflection capability 

of the prism-array beam deflector. With a certain choice of waveguide materials, 

larger N can be always achieved with larger f, despite the larger device size. 

Nevertheless, ∆fN in Eq. (2.23) has to be taken into account to avoid the crosstalk 

between adjacent channels. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9 Simplified scheme for evaluation of beam aberration due to deflection 

 
2.3 Thermal Analysis on Prism-array Electrode 

As described in Sec. 2.1, the steady-state temperature profile generated in 

the waveguide can be determined by  

•••
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                                                         02 =∇ T .                                       (2.2) 

Consider a waveguide structure on a silicon substrate, as shown in Fig. 2.10, 

Eq. (2.2) can be solved by imposing the boundary conditions: T(x=0) = T0 + ∆Ts 

and T(x=t) = T0, where T0 is the ambient temperature, ∆Ts the surface temperature 

change due to the applied electrical power. Since the thermal conductivity, k, of 

silicon is around 150 W/mK [40], nearly three orders of magnitude larger than that 

of polymers (0.05–0.2 W/mK), the thermal resistance, [31] 

 

                                            
Ak
dR t

th =  ,         (2.24) 

of the silicon substrate is over 25 times smaller than that of polymeric waveguide, 

providing waveguide thickness of ~20 µm and silicon substrate thickness of ~500 

µm. Note that dt and A are thickness and area of the material. Therefore the silicon 

substrate is modeled as a perfect heat sink to simplify the analysis. On the other 

hand, given the thermal capacitance, tsth dACC ρ= [31], where Cs and ρ are specific 

heat and density of the material, the RC time constant, tbuild, for the thermal field to 

build up can be approximated as 

 

                                                
k

CdCRt st
ththbuild

ρ2

=≈ .        (2.25) 

For polymeric waveguides of thickness 20 µm, ρ ~ 1 g/cm3, and Cs ~ 0.2 cal/g°C, 

tbuild is therefore on the order of millisecond, which is typically the response time for 

TO devices. 
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Fig. 2.10 Waveguide index profile before (black line) and after (red line) heating, 

assuming the silicon substrate as a perfect heat sink with ∆T = 0. 

 

The determination of temperature field distribution inside the waveguide 

requires knowledge of ∆Ts generated by the applied electrical power (P). An 

experimental methodology based on the thermal coefficient of the electrode 

resistance is devised to relate ∆Ts with (P): first, we find the relation between the 

electrode resistance (R) and P, we have 

 
    PCRR p ×+= 0 ,         (2.26) 

where R0 is the electrode resistance at zero applied power and Cp is the measured 

slope. Secondly, we place the electrode with the substrate on a hot plate to measure 

the temperature coefficient (α) of the electrode resistance, we have 
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−
=

1

0

0α .         (2.27) 

Combining (2.26) and (2.27), ∆Ts is given as 

index 

x 

Heating electrode (∆T = ∆Ts) 
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x = t
Silicon substrate (∆T = 0)
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2.4 Curved Channel Waveguide Design 

To collect the steered beam into corresponding channels and achieve more 

switching channels, the output channels are designed curved with initial tilt angles 

according to the deflection angles. Since curved channels using circular arcs exhibit 

larger loss due to the discontinuous curvature [42], the cosine-bent curve is adopted 

as shown in Fig. 2.11, in which 
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l
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= .         (2.29) 

Where l is the channel length, h the lateral displacement. 

Theoretically the waveguide bending loss can be negligible small if the 

radius of curvature (ROC) satisfies [43] 
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Where nc is the refractive index of the cladding layer, b the channel width. 

 

 

 

Fig. 2.11 A cosine-curved channel 
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2.5 Physical Origin of Thermo-optic Effect in materials 

Consider matter is composed of a number of molecules occupying a certain 

range of space. With an external electromagnetic field (Eext) applied onto the matter, 

a certain molecule will exhibit an electric dipole moment p given as [44] 

 

    





 +== PEEp exttotal 3

4παα .   (2.31) 

Where P is the polarization produced by Eext, α the polarizability, assuming the 

matter is homogenous. 

Since P = Np = ηEext, where N and η are the number of molecules per unit 

volume and the dielectric susceptibility respectively, we have 

 

    
απ

αη
N

N

3
41−

= .         (2.32) 

By substituting Eq. (2.32) with ε = 1 + 4πη and ε = n2, the famous Lorentz-

Lorenz formula can be derived  
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This equation can be rewritten as 
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Where the molar refractivity απ
mNA

3
4

= , the density 
mN

NM=ρ , the Avagadro 

number Nm = 6.02×1023, M the molecular weight.  
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The thermo-optic effect dn/dT can therefore be derived from Eq. (2.34) by 

differentiating both sides with respect to the temperature T, that is, 
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= .       (2.35) 

The equation indicates the thermo-optic effect comes from the change in density and 

also the change in UV absorption. In polymers, thermo-optic effects come 

exclusively from density change [28], which is related to the thermal expansion of 

volume of the material. The densities of polymers decrease as the temperature 

increases, resulting in large negative TO coefficient as shown in Eq. (2.35). From a 

physical picture, a decreased density means less chance of light interaction on 

molecules, which allows faster propagation of light through the matter, that is, an 

indicative of smaller refractive index. 
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Chapter 3 

Thermo-optic Polyimide Waveguide Beam Deflector 

3.1 Introduction 

Beam deflectors without any moving parts have been of interest for military 

and commercial applications such as optical switching, optical memory system, 

optical computing, scanning and laser tracking. Current laser beam steering systems 

are complex, costly and large especially for airborne/space applications. Most of 

previous approaches applied for beam-deflecting devices have had resort to 

mechanical or acousto-optic control [45]-[47]. However, these approaches suffered 

from difficulties such as low speed, high fabrication cost and poor reliability due to 

the involvement of moving components. Another method using electrically 

controlled phase gratings on liquid crystal has also been employed for laser beam 

steering [48]. However, the major drawbacks to this method are the intrinsic low-

speed operation and low diffraction efficiency. 

Electro-optic (EO) control for laser beam steering without a moving part 

might have been the most attractive approach due to its high-speed capability. 

Efforts devoted to making EO deflectors have been reported [49]-[54]. Devices 

based on bulk crystals are generally large and therefore require high driving 

voltages over kilovolts [49]. Lower driving voltages can be managed using metallic 

electrodes on both sides of thin EO wafers [49]-[51]. However, the process of 

thinning down the standard wafers is generally difficult and expensive. Furthermore, 

thin EO crystal wafers are not commercially available. The device with 



 47

multichannel phase array [51] is advantageous of low driving voltage, however the 

multiple grating lobes deteriorate the device performance. A device using leaky 

modes in the planar waveguide [52] is unique in that the deflection direction is 

perpendicular to the plane, however the driving voltage is high (5 kV).  

With high driving voltage a common problem to EO crystal based devices 

and process of thinning down the crystal wafer still of high cost, EO polymers open 

up an opportunity featuring low-cost fabrication, capability of thin-film process by 

spin-coating and capability of hybrid fabrication on any type of substrate of interest. 

The first EO-polymer based thin-film beam deflector has been developed in our 

group [54]. However, EO polymers are known vulnerable to UV light and heat that 

can relax down the poled dipoles and therefore decrease the r33 value. Efforts are 

still needed to develop an efficient poling method for high r33 value and 

prolongation of EO polymer lifetime. 

Combining large thermo-optic (TO) coefficient and small thermal 

conductivity as mentioned in Sec. 1.3, TO effect in polymers for beam scanning has 

presented itself an attractive approach for low power operation and large scanning 

angle. Our first approach, based on combining silica and polymer in a prism array 

fashion, has demonstrated a beam steering of 0.06°/°C [55] by utilizing the large TO 

coefficient difference between the two materials. Fig. 3.1 shows the schematic view 

of the device structure, in which the polymeric microprisms are surrounded by silica 

in the core layer, and the rectangular electrode placed on top of the waveguide 

thermo-optically tunes the refractive indices of the microprisms underneath. 

However, several problems have to be addressed concerning this approach. 

Fabrication wise, this device requires relatively complicated process, and precise 
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control on refractive index matching between the polymer and silica is needed to 

prevent initial beam deflection. On the other hand, the device performance (steering 

angle) is sensitive to ambient temperature and therefore requires a temperature-

regulated device (such as a Peltier device). 

 

 

           

 

Fig. 3.1 Schematic view of the beam deflector based on alternatively placed 

polymeric and silica micro prisms 

 

A new approach is therefore proposed based on prism-array electrode. In this 

chapter, we shall describe the device structure, fabrication and performance studies 

of a polyimide-based waveguide beam deflector, which was realized on a three-

layer planar waveguide, and a prism-array electrode was placed on top of the 

waveguide generating an index perturbation resembling the electrode shape and 

therefore providing beam-steering mechanism. The device demonstrated a maximal 
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deflection angle of 2.52° with corresponding eight resolvable spots at an applied 

voltage of eight volts. The results suggested a 1×8 optical switch is possible based 

on this operational scheme. 

 
3.2 Device Structure 

Fig. 3.2 shows the schematic view of the device. The three-layer planar 

waveguide is composed of UV15 as the top cladding layer, Ultradel 9120D 

(U9120D) as the core layer and SiO2 as the bottom cladding layer on a silicon 

substrate. The prism array is designed by Eq. (2.7) using the initial conditions: 

∆neff,max = 0.01, initial prism height 250
0
=

=z
h µm, beam divergence 0| =zdz

dh  = 0, 

prism array length L = 1 cm and equal prism base length of 250 µm. The strip line 

connected with the prism array is to avoid the possible burnt between the triangle 

bases. Fig. 3.3 shows the calculated prism contour and ray trajectories with respect 

to effective index change, assuming neff = 1.5. 

The beam diameter of the incident beam has to be smaller than at least 250 

µm to be fully covered within the prism array. According Eq. (2.13-4), the Rayleigh 

Range of a beam with 200-µm diameter in waist is around 15 cm at 1.3 µm in a 

polymeric waveguide (neff ∼ 1.5). For a beam deflector of 1 cm in length, the beam 

is considered approximately collimated within the device with negligible 

divergence. 
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Fig. 3.2 Schematic view of the proposed waveguide beam deflector 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Calculated prism array contour and beam trajectories with respect to ∆neff 
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3.3 Material 

The bottom cladding layer of the planar waveguide was chosen using SiO2 to 

take advantage of the commercially available thermally grown SiO2 on silicon 

wafer. The refractive index and thickness were measured 1.458 and 2 µm at 1.3-µm 

wavelength respectively. The choice of silicon wafer as the substrate provides 

mechanical stability and heat sinking capability for TO devices. 

The core layer was selected using U9120D, a preimidized polyimide. The 

material properties of cured U9120D are summarized in Fig. 3.4 [56]. To control the 

layer thickness during the device fabrication, the spin-coat curve (layer thickness 

versus spin speed) for U9120D on silica was experimentally calibrated, as shown in 

Fig. 3.5. 

 

Wavelength  

(nm) 

Refractive index 

TE 

Refractive index 

TM 

Absorption 

(dB/cm) 

633 1.5624 1.5287 1.04 

833 1.5504 1.5213 0.13 

1064 1.5467 1.5162 0.09 

1310 1.5364 1.5073 0.34 

1550 1.5337 1.5047 1.21 

Glass transition temperature Tg (°C) 420 

Fig. 3.4 Material Properties of Cured Ultradel 9120D 
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Fig. 3.5 Layer thickness versus spin speed for U9120D on silica 

 

Fig. 3.6 Dependence of Refractive index of UV 15 on UV exposure time  
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UV 15, a UV curable resin-based polymer, was chosen to serve as the top 

cladding layer. The refractive index is dependent on the UV curing time. Fig. 3.6 

shows the experimental calibration of refractive index on UV dose time at λ = 1300 

nm for both polarizations, in which shows the refractive index value gets saturated 

after 30-minute UV dose. Note that UV light applied was from UVP Ultraviolet 

Lamp (Model B 100 SP), whose wavelength λ = 365 nm and illumination density is 

11.6 mW/cm2 at 2-inch distance. 

Likewise, the spin-coat curve was also calibrated for UV 15 on silicon 

wafer, as shown in Fig. 3.7. The UV 15 was diluted using cyclopentanone (C5H8O, 

a solvent) at 2:1 and filtered with 0.2-µm filter to enhance the film-coating quality. 

Since UV 15 serves as the top cladding layer, the actual spin-coated thickness of 

UV 15 on U9120D would exhibit somewhat greater than that shown in the figure. 

 

Fig. 3.7 Layer thickness versus spin speed for UV 15 on silicon wafer 
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3.4 BPM Simulation 

A two-dimensional beam propagation method (BPM) was applied to verify 

the prism array design shown in Fig. 3.3. A Gaussian beam with 240 µm in waist 

diameter and 1.3 µm of wavelength in TM polarization was applied as the BPM 

parameters. The waveguide parameters are based on refractive indices in TM. Fig. 

3.8 (a) and (b) show the simulation results for zero deflection and maximum 

deflection respectively, which are in accordance with the theoretical design. 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Fig. 3.8 BPM simulation results for (a) zero deflection and (b) maximum deflection 
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3.5 Device Fabrication 

The device fabrication started with a silica-on-silicon wafer. The wafer 

surface was first cleaned using acetone in a supersonic bath for five minutes, and 

then baked at a 150°C oven for 10 minutes to get rid of residue chemicals on surface 

after being rinsed by DI water. To enhance the film adhesion, A/B 600 promoter 

was spin-coated unto the wafer at 4000 rpm for 30 seconds, and then the wafer was 

placed on a 100°C hot plate for one minute to activate the wafer surface. 

For core layer, the U9120D was spin-coated at 4500 rpm for 40 seconds. 

The thickness would be around 3.5 µm according to Fig. 3.5. The curing process for 

the coated U9120D film follows the three steps shown below 

 

1. Soft bake Three minutes on 100°C hot plate  

2. UV flood exposure Four minutes using 405-nm UV light at 10.95 mW/cm2 

(Karl Suess mask aligner) 

3. Hard bake 50°C to 150°C at 2°C/minute 

Hold at 150°C for 30 minutes 

150°C to 250°C at 2°C/minute       in nitrogen-purged oven

Hold at 250°C for 30 minutes 

Cool down to room temperature 

Note that step 1 and 2 depends on film thickness. 

 

UV 15 was spin-coated at 2500 rpm for 40 seconds as the top cladding layer. 

The film thickness was estimated 4 µm according Fig. 3.7. The coated film was UV-

illuminated for five minutes; the refractive index was 1.491 according to Fig. 3.6.  
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A 1600-Å gold layer was then deposited using e-beam evaporation. To 

pattern the layer into the designed prism array connected with a strip line, a photo 

resist, AZ 5209, was spin-coated unto the sample at 4000 rpm for 40 seconds. The 

sample was then illuminated under Karl-Suess mask aligner for 30 seconds after 

being soft-baked at 90°C for one minute. The electrode pattern was revealed after 

being developed for 35 seconds using AZ 425 developer and wet etched for 60 

seconds using Au etchant. The sample was ready for device dicing after being rinsed 

with DI water and spun dried. 

In order to facilitate the beam coupling in and out of the device after dicing, 

the device end-faces were polished. The polishing steps started from polishing film 

with 15-µm diamond grit spinning at 70 rpm down to that with 0.1µm at 10 rpm. To 

avoid possible peeling-off of the waveguide film, a thin cover glass was glued onto 

the device with a heat-curable epoxy. Fig. 3.9 shows the photograph of the polished 

device end-face, in which shows thickness for the core layer and the top cladding 

layer are both 3.7 µm. 

 

 

 

 

 

 

 

 

Fig. 3.9 Photograph of the polished device end-face 

UV 15, 3.7 µm 

U9120D, 3.7 µm 

SiO2, 2 µm 

Silicon substrate 

Epoxy 
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Fig. 3.10 summarizes the fabrication procedures. Two problems were 

encountered during device dicing and polishing. The adhesion between U9120D and 

SiO2 was poor even with the application of promoter; the waveguide film could be 

easily peeled off after dicing if the film thickness were larger than 10 µm, as a rule 

of thumb. Second problem occurred during end-face polishing due to U9120D 

softened by water, resulting in film peeling off. Polishing time must therefore be 

controlled to avoid the problem. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Summary of device fabrication procedure 

Si wafer w/ 2-µm SiO2 
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3.6 Experiments 

3.6.1. Experimental Setup 

Fig. 3.11 (a) shows the schematic view of the device testing setup. The 

device was mounted on an x-y-z translational stage for testing. A laser beam from a 

Nd:YVO4 diode pumped laser operating at 1310 nm was TM polarized and end-fire 

coupled into the device by the micro cylindrical lens with 100-µm focal length. The 

beam expander shaped the beam size at around 240 µm in waist diameter. The 

reason for using TM-polarized beam was to avoid the intrinsic birefringence of 

U9120D. The cylindrical lens with 2.1-mm focal length was located at the output 

end of the device to collimate the output beam. The IR video camera was used for 

monitoring the beam movement on the screen placed 230 mm away from the device 

output end. The camera images were then fed into the computer for data processing. 

Fig. 3.11 (b) shows the photograph of the device under test on the translational 

stage. 
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Fig. 3.11 (a) Schematic view of the experimental setup (b) Photograph of the device 

testing setup: 1) Micro cylindrical rod 2) Device under test 3) Output collimating 

rod 4) Electrode probe 5) translational stage 

 
3.6.2. Experimental Results and Discussions 

Fig. 3.12 shows the measured beam deflection angle as a function of the 

applied voltage. The solid points represent the measured data and the curve is the 

fitting quadratic function. A DC voltage ranging from 0V to 8V was applied to the 

heating electrode. The measured resistance of the electrode was 6.5Ω. The 

deflection angles showed expected quadratic dependence upon the applied voltages 

since, according to Eq. (2.3), that θdef ∝ ∆neff ∝ ∆Teff, which is proportional to the 

applied power and therefore square of the applied voltage. The maximum acquired 

deflection angle was 2.52° at the applied voltage of eight volts with corresponding 

1 

5

3

2
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current of 1230 mA. With the beam divergence angle of 0.2° for the beam diameter 

of 240 µm, the theoretical number of resolvable spots was around eight according to 

Eq. (2.10). The number suggests that a 1×8 optical switch is possible. As for the 

speed potential, a manual switch control of the voltage source, with the speed of 

several tens of millisecond, was used for the first attempt. The beam movement was 

found well responsive to the control speed; we estimated that the scanning speed 

could be 10 ms, about an order of magnitude faster than the control speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Measured beam deflection angle as a function of applied voltage, the solid 

points represent the measured data and the curve the fitting quadratic function 
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Fig. 3.13 shows the IR camera images of the output far field spot on the 

screen at the applied voltage of 0V and 8V, in which shows the spot diameter of 1.5 

mm and the beam displacement of 10.2 mm. The measured number of resolvable 

spot is therefore around eight according to Eq. (2.12), which confirms the 

theoretical value. We note that the beam energy was somewhat redistributed after 

deflection, which might be attributed to waveguide imperfections and the 

nonuniform heating pattern occurred at the triangle corners.  

 

 

  

 

 

 

 

 

 

Fig. 3.13 Photographs of the output far field spot image at 0V and 8V 

 

According to Eq. (2.7), the effective index difference, ∆neff was about 0.002 

for each prism with θdef  = 2.52° at 8V. The corresponding effective temperature 

increase, ∆Teff, was 20°C if the thermal coefficient, dn/dt, was assumed -10-4/°C. 

The reasons behind the low heating efficiency were that besides the large heating 

area of the prism array; the strip line also dissipated a significant amount of energy. 

Another reason was that the waveguide was thin so that the silicon substrate 

0V

8V

1.0 cm

1.5 mm10.2 mm

230 mm
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absorbed the heat energy more easily. A better electrode design and a thicker 

waveguide are expected to give higher heating efficiency and better results. Fig. 

3.14 shows the schematic view of the improved electrode design, in which the 

electrode running back and forth forms the prism area. Note that the separation 

between the electrode lines has to be kept small for a uniform pattern within prisms. 

Compared with the previously mentioned electrode, this improved electrode design 

avoids the unnecessary heating area in the bypass electrode circuit and the non-

uniform current density occurred between the prism bases, therefore the higher 

heating efficiency and a more robust electrode can be achieved. A beam-steering 

result with a higher heating efficiency based on this design has been successfully 

demonstrated [30]. 

 

 

 

 

Fig. 3.14 Schematic view of an improved prism-array electrode design 

 
3.7 Summary 

A thermo-optic thin-film polymeric waveguide beam deflector has been 

demonstrated using a new device concept based on prism-array heating electrode. A 

refractive index perturbation structure resembling the electrode shape is thermo-

optically generated and therefore able to steer the incident beam with respect to the 

applied electrical power. At 1310 nm, a beam deflection of 2.52° at an applied 

voltage of eight volts is demonstrated. The device shows the expected quadratic 



 63

dependence of beam deflection angle on applied voltage. Both the theoretical and 

measured number of resolvable spot are found to be eight, suggesting a 1×8 optical 

switch is possible with this operational scheme. A higher heating efficiency is 

expected with increased waveguide thickness and an improved electrode design 

shown in Fig. 3.14. 
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Chapter 4 

Polymer-based 1×6 Thermo-optic Switch Incorporating an 

Elliptic TIR Waveguide Mirror 

4.1 Introduction 

There have been continuing needs to reduce the cost and size while 

improving the performance for fiber-optic switches in communications, control and 

metrology of optical instruments. For optical switches without moving parts, 

approaches to realization of multiple (N > 2) switching channels have been 

primarily based on cascading building block of 1×2 or 2×2 switches as described in 

Sec. 1.2.2, which generally results in a complicated driving scheme due to the 

requirement of multiple driving electrode. With the successful demonstration of 

prism-array beam deflector described in Chapter 3, a beam-steering 1×N fiber-optic 

switch based on the prism technology can be realized to take advantage of the 

single-electrode driving scheme while achieving multiple switching channels. 

To incorporate the prism-array beam deflector into a 1×N switch design, 

some sort of imaging mechanism has to be integrated. Fig. 4.1 shows a basic 

operational scheme using waveguide lenses. Several lens structures have been 

reported including mode-index [57], Luneburg [58][59], geodesic [60][61] and 

grating lenses [62][63]. While Luneburg and geodesic lenses require stringent 

fabrication control on deposition of thickness profile and formation of concave 

profile respectively, mode-index and grating lenses have the advantage over other 
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types of waveguide lens in that they are relatively easy in design and can be 

fabricated using standard photolithography process. However, mode-index and 

grating lenses generally exhibit chromatic aberration and large off-axis aberration 

[64]. The chromatic aberration is a consequence from chromatic dispersion of 

guide-mode effective index, which limits the bandwidth to about 5-10 nm [65] and 

makes the devices sensitive to wavelength fluctuation of the optical sources. The 

off-axis aberration is most severe when the refractive indices of the lens material 

and surrounding material are close, and choice of high-index lens materials is 

generally subject to the availability of the materials and/or the compatibility of the 

fabrication process, which on the other hand also makes the realization of a lens 

with a small F-number difficult [36]. 

A common problems to all the lenses mentioned above is the guided-wave 

mode conversion at the lens interfaces. The guided wave experiences the mode 

profile discontinuity at the interfaces and therefore increases the insertion loss. 

Another common problem is that the lens performance is very sensitive to 

fabrication errors; even a slight thickness error in the lens cladding layer could 

result in large focal-length deviation [36]. 

 

 

 

 

 

 

Fig. 4.1 Basic scheme for a beam-steering switch using waveguide lenses 

Output waveguides 

Input waveguide 

Collimating lens Focusing lens 



 66

With all the drawbacks of waveguide lenses mentioned above, an elliptic 

total internal reflection (TIR) mirror is proposed offering advantages as described in 

Sec. 2.2.1. In this chapter, we shall describe the device concept, fabrication, 

experimental results and analysis of a 1×6 fiber-optic switch, which incorporates a 

prism-array electrode with an elliptic TIR waveguide mirror. The mirror provides 

the image mechanism mapping the input channel waveguide onto the designated 

channel waveguide, and the electrode steers the beam onto corresponding output 

channel waveguides. At 1310-nm wavelength, the extinction ratios and crosstalks 

were found to be > 20 dB and ≤ -44 dB respectively. Switching time as low as 4 ms 

was observed. The device offers the advantage of single-electrode driving scheme 

for 1×N (N > 2) switching. 
 

4.2 Waveguide Material  

The cladding layer material was chosen using UV 15, whose refractive index 

and spin-coat curve have been described in Chapter. 3. The core layer material was 

selected using UV 11-3, also a UV curable resin-based polymer from the same 

manufacturer as UV 15. The UV 11-3 solution was diluted using cyclopentanone 

with different concentrations and filtered with 0.2-µm filter to compare the film 

quality and thickness after spin coating on silicon wafer. The film qualities among 

the samples were all excellent, and Fig. 4.2 shows the layer thickness versus the 

solution concentration at spinning speed of 2500 rpm. Similar to UV 15, the 

refractive index of UV 11-3 depends also on UV exposure time. Fig. 4.3 shows the 

measured refractive index of UV 11-3 at λ = 1300 nm for both polarizations. Note 
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that the UV exposure was done using the UVP Ultraviolet Lamp (Model B 100 SP), 

as mentioned in Sec. 3.3. 

 

UV 11-3:cyclopentanone 2:1 3:1 1:0 (no dilution) 

Spinning at 2500 rpm for 40 seconds 

Layer thickness (µm) 2.3 3.8 4.0 

Fig. 4.2 UV 11-3 film thickness on silicon wafer vs. cyclopentanone concentration 

 

Fig. 4.3 Dependence of Refractive index of UV 11-3 on UV exposure time 

 

Both the materials were tested of the material stability and durability with 

respect to the chemicals used during the fabrication process, including AZ 425 

developer, acetone, Au etchant and Al etchant. For each material, two kinds of 

sample were prepared for testing: one with spin-coated films, the other with RIE 
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(reactive ion etch) patterns on the spin-coated films to see the resistance of the 

etched sidewall to the chemicals, since the fabrication process would involve RIE 

for channel waveguide and elliptic mirror formation. Fig. 4.4 summarizes the testing 

results. Fig. 4.5 (a), (b), and (c) show the SEM photographs of UV11-3/UV 15 

sidewall after testing of AZ 425 developer, acetone and Au etchant respectively. UV 

11-3 samples exhibited excellent resistance to all the chemicals tested, while UV 15 

films were found attacked by AZ 425 developer, acetone and tending to absorb Al 

etchant. Water resistance was also tested: samples were found intact after overnight 

immersion in D.I. water. Note that the tested films are all around 4 µm in UV 11-3 

and UV 15 layers. 

 

Chemicals AZ 425 develeoper Acetone 

UV 15 film No damage up to 10 min.s No damage up to 30 min.s 

UV 11-3 film No damage up to hours No damage up to hours 

Etched UV 15  

Etched UV 11-3 

UV 15 sidewall recessed 

See Fig.  4.5 (a) 

UV 15 sidewall recessed 

See Fig. 4.5 (b) 

 

Chemicals Au etchant 

2-minute immersion 

Al etchant 

UV 15 film Color changed (absorption) Cracked after 20 min.s 

UV 11-3 film No damage No damage up to hours 

Etched UV 15  No damage 

Etched UV 11-3 No damage 

UV 15 sidewall swelled 

See Fig. 4.5 (c) 

Fig 4.4 Material stability and durability test with respect to various chemicals 
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(c) 

 

Fig. 4.5 UV 11-3/UV 15 RIE sidewall (a) after 10-minute immersion in AZ 425 

developer, UV 15 sidewall slightly recessed (b) after 10-minute immersion in 

acetone, UV 15 sidewall severely recessed (c) after 8-minute immersion in Al 

etchant, UV 15 sidewall swelled.  

UV 11-3 

UV 15 

UV 11-3 

UV 15 

UV 15

UV 11-3
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4.3 Device Structure 

Fig. 4.6 shows the schematic view of the device, in which the elliptic TIR 

mirror forms an imaging system mapping input channel onto output channel #1, and 

the prism-array electrode provides the beam-steering mechanism switching the 

optical signal between the output channels. The operational principles have been 

described in Sec. 2.2. The three major components of the device, channel 

waveguides, elliptic TIR mirror and prism-array electrode, were designed as 

described in the following: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Schematic view of the device 
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1. Channel waveguides 

With refractive indices of 1.513 and 1.506 for UV 11-3 and UV 15 

respectively at wavelength of 1.3 µm for both polarizations, the channel dimension 

was designed to be 4.5 µm in thickness and 8.0 µm in width for a single-mode 

channel waveguide. The thickness for top and bottom cladding layers were both 

designed to be 8.0 µm to avoid the evanescent field reaching the silicon substrate. 

Fig. 4.7 (a) and (b) show the schematic view of the channel and the corresponding 

modal profile respectively. Note that the guided-mode effective index neff ≅ 1.5.  

2. Elliptic TIR mirror 

According to Eq. (2.16), the focal length of the mirror (f) has to be far larger 

than Rayleigh Range, which is around 75 µm providing the mode radius is around 

4.5 µm using Gaussian profile approximation as can be seen in Fig. 4.7 (b). 

Combining the design consideration of the prism-array beam deflector, f was 

designed to be 1.2 cm. 

Fig. 4.7 (a) Schematic view of the channel cross section 

Silicon

UV 15

8 µm

8 µm

8 µm

4.5 µm

x

y

UV 11-3
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Fig. 4.7 (b) Modal field distribution of the channel 

 

3. Prism-array electrode 

The prism array contour was designed based on Eq. (2.7) using the initial 

conditions in Eq. (2.22-1) and Eq. (2.22-2) providing N.A. = 0.12, f = 1.2 cm and 

neff = 1.5, as shown in Fig. 4.8. For a beam displacement of 150 µm in 1×6 

switching scheme (shown below in output channel design), ∆f6 in Eq. (2.23) is less 

than 50 µm, which is still within the depth of focus (Rayleigh Range) of 75 µm. The 

misfocsuing due to deflection is considered negligible. 
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Fig. 4.8 Calculated prism array contour 

 

A six-channel fanout waveguides were designed to collect the steered beam. 

To achieve more channel switching, the six output channels except channel #1 were 

designed to be cosine-curved. Fig. 4.9 shows the mask layout for the fanout 

waveguides, in which between adjacent channels the initial separation and that at 

the other end were designed to be 30 µm and 250 µm, respectively. The channels 

were designed with initial tilt angles according to the deflection angles, which can 

be derived from Eq. (2.7) as summarized in Fig. 4.10. The channel length was 

designed to be 1 cm. Despite that channel #6 is the most curved channel, BPM 

simulation results showed the bent loss was less than 0.2 dB. Fig. 4.11(a) and (b) 

show the field evolution profile and normalized power along the channel 

respectively. 

 

∆neff,max = 0.007 (dmax ≅ 263 µm)

•• • • •Light  
beam 

dmax

z

x 

(µm)
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Fig. 4.9 Mask layout of the output channels, the dimensions are not in scale 

 

Channel # Beam displacement (µm)  ∆neff θdef 

1 0 0 0 

2 30 0.0008 0.43° 

3 60 0.0016 0.86° 

4 90 0.0024 1.29° 

5 120 0.0032 1.72° 

6 150 0.004 2.15° 

Fig. 4.10 Beam deflection angle for each corresponding channel 

Channel #1

Channel #2

Channel #3

Channel #4

Channel #5

Channel #6

250 µm

30 µm

1 cm
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(a) 

 

 

(b) 

Fig. 4.11 BPM simulation of (a) power evolution profile and  (b) normalized power 

along channel #6 

F ie ld  e v o lu t io n  p ro f i le  in  c h a n n e l  # 6
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4.4 Device Fabrication 

The device fabrication started with <100> p-type silicon wafers of 150 Ω/cm 

sheet resistance as the substrate for the mechanical support and heating sink. The 

wafer surface was cleaned with acetone in a supersonic bath for 10 minutes, and 

then baked at a 150°C oven for 10 minutes to get rid of residue chemicals on surface 

after being rinsed by DI water.  

UV 15 was spin-coated on the wafer at 2500 rpm for 40 seconds for the 

bottom cladding layer. The coated layer was exposed under the UVP lamp for 30 

minutes. The UV 15 showed excellent adhesion with the silicon wafer surface and 

therefore the adhesion promoter was not needed. According Fig. 3.7, the spin-coated 

thickness was 3.8 µm. To get layer thickness of 8 µm, the UV 15 was again spin-

coated at the same speed and time duration. 

UV 11-3, without dilution of cyclopentanone, was spin-coated on top of the 

UV 15 layer at 2500 rpm for 40 seconds as the core layer. The layer thickness 

would be around 4 µm according to Fig. 4.2. The UV exposure time was ten 

minutes. For channel waveguide formation, the sample was then deposited a 2000-Å 

layer of aluminum using e-beam evaporation and patterned photolithographically as 

the RIE mask. The RIE conditions were set using O2 plasma in 60 watts and in a 

vacuum of 20 mTorr for 40 minutes. To avoid the possible damage of the UV 15 

layer, AZ 425 developer was used instead of Al etchant to remove the aluminum 

RIE mask. 

AZ 425 developer was found in a surprise to be capable of dissolving the e-

beam deposited aluminum layer and the aluminum slugs. At room temperature, it 
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takes around 10 minutes to dissolve aluminum layer of 2000 Å. The dissolving rate 

could be increased at a higher solution temperature. 

UV 15 was then spin-coated over the patterned sample for the top cladding 

layer at 2500 rpm for 40 seconds. Again, the UV 15 was applied twice to acquire the 

desired thickness of 8 µm. Fig. 4.12 shows the photograph of the device input end 

face. 

After the waveguides were formed, the same RIE conditions were applied 

for 150 minutes to form the elliptic TIR mirror. The etch rate was found to be 

around 0.13 µm/min. Fig. 4.13 shows the scanning electron microscope (SEM) 

image of the mirror sidewall, in which shows high wall perpendicularity and the 

surface roughness is less than 0.5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12 Photograph of the device input end face 

4.5 µm

8 µm

18 µm 

silicon substrate



 78

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13 SEM photograph of the elliptic mirror sidewall 

 

After mirror formation, a 2000-Å gold layer was deposited using e-beam 

evaporation and patterned photolithographically into the prism array. Fig. 4.14 

shows the photograph of a fabricated sample. As described in Sec. 3.6, each prism 

in the prism array was designed in a way shown in the inset of Fig. 4.14, in which 

the electrode line running back and forth forms the prism area. The electrode line 

width was designed to be 30 µm, and the separation between the electrode lines was 

designed to be 2 µm. A summary of the fabrication process is shown as a flow chart 

in Fig. 4.15. 

 

RIE region 

Waveguide region 
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Fig. 4.14 Photograph of a fabricated sample, the inset shows the magnification of a 

prism in the prism array 

 

 

(a) 

 

 

elliptic TIR mirror 
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6-channel fanout waveguides 

prism array electrode

electrode pad 
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Core

Cladding

UV 11-3 
filtered with 0.2 µm filter

UV 15 : cyclopentanone = 2 : 1
 filtered with 0.2 µm filter
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(b) 

Fig. 4.15 Summarized flow chart for (a) material preparation (b) device fabrication 
 

4.5 Experiments 

4.5.1 Experimental Setup 

Fig. 4.16 shows the schematic view of the device testing setup. The device 

was mounted on an x-y-z translational stage for testing. A laser beam from a 

Nd:YVO4 diode pumped laser operating at 1310 nm was focused by a 40X objective 

lens and end-fire coupled into a single-mode fiber, which was butt-coupled with the 

input channel waveguide in the device. The optical power in the input fiber was 

measured around 5 dBm. An eight-groove fiber array with 250-µm pitch was butt-

coupled with the output channel waveguides and connected to a photodetector. A 

square-wave voltage signal with output voltage limit of 95 V was applied on the 

prism array electrode. Both the voltage signal and the optical signal from the 

Device fabrication <100> p-type
Silicon wafer

Spinning coating
UV 15
twice

Spinning coating
UV 15
twice

RIE
channel waveguide

Spinning coating
UV 11-3

RIE
elliptic TIR mirror

E-beam deposition
Prism-array electrode Device dicing



 81

photodetector were fed into an oscilloscope for comparison. The inset in Fig. 4.16 

shows the photograph of the device under test on the translational stage. 

 

 

Fig. 4.16 The device testing setup with the inset showing the photograph of the 

device under test: 1) Device under test, 2) Input fiber, 3) Output fibers, 4) 

Translational stages, 5) Electrode probes 

 
4.5.2 Experimental Results 

Fig. 4.17(a) to (f) show the switching response from channel #1 to channel 

#6 respectively. The switching time was found to be 4 ms for channel #2 and 

increased to 7 ms for channel #6. The increasing of switching time resulted from the 

1.3 µm Nd:YVO4 

diode laser 40X lens Device

Photodetector Oscilloscope

Single-mode
      fiber

output fibers

1

2

3

4

4

4

5
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time delay observed at the rising edges of the optical signals in channel #3 and on, 

which was considered due to the relatively large heating area. Fig. 4.18 summarizes 

the applied voltage (V), corresponding power (P) and extinction ratio (ER) for each 

channel. A 2-dB higher optical signal was observed in channel #2 than in channel 

#1 as summarized in Table I, suggesting there might be a slight off targeting of the 

focused beam on channel #1 at zero applied voltage. The optical power was not 

completely shifted to channel #2 at 30 V, indicating the 30-µm initial separation 

between the channels might be overly generous. Note that when the beam was being 

switched to a certain channel, crosstalks at all other channels were found to be ≤ -44 

dB, indicating the focused spot size was not significantly enlarged due to beam 

deflection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
Channel #1 

30 V

31 dB

I = 20.2 mA I = 24.0 mA 

(b) 
Channel #2 

36 V

32 dB 
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Fig 4.17 The electrical signal (upper trace) and switching response (lower trace) in 

an oscilloscope for (a) channel #1, (b) channel #2, (c) channel #3, (d) channel #4, 

(e) channel #5 and (f) channel #6. The time scale is 5 ms/div 
 

I = 34.2 mA 

  (c) 
Channel #3 

55 V

20.5 dB

(d) 
Channel #4 

68 V

20.2 dB 

I = 39.5 mA 

  (e) 
Channel #5 

76 V 

20 dB 

I = 43.0 mA 

(f) 
Channel #6 

85 V

20.7 dB 

I = 46.5 mA 
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Channel #1 #2 #3 #4 #5 #6 

V (volt) 30 36 55 68 76 85 

P (mW) 606 864 1881 2686 3268 3950 

ER 

 

-24 dBm 

to 

-55 dBm 

-54 dBm 

to 

-22 dBm 

-44 dBm 

to 

-23.5 dBm

-44 dBm 

to 

-23.8 dBm

-44 dBm 

to 

-24 dBm 

 -45 dBm 

to 

-24.3 dBm

Fig. 4.18 Summary of applied voltage, corresponding power and extinction ratio for 

each output channel 

 

The increase of surface temperature (∆Ts) due to the applied electrical power 

(P) was derived using the experimental methodology described in Sec. 2.3. Fig. 

4.19(a) and (b) show the measured electrode resistance versus the hot plate 

temperature change and applied electrical power respectively, in which Cp and α in 

Eq. (2.26) and Eq. (2.27) were found 0.102 and 3.1×10-3/°C respectively. The 

coefficient in Eq. (2.28), Cp/α/R0, was therefore 0.023. Note that the coefficients 

were derived with P in milliwatts. 

Fig. 4.20 shows ∆Ts for each corresponding output channel. Note that ∆Ts is 

scaled by a factor of 0.4. The linear curve shows the calculation of ∆Teff with 

respective to beam displacement, calculated by Eq. (2.7) with assumption of dn/dt = 

-10-4/°C. The results show the expected linear dependence of beam displacement on 

∆Ts, and also indicate ∆Teff ≈ 0.4∆Ts if the assumption on dn/dt holds appropriate. 
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Fig. 4.19 Measured electrode resistance versus (a) hot plate temperature change and 

(b) applied electrical power, the points denote the measured data, the straight line 

the fitting curve 
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Fig. 4.20 Electrode surface temperature change (∆Ts) for corresponding channel: 

The ∆Ts is scaled by a factor of 0.4. The linear curve shows the calculation results of 

effective temperature change (∆Teff) with respect to beam displacement calculated 

by Eq. (2.7) 

 

Several loss mechanisms can be accounted for the overall insertion loss: the 

fiber-to-chip coupling loss, propagation loss and loss by the waveguide mirror due 

to scattering and diffraction. At 1310 nm, an optical transmittance of ∼97% over a 

5-mil UV 11-3 film was measured, which suggested the material absorption loss 

contributes a significant part on the overall insertion loss. 
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4.6 Summary 

A polymeric 1×6 fiber-optic switch using a thermo-optic prism array 

electrode and an elliptic TIR waveguide mirror was fabricated and demonstrated. 

The device utilizes the elliptic waveguide mirror imaging the input channel 

waveguide onto the output channel #1 and the prism array electrode thermo-

optically steering the beam. Six cosine-curved output channels were designed with 

initial tilt angles according to the beam-steering angles and placed correspondingly 

to collect the steered beam. The measured extinction ratios and crosstalks were 

found > 20 dB and ≤ -44 dB respectively among the output channels. A switching 

time of 4 ms was observed in channel #1 and that of 7 ms in channel #6. The 

gradual increase of switching time along with the channel number was considered 

due to the relatively large heating area. The power consumption on an average was 

790 mW/channel. The overall insertion loss was found primarily due to the 

absorption loss from UV 11-3, providing an optical transmittance of ∼97% over a 5-

mil UV 11-3 film was measured. The device offers a simplified driving scheme with 

only one driving electrode on 1×N (N > 2) switching. 

Theoretically the device is capable of being operated at a wide range of 

wavelengths since the elliptic mirror function is wavelength-insensitive. 

Nevertheless in real situations the device would exhibit higher crosstalks between 

output channels at shorter wavelengths such as 633 nm since mirror sidewall 

roughness due to RIE process is more prominent and therefore more prone to scatter 

light at short wavelengths. 

The device can be implemented using electro-optic (EO) effect as long as 

material issues can be adequately addressed. In addition to the requirement of high 
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EO coefficient (r33 value), the core and cladding layers have to be constructed using 

materials with similar chemical structure for similar etch rate during the elliptic 

mirror RIE process. Using materials with different RIE rate would result in 

discontinuous etched profile near the layer boundaries and therefore failure in 

mirror function. 

Due to beam-steering nature of the switching mechanism, the optical signal 

has to sweep across other unwanted channels to reach the designated channel except 

for 1×2 switching scheme. This results in spike-like signals in the channels between 

the first output channel and the designated channel whenever a channel is switched 

on and off. Generally the spikes last less than 1 ms. The problem is expected to be 

less significant under EO switching for its high-speed capability. 
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Chapter 5 

Alternative Design on the 1×N Thermo-optic Switch 

5.1 Introduction 

One of the most important figures of merit for thermo-optic switches is the 

average electrical power consumption per output port. As were described in Sec. 

1.3, optical polymers combining low thermal conductivities and large TO 

coefficients have the potential for extra-low-power operation. Nevertheless, proper 

electrode design is still required to fully exploit the low-power potential of optical 

polymers. One example has been described in Chapter 3. 

Another way to reduce the power consumption is to reduce the heating area. 

In this chapter, instead of using prism array electrode, an extra small single prism 

electrode is placed at just the exiting of the input channel to steer the beam, a 1×3 

switch design is proposed and evaluated. We expect the average power consumption 

per output port can be reduced by a factor of 1000 compared with that in the 

previous chapter. A 2×2 switch can also be achieved based on extending the design. 

Future work to fully exploit the low power advantage on large number of switching 

channel require a material system of high glass transition temperature and a 

thorough analysis on isothermal profile in the waveguide produced by the electrode. 
 

5.2 Device Structure 

Fig. 5.1 shows the schematic view of the device structure, which borrows the 

same operational principles as that in the previous chapter except that a single-prism 
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electrode is placed on top of the waveguide just outside the input channel. The beam 

displacement (d) at the output channel due to the beam deflection (θdef) can be 
approximated as deffd θ2≅ , where θdef is expressed in Eq. (2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Schematic view of the device structure with single-prism electrode 

 

The device design is based on the same material parameters as those in the 

previous chapter. Since the Rayleigh Range of the beam existing the input channel 

is 75 µm, the prism dimension can therefore be designed to be 75 µm in both height 

(h) and base length (L). 
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In the previous chapter, with the typical assumption of the waveguide 

material TO coefficient being –1.0×10-4/°C, the maximum acquired ∆Teff for 1×6 

switching was 40° with ∆Ts of around 100°. This is approaching the material limit 

since the Tg (glass transition temperature) is around 125°. With this ∆Teff, the beam 

displacement at the output channels is 65 µm since the deflection angle (θdef) 

provided by the single-prism is 0.152° and the mirror focal length is 1.2 cm. A 1×3 

switching with the same output channel initial separation (30 µm) can therefore be 

achieved with this single-prism electrode design. 

The power consumption for the 1×3 switching is expected to be less than 2 

mW in that the heating area is less than 0.05% of that in the previous chapter, with 

the same electrode line width (30 µm) and separation (2 µm). The average power 

consumption per output channel is less than 1 mW/channel, nearly three orders of 

magnitude smaller than that in the previous chapter. Larger number of output 

channels can be achieved with higher electrical power as long as the material can 

sustain the corresponding temperature increase, assuming the TO coefficients of the 

waveguide materials would not decrease within the operational temperature range, 

and the distorted waveguiding structure (Fig. 2. 10) does not significantly increase 

the propagation loss due to substrate absorption and discontinuous interfaces. 

Different from the previous chapter about the consideration of the beam size 

aberration due to beam deflection, which can be considered zero since the beam 

deflection angle is small, the aberration occurs since the beam is deflected off the 

mirror axis. Nevertheless, this effect can be considered negligible since the beam 

deflection is small and the elliptic mirror is intrinsically of small off-axis aberration. 
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5.3 Future Work 

To realize the 1×N switch with this single-prism electrode design and exploit 

the low-power advantage on large number of output channel, a polymeric 

waveguide material system with high Tg has to be applied. A thorough thermal 

analysis on the heating electrode for isothermal profile in the waveguide is needed 

to determine the optimal prism size to achieve large beam deflection while fully 

covering the beam range. 

A 2×2 switch can also be achieved based on the design. Fig. 5.2 shows the 

schematic view of the 2×2 switch, in which the elliptic TIR mirror images the input 

channel #1 and #2 onto output channel #1 and #2 respectively. The prism electrodes 

steering the beams exiting the respective channels provide the switch mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 Schematic view of the 2×2 switch 
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Applying the case in the 1×3 switching scheme, the initial separation 

between the channels is designed to be 75 µm according to the prism size. The 

required ∆Teff for this amount of beam displacement for switching between the two 

channels is therefore around 50°, with the corresponding power consumption 

expected to be less than 2.5 mW for each electrode. As were described above, 

detailed thermal analysis for the heating profile in the waveguide is required to 

determine the prism size, which the design of the initial channel waveguide 

separation depends on. 
 

5.4 Summary 

In this chapter, based on the same operational principles using elliptic TIR 

mirror as the imaging mechanism, we propose a 1×N switch scheme with an 

alternative prism electrode design: using one single-prism electrode placed just 

outside the input channel to steer the beam. Designing the electrode dimension to 

cover the beam within the Rayleigh Range results in an extra small heating area, the 

power consumption can therefore be reduced proportionally. With the same design 

parameters as those in Chapter 4, 1.2 cm of the mirror focal length and 30 µm of 

output channel initial separation, a 1×3 switching is expected to be achieved with a 

power consumption of less than 2 mW, the average power consumption per channel 

is therefore nearly three orders of magnitude smaller comparatively. 

With this single-prism electrode design, the device depends on large ∆Teff to 

achieve large number of output channel. Waveguide materials with high Tg are 

therefore required to withstand the even high ∆Ts. Another point of concern is the 

dependence of the TO coefficients (dn/dT) on temperature. The number of output 
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channel might not be increased unlimitedly with large ∆Teff even with high Tg 

waveguide materials. 

A 2×2 switch can also be achieved based on two single-prism electrodes. 

The channel separation depends on the size of prism height (h). Using the prism size 

in the 1×3 switch, the 2×2 switch can be accomplished with power consumption of 

2.5 mW for each electrode. A thorough thermal analysis to insight the temperature 

profile inside the waveguide is required for optimal design of the prism size to fully 

cover the beam range while acquiring large beam deflection.   
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Chapter 6 

Conclusion 

6.1 Thin-film Polymeric Waveguide Beam Deflector 

In Phase I of this research, we have designed, fabricated and demonstrated a 

thin-film polymeric waveguide beam deflector based on thermo-optic (TO) prism 

array electrode. The beam deflection is achieved along the index perturbation 

structure resembling the electrode shape generated by applying electric current to 

heat up the electrode. In contrast to previous approaches using inorganic electro-

optic (EO) crystal, which suffered from high driving voltage, polarization-sensitive 

operation and high fabrication cost, the proposed device offers large scanning angle 

at low-driving voltage, easy fabrication and moderate response speed. The heating 

efficiency depends on the waveguide thickness and electrode design: Instead of 

direct photolithography formation, the electrode is designed with thin electrode line 

running back and forth to form the prism area. The waveguide thickness has to be 

designed large enough to avoid guided-wave substrate absorption while thin enough 

to avoid prolongation of thermal response/relaxation time due to large heating 

volume. The successful demonstration of this device brings up Phase II of this 

research in which a beam-steering 1×N fiber-optic switch is proposed based on the 

prism array beam deflector and a waveguide image system. 

Under the circumstances where polarization-sensitive operation is not a 

concern, EO polymer-based prism array beam deflector can replace its TO 

counterpart due to its high speed capability. However, issues such as high EO-
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coefficient polymer and material reliability of the EO polymer have to be addressed 

since EO polymers are known vulnerable to UV radiation and heat that are 

inevitable during fabrication process. 
 

6.2 Polymeric Beam-steering 1×N Fiber-optic Switch 

In Phase II of this research, we proposed a 1×N fiber-optic switch 

incorporating an elliptic TIR waveguide mirror as an imaging system and the prism 

array electrode demonstrated in Phase I as the switching mechanism. The 

introduction of the elliptic TIR mirror avoids the difficulties in approaches using 

waveguide lenses. A 1×6 thermo-optic switch has been fabricated and demonstrated. 

The results showed low crosstalk between output channels (< -44 dB) and high 

extinction ratios (> 20 dB). The device provides a simplified driving scheme using 

only one single electrode on 1×N (N > 2) switching.  

The overall insertion is primarily due to the waveguide material absorption 

loss. A better waveguide material system also has to be of similar chemical structure 

(homogeneous) and therefore of similar RIE rate for elliptic mirror formation. Using 

heterogeneous material systems would result in discontinuous etched profile and 

therefore failure in mirror functions. 

We also proposed a 1×N switch based on the same operational principle 

except using one single prism electrode. With the same waveguide design and 

material parameters, the average power consumption per output channel could be 

reduced by a factor of 1000 due to the extra small heating area comparatively. This 

concept can be easily applied to design a 2×2 switch, using two single prism 
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electrodes for each channel. Future work shall lie on thorough thermal analysis on 

the electrodes for optimal prism size. 

 

This research is currently sponsored by AFOSR, BMDO, ONR, DARPA, 

3M Foundation, Dell and ATP program of the state of Texas. 
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