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Traditional beam steering techniques employ both mechanical and non-mechanical methods,
finding broad applications in optical communications, displays, image sensors, optical circuits,
and laser-based manufacturing systems. However, each approach has inherent limitations. In this
thesis, we address these shortcomings through the investigation of various beam steering system

designs.

Firstly, we explored a mechanical system that utilizes a scanning waveguide driven by an
integrated mechanical actuator. This innovation aims to reduce the system's footprint and

overcome the limited field of view (FOV) associated with traditional mechanical systems.



Secondly, we introduce an electro-optic thin-film polymer beam scanner capable of achieving 2D
scanning. This novel approach surpasses mechanical limitations while also exhibiting lower power

consumption compared to traditional bulk crystal-based electro-optic devices.

To further enhance the performance, versatility, and robustness of the electro-optic scanner, we
have recently developed a method of beam manipulation based on phase modulation, employing
a voltage-tunable thin-film periodic structure known as the Tunable Gradient Fishnet Metamaterial
(TGFMM). This device allows unique control of the optical beam through its discrete elements,
facilitating effective beam manipulation. We have developed a model for the TGFMM, analyzing
its transmission phase and refractive index to optimize its phase modulation performance and
operating frequency. Subsequently, we conducted a numerical study to evaluate the device's beam
manipulation capabilities. The optimized design was then fabricated on a flexible substrate, with

special attention given to maintaining device robustness.

Furthermore, we characterized the prototype TGFMM and experimentally evaluated its beam
manipulation performance using a terahertz frequency domain spectroscopy (THz-FDS) system.
The results demonstrate successful beam deflection achieved by applying a gradient voltage profile,
validating the prototype TGFMM's effectiveness in beam manipulation within the Terahertz (THz)
frequency range. This research represents a significant advancement in beam steering technology,
providing potential applications in various domains such as wireless communications, imaging,
and sensing systems. The innovative techniques and insights presented in this thesis pave the way
for more efficient and sophisticated beam steering technologies in the future, providing potential

applications in various domains such as wireless communications, imaging, and sensing systems.






TABLE OF CONTENTS

LSt OF FAGUIES ..ottt ettt ettt ettt et e st e et esae e esbeesabeesbeassaeensaesssaenseessseenseens v
LISt OF TADIES ..ottt ettt et sttt sb et bt sb et X
Chapter 1. INtrOAUCTION ......ocviiiiiiiieie ettt ettt et e et e e saaeesbeessseenseesnseenseeenns 1
1.1 Beam Manipulation..........c.eeeciieriiiiiieiieeie ettt et eeeas 1
L2 TIANETTZ .ottt et st ettt et et 4
1.2.1  Terahertz IMaging........ccceerieiiieriieeiieiie ettt ettt e st ebeeseaeeseeseaeenseaeens 4

1.3 PropoSed WOTK......coouiiiiiiiieeii ettt ettt et et e s aaeenbeesnneenneas 7
Chapter 2. Background and prior WOTK...........ccoeeiiiiiiiiiiiieiceitee et 8
2.1 Mechanical Beam STEETING .........ccccuieriieiiieiiieiieeiee ettt eve ettt seaeebeesaaeeneeas 8
2.1.1 2D Scanning Display with Mechanically Resonating Optical Fiber .........c..cccceueeee. 8
2.1.2  Aerosol PZT based Stainless Steel SCanner...........coceveeviirienienienieneeieneneeenens 10

2.2 Electro-optic Beam Steering Desi@n...........cccueriieiiiiriiiiiieiieeiieeieeee et 14
2.2.1 2D Electro-optic Polymer SCanner .........ccceceveeviiriineeninienieieneceeeeeeseeee e 14
2.2.2  Out-of-Plane Beam Steering using Electrode-Grating .........c..cccceecveveevenicneencnnnene 18
Chapter 3. MEthodS .......ooiiiiiiiie ettt st 23
3.1 DESIZN TREOTY ..ttt ettt ettt sttt e ettt e et e e bt e saeeeneeenee 23
3.2 The Electro-optic DielectriC Layer .........cccocieiiiiiiiiiiiiieieeeeeee e 25
33 The SUDSIIALE ...c.eeieiiiiei et ettt ettt et e e e e 28
3.4  Geometry of the EIECtrode.........cocuiviiiiiiiiniiiiiieniceececectee e 30



Chapter 4. SIMULALIONS ......cc.eiiiiiiiiiiieetee ettt ettt ettt et e b eanes 32

4.1 Phase INVESTIZATION ....eueiiiiiiiiiiiieeiie ettt ettt et e s e e st e e b e e 32
4.1.1  Simulation Model.........cooiiiiiiie e 32
4.1.2  Geometry OPtiMIZAtION .....cc.eeeirieiierienieeteeitenieete ettt st et st sre et e saeeeesaeens 34

4.2 Refractive Index InVestiGation..........cocuieriiiiiiiiiieiieie et 40
4.2.1 Parameter Extraction via S-Parameters ...........cccceevierieeiiieniiieienie e 41
4.2.2 Refractive Index Using Geometric ANalySis ........ccocveveeviirieniinienienieienreneeieneens 43

4.3 Preliminary Beam Manipulation Study ........c.cccocerviiniiiiniiniininiicceceeeeeeeeen 48

Chapter 5. FabIICAtION. ......coiiiiiiiiriieieeiee ettt sttt ettt 59

5.1 Metal Deposition Considerations.............coeeuerierieerierieneerieneenieee ettt sieesee e 60

5.2 Photolithography Considerations.............ccoeeruerierienieriienienienieneese ettt 65

5.3 BRCRINE .ottt ettt et et e beeenes 67

54 SU=8 SPACET ...ttt ettt ettt et e enees 67

5.5 Electrode Aligning and Curing the PDLC Layer........cccccocvvieviiieiiiieeieecieeeiee e 72

Chapter 6. Experiment and r€SUILS .........cccuiieiiiieiiieciieeciee et ee e e aee e s e e sree e 77

6.1 Device CharacteriZation.........cc.eeverueeiirieniieieneenieete ettt ettt et sreene e 77
6.1.1 S21 Magnitude Characterization.............coceeiieeiiienieeiie et 77
6.1.2  S21 Phase CharacteriZation...........c..cocuereeriirieniieienienieeteseeie ettt 83

6.2  Beam Manipulation.........c.coooiiiiiiieiiiie ettt e e e eanee s 88

Chapter 7. Conclusion and Future WOrks..........cccuiiiiiiiiiiiieciieeiee e 107

7.1 CONCIUSION ..ttt sttt sttt et eae et st eaeeanes 107

1



7.2 FULUIE WOTKS et e e e e e e e e e e e e e e e e e e e e e eae e aaaaaeaaaaeaes 109

7.2.1 Improvement on Beam Profiling ..........ccccoviiiiiiiiiiiiieeee e, 109
7.2.2  Explore Additional Phase Profiles...........cccoooiriiiiiiiiiiiiiiiiieeeeeeeeee, 110
7.2.3  TMAZE ACQUISTEION ..eeuuiieitieiieeiieiie ettt ettt ettt ettt e st beesabeeseesabeenbeeeneeenneas 110
7.2.4 Multi-stage Beam Manipulation ............coceeviieiiieniiiiienieeiee e 110
BIDLIOZIAPNY ...t ettt ettt bee e 111

i1



LIST OF FIGURES

Figure 1.1. Large refractive index difference is achieved by switching the permittivity of

dielectric layer in a tunable metamaterial structure described in [20].........cceeuenee. 4
Figure 1.2. THz-TDS Imaging SysStem [25] ...cvveeiiiieiiieeiee ettt 5
Figure 1.3. THz-FDS Imaging System [25]....cc..cocerririimiiiiniinieniereeeeeseeeeeeeeeeeees 6
Figure 2.1. System Schematics for PZT Bimorph Actuated Scanner............cccccecevvennennee. 9
Figure 2.2. ANSYS Model of the PZT Bimorph Actuated Scanner...........c.cccoceevuervenennee. 9
Figure 2.3. Output static images from the PZT Bimorph Actuated Scanner.................... 10
Figure 2.4. Aerosol PZT actuator deSi@N........cceerieiiiieniieiieiie et 12
Figure 2.5. Modal Analysis Results of the preliminary PZT Actuator Geometry. (a) Deformation

at 1st Mode (140.89Hz). (b) Deformation at 2nd Mode (141.23Hz)........ccccceeuenneee 13
Figure 2.6. DevICe PrOtOtYPE .....eeeiiiieciieeeiie ettt ettt eaee e e envee s 14
Figure 2.7. Hot EMbOSSING ProCESS ......ccviiiiiiiiiiiieeiiece ettt 16
Figure 2.8. (a) Beam Output from the Prism Stage for various applied voltages (b) Beam Output

from the Grating Stage for various applied voltages. ........cccccvveveieerieeieenieeieeieene, 17
Figure 2.9. Electric Field under Electrode Grating Pattern ............ccocvevvieniiencieenieennnnnns 18

Figure 2.10. (a) Grating Period vs Output Angle for Electrode Grating over PLZT Waveguide
and (b) Deflection Angle vs Voltage vs Grating Period for Electrode Grating over PLZT

WAVEZUIAE ....eieniiieiiieiieete ettt et ettt et e ebeesabeeabeesabeenseeeseeenbeassseenseesaseans 20
Figure 2.11. Electrode Grating Deflector Simulation Model ..........ccccocevieiiniininnennen. 21
Figure 2.12. Output Coupling Results of the Electrode Grating Pattern (Farfield 3D & Polar)

................................................................................................................................... 21
Figure 2.13. Beam Deflection Results due to refractive index change (Farfield 3D & Polar)

................................................................................................................................... 22
Figure 3.1. Fishnet metamaterial equivalent Circuit..........ccceeevveeeeieeecieeeeiee e 23
Figure 3.2 Cross-section view of the proposed device structure. ........c..ccoceeververeeneennnene 25

Figure 3.3. PDLC behavior during (a) OFF state (no voltage applied) and (b) ON state (voltage
F210] o) FIST ) T 2 22 PRSP SP 27



Figure 3.4. PDLC transmission vs voltage [47]......cccooeriiririinieniiiinieneeieeecsieeeeiene 28

Figure 3.5. THz frequency domain transmission spectra of basic materials such as glass, PI, PI

with solid unpatterned Au/Cr are Shown here...........ccceeevieviieiiieniieeiiicieeieeeees 29
Figure 3.6. Mechanical Properties of PET and PTFE [49] .....ccoooviiiiiiiiieieeeeeeeeeen 29
Figure 3.7. Surface currents induced on a square fishnet (left) and a circular aperture TFMM

(TIZIE). ettt ettt ettt e et e et ee et eesbeessb e et eeeabeenbeeenaeenbeeeabeenseannns 31
Figure 3.8. Device breakdown due to charge accumulation............c.cccceeeevieeeencieenieennnnns 31

Figure 4.1. a) Isometric View, b) Side View, and c¢) Front View of the Meta-molecule of

Proposed DESIZN ....couviiiiiiiiieeieee ettt ens 33
Figure 4.2. Sz1 responses of air, PET, PET with PDLC using Topica THz-TDS system. Small
screen showing normalized rESPONSES. .....evveervieriieriieriieeieeiee e eree e eeeeeereeree e 34
Figure 4.3. S21 Amplitude for different slab diameters.............cocceeriiiiiniiiiiinieiiens 35
Figure 4.4. Real part and imaginary part of PDLC layer permittivity based on the composite
MOAEL FTOM [S55] .eviiiiiieeeie et et 37
Figure 4.5. (a) S21 and (b) S11 Amplitude of the device for the ON and OFF state of PDLC
................................................................................................................................... 38

Figure 4.6. S21 Phase vs. Frequency comparison between ON and OFF states for Device 739
Figure 4.7. S21 Phase Difference between ON and OFF states for designs with different slab

IAIMETETS ...ttt ettt ettt ettt et sb et ee b e bt et eatesbeetesanens 40
Figure 4.8. Refractive index change between the ON and OFF state of PDLC ............... 42
Figure 4.9. Prism simulation model for geometric study of refractive index. Top cross-section

SPOWIL. ittt et et e st e bt e e et esateenbeenee 44
Figure 4.10. Prism geometric study results of Device 7 from 0.2-0.27THz..................... 47

Figure 4.11. Top View of Device 7 array simulation model for beam manipulation study48

Figure 4.12. (a) Real part and (b) Imaginary part of permittivity for additional PDLC permittivity
state between the OFF state (pdlc26) and ON state (pdIc0). ......ccoeoveevieiiieniieienne 50

Figure 4.13. a) Comparison of phase delay of Device 7 array at OFF and ON states. b) Phase
delay distribution of 10 permittivity states at 0.2474THz (Maximum phase delay

frequency). Positive values shows phase lead. .........cccceevviieiiiiicciiecieceeeee 51



Figure 4.14. Phase profiles when different PDLC permittivity distribution is applied to the
columns of Device 7 array model for preliminary study: a) prism-like phase distribution. b)
convex lens emulation, and ¢) concave lens emulation.. Phases are based on phase results
shown in Figure 4.13 obtained from the finite array simulation. Column number increases in
the +x direction. Positive values shows phase lead. ...........cccoooieiiiiiiiiiniiiie, 53

Figure 4.15. Top view of electric field progation when a) uniform phase profile is applied (OFF
state), b) prism-like phase profile from Figure 4.14 is applied, ¢) convex lens emulation
phase profile , and d) concave lens emulation phase profile. ..........cccceeeveevcviennnnnn. 55

Figure 4.16. Polar plot of the farfield pattern for a) no voltage profile and b) prism-like phase

profile, ¢) convex lens emulation phase profile, and d) concave lens emulation phase profile.

................................................................................................................................... 57
Figure 5.1. Schematic diagram showing the fabrication flow of TGFMM device........... 59
Figure 5.2. Schematic diagram of E-beam evaporation system...........c..cceceevuerveneenuennnene 60
Figure 5.3 PET falls and curls inward after the metal deposition............ccccecevverenniennnene 61

Figure 5.4. For electron-beam physical vapor deposition, the growth model of the metal film
follows the Volmer-Weber model. (a) Plot of average stress vs time with constant
deposition rate. (Reprinted from [61][62]) b) The schematic graph showing the side view of
each stage. Based on the different inner stress of each stage, we can optimize the recipe and
prevent unwanted deformation [63]........cccveeeiiiriiiiiiiieeiiee e 62

Figure 5.5. Deposited results with no internal stress, compressive stress, and tensile stress.
Compressive stress bends the substrate outwardly, while tensile stress bends the substrate
TWATALY .+ttt ettt ettt et st e e eeee 63

Figure 5.6. (a) The thickness vs. chart of chromium deposition. (b) The thickness vs. time chart
OF ZOLA AEPOSIEION. ..veiiiiiiiiieiiieiieete ettt ettt e b e e saeeseeeabeesseeeens 64

Figure 5.7. Deposition result after solving the attach problem and the internal tension problem.

Figure 5.8. Photolithography problem. (a) Some bubble-shaped deformations occur in the middle
of the sample during hot plate heating. (b) Frequently change the position during the heating
can prevent steam captured under the sample. (c) Tape the sample on a glass disk after the

bottom side of the sample is dry. This can prevent the sample from deformation. .. 66

vi



Figure 5.9. (a) Formation of creases on PET substrate due to rocking movement. (b) PET
substrate properly secured to a 4” wafer. Photoresist is checked for bubbles. ......... 66
Figure 5.10. The etching result of the sample under the microscope. The connection of electrode
arms is carefully checked under the microscope right after the etching................... 67
Figure 5.11. (a) The picture of the one-way connected circle with spacer. (b) The optical mask
design Of the SPACET. .......iiiuiiiiieiieeie et ettt st 68
Figure 5.12. Bruker Dektak XT’s a — step for measurement results. (a) Result of the vendor
recipe (3500rpm spin coating speed and 35sec dwell time). (b) Result of lower dwell speed.
(c) Result of lower dWell tIme. .......c..oeeviieiiiieiie e 70
Figure 5.13. a) Original measurement path of the optical profiler. b) Revised measurement path
of the optical profiler to reduce bending of the substrate .............cccceevvveveenrrenennne. 71
Figure 5.14. SU-8 spacer thickenss profile using revised measurement path ................. 71
Figure 5.15. The Desktop Mask Aligner from Deya Optronic Co. This aligner allows us to
control the separation gap between the mask and the wafer. More importantly, the vacuum
system of the mask holder can be controlled during the aligning, which can meet the special
needs of our device fabrication process. [64] .......coovveeriieeriiieeiiie e 72
Figure 5.16. The setup for electrode alignment and the PDLC layer curing process. (a) A
substrate with SUS8 spacer is attached to a 4" wafer, and the wafer is set on the aligner. (b) A
substrate without SUS spacer is taped on a photomask blank and put on the mask holder of
thE AIIZNCT. ... iiiiieeiiieieece ettt et e et e e aaeenbeeerbeebeeeabeens 73
Figure 5.17. (a) Separation gap measured between to electrode and SU-8 spacer (b) Reduction
of separation gap toward Opum by raising the bottom 4” wafer in the aligner (c) Photomask
rested directly on top of the SU-8 spacer after turning off the mask holder vacuum during
UV curing process (d) Device after UV light curing. .........cccoeeveevveeviienienieeneennnnns 75
Figure 5.18. Microscope picture of the devices after UV light curing. ............ccccuveeneee. 76
Figure 6.1. TeraScan 1550 setup for device characterization: a) overall view showing the control
circuit b) top view showing the 1.1cm shutter..........cceoeeviieiieiiiinieiiieee 79
Figure 6.2. Device holder for mounting the device in our experiment setup and also providing a
secure interconnect for the flat ribbon Wires...........coccoeieiiiiiiiniiiiie 80

Figure 6.3. Resetting the PDLC layer of the device using magnet array............cccceeuenee 80

vil



Figure 6.4. S21 spectrum measured using TeraScan 1550 ........coceveiviniininiiniicneinennns 81
Figure 6.5. Comprison of S21 dip frequency shift between Device 7 (Simulation) and TGFMM
(EXPETIMENL) 1..tiiiiieiiieciie ettt ettt et e et e e tee s aeesbeessaeentaeesbeesseessseensaesnseenseesns 82
Figure 6.6. Visualization of the relationship between Iph and ETHz..............ccuuee....... 85
Figure 6.7. a) Phase vs frequency chacteristic of the TGFMM device at different applied voltages
b) 3D visulaization of absolute phase difference vs voltage vs frequency characteristic for
TGFMM device. c) absolute phase difference vs voltage for frequency with maximum
PhASE SHITE ..ottt eeabeens 87
Figure 6.8. System setup to acquire one dimensional beam profile with the receiver of
TeraScan1550 mounted on a mechanical Stage. .........cceeevveeeeiiieciiiecieece e 88
Figure 6.9. a) Voltages applied to each column of the TGFMM Device and b) the corresponding
phase profile for -x direction shifting (negative phase value indicating phase lag) . 92
Figure 6.10. Measured beam intensity profiles for voltage and phase profiles from Figure 6.9,
higher voltage in the -X dir€Ction. .........c.ccoviiieiiiieiiece e 93
Figure 6.13. Top view of the simulation model for TGFMM device showing relative locations of
the aperture, the TFGMM device and size of the apertures..........cc.ccoceverveniennenee. 94
Figure 6.14. Top cross-section view of the electric field propagation for TGFMM device model
(no voltage applied) with a) 1 aperture and b) 2 apertures. .........cccceeeeveerereeencneeennne. 96
Figure 6.15. Top cross-section view of the electric field propagation for TGFMM device model
with no voltage applied at different 2" aperture X-poSitions. .............cc.ccevevrerrneeenn. 97
Figure 6.16. a) Electric field intensity integration over the area of the sensor at different 2"
aperture x-positions and b) Electric field intensity plot at the sensor location for TGFMM
device model with no voltage applied. .........ccccueeiiiiiieiii e 98
Figure 6.17. Phase delay characteristic of the 27x27 TGFMM array simulation model for
different PDLC permittivity SAteS. .......ccceevieriiieiieiieeiieeie e eve et eeeeseve e 99
Figure 6.18. Phased array-like phase delay profile for steering the beam in the +x direction in the
simulation (negative value indicates phase 1ag)...........ccceviiriiiiiiniiieniiiceieee 100
Figure 6.19. a) Top cross-section view of the electric field propagation and b) far-field result for

TGFMM device model (phased array-like phase profile applied) with single aperture101

viil



Figure 6.20. Top cross-section view of the electric field propagation for TGFMM device model
(phased array-like phase profile applied) with 2 apertures.........cccceeeveveeneriennnene. 102

Figure 6.21. Top cross-section view of the electric field propagation for TGFMM device model
(phased array-like phase profile applied) at different 2" aperture x-positions....... 103

Figure 6.22. a) Electric field intensity integration over the area of the sensor at different 274
aperture x-positions and b) Electric field profile at sensor location for TGFMM array with
single aperture for TGFMM device model (phased array-like phase profile applied).104

Figure 6.23. Electric field intensity integration over the area of the sensor at different 2" aperture
x-positions for TGFMM array without applied voltage profile (blue) and with phased array-
like voltage profile (Ied) .......ceeviieiiieieie et 105

X



LIST OF TABLES

Table 6.1. Voltage and phase distribution for 6-element phase array with 10.62° phase difference

Table 6.3. Deflection angle of the experimental result vs theocratical calculation using phase

FRu e | L 1[0 ) ) OSSPSR 93



ACKNOWLEDGEMENTS

I want to give my special thanks to my co-advisor, Professor Wei-Chih Wang, for introducing me
to novel projects in the laboratory and his guidance in my research in beam manipulation. His
encouragement in exploring different idea has definitely help overcoming difficulties and
challenges in this research. I would also like to thank my co-advisor Professor Lih Lin for her
academic support and also for the knowledge that I have learned from her class and from our
project collaborations.

I want to give my thanks for Geroge Mo, Ting-Chun Kuo, Aditya Sharma, Howard Chan at
National Tsing Hua University Taiwan Institute of Nanoengineering and Microsystems (NTHU
iINEMS) for their collaborative work on the fabrication and experiments of the project. It would

have been very challenging to develop and realize the design without their collaboration.

x1



Chapter 1. INTRODUCTION

1.1 BEAM MANIPULATION

Beam steering mechanisms can be typically found in many modern world technologies where
optical beam is used. They can be found optical communication system for signal delivery [1],
projection displays [2], 3D image acquisition systems [3], optical circuits [4], selective laser
sintering systems, and optical tweezers for sub-micron particle manipulation [5]. Both
mechanical and non-mechanical methods are used in the beam steering systems find in
conventional devices.

Mechanical beam steering relies mechanical motions of components to deflect an incident
beam. System parts are driven using electrostatic [2], electromagnetic [6], or piezoelectric effect
[7], which converts applied electric field into mechanical energies. Due to mechanical motion of
the components, these systems suffer from fatigue of the moving components due to cyclic
loading, sensitivity to noise due to vibrations from the environment, and low operating
frequencies due physics constraints of the actuating components. The FOV of the mechanical
system is also limited by the system size, which imposed a challenge when reducing system
footprint.

Non-mechanical systems alter the effective refractive index of waveguide medium to
modulate the phase of the traversing optical beam. The elimination of moving parts allows non-
mechanical systems to overcome the issues stemmed from mechanical motions in the system,
however, each method presents their own disadvantages. Acousto-optic systems require large
continuous large power to generate the acoustic wave to create diffraction effect in acousto-optic

materials for beam deflection [8]. Thermo-optic systems tune the property of the thermo-optic
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material by changing the temperature of the material. This method has a relatively slow response
time compared to other methods and it induces thermal-stress to the medium and the
performance of the device can be affected by temperature fluctuations in the environment [9].
Compared to the other methods, electro-optic devices provide high switching speed and they are
less susceptible to environmental perturbations and induced stress. Thus, they are able to provide
rapid and accurate relay of optical beam signals in both communication and display systems. To
achieve large deflection effect, electro-optic systems typically rely on bulk crystals as the
electro-optic medium [10][11][12], which requires high driving voltages and they typically have
a large system footprint. To resolve this problems, thin-film electro-optic devices are developed.
Thin-film devices compact the overall size of the beam steering system and reduce the require
driving power. They are compatible with the current micromachining process, making them
relatively easy to fabricate. However, the beam steering performance of thin film electro-optic
systems is restricted by the electro-optic constant of the EO material, which tend to be much
lower than the bulk crystals [13], thus limiting the potential performance of the device. To
increase the performance of electro-optic thin-film device, beam steering using phase-array
optics method is applied. Phased array optics uses arrays of phase modulating elements to
introduce different phase delays to different parts of the incident beam. The combined results of
the phase delays improve the beam deflections compared to a device with a single modulating
element [14]. Meta-surfaces are one of the latest developments in phased-array optics that make
use of periodic resonators to produce abrupt phase changes across the incident beam profile
when operating near its resonance frequency. Its ability to manipulate the wave front using sub-
wavelength cells encourages flat-optics design, such as the flat lens [15]. The resonance

frequency of the meta-surfaces is dependent upon the geometry in each element in the array, thus



it is possible for the elements in the array to be made tunable by varying either the geometrical
parameters. Zhu et al developed a tunable flat lens based on microfluidic reconfigurable meta-
surface [16]. By loading and unloading liquid metal into nano-sized split ring channels, the
effective refractive index in each module can be changed due the change in resonator geometry.
Komar et al developed an all-dielectric tunable meta-surface with liquid crystal as a tunable
media [17], and the effective refractive index in each cell is tuned by applying heat to in each
cell to switch the liquid crystal from nematic to isotropic state. Compared to other tunable optics
methods [18][19], these tunable structures are more compact due to its flat device profile, and
more versatile due to higher tuning flexibility. However, the tunability, the performance, and the
functionality of the meta-surfaces are often limited by the pre-defined geometric pattern [17],
since the phase modulation is mainly contributed by the geometrical change of the surface.
Tunable metamaterials are developed to provide further improvement to the flexibility of the
tunable meta-surfaces since the tunability of the device does not rely on the variation in physical
geometry, but rather it depends the permittivity change of the device. Brad et al [20] has
demonstrated a tunable fishnet metamaterial that is capable of introducing large refractive index

change by the minimal tuning the permittivity of the dielectric layer (Figure 1.1).
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Figure 1.1. Large refractive index difference is achieved by switching the permittivity of

dielectric layer in a tunable metamaterial structure described in [20]

1.2  TERAHERTZ

Terahertz (THz) radiation is gaining interest in the recent years for its unique characteristics. Its
low energy level and its remarkable ability to penetrate opaque materials makes it potential for
non-destructive sensing for security [21][22][23], and non-invasive medical imaging [24]. Being
able to manipulate THz wave and modulate its phase is critical for these applications, thus, the

development of beam steerers and phase shifters in the THz region is essential to its wide adoption.

1.2.1 Terahertz Imaging

Terahertz imaging systems functions by passing THz radiation through a target sample and
analyzing the detected output signal. Current imaging systems are based on either Terahertz Time

Domain Spectroscopy (THz-TDS) or Terahertz Frequency Domain Spectroscopy (THz-FDS).



DC Bias

r—
fs laser f — l
X

Isample position|

q d =1/

Translation Stage RX

Detection

Figure 1.2. THz-TDS Imaging System [25]

In a THz-TDS system (Figure 1.2), the THz radiation is generated by the excitation of a low
temperature grown gallium arsenide (LT-GaAs) photo conductive antenna using a femto-second
pulse laser at the near infrared (NIR) frequency. The THz radiation is passed through the sample
and the output electric field is detected using another LT-GaAS antenna. The output waveform of
the detector antenna is compared to the time delayed input laser pulse after they are transformed
into the frequency domain using Fast Fourier Transform (FFT) to obtain the spectrum of the

sample.
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Figure 1.3. THz-FDS Imaging System [25]

In a THz-FDS system (Figure 1.3), the THz radiation is generated by mixing two continuous
wave lasers with different frequencies and exciting a photomixer at the beat frequency of the two
lasers. The THz radiation passes through the sample and the output electric field is detected.
Frequency spectrum of the sample can be obtained by tuning the frequency on one of the
continuous wave lasers to generate the desired beat frequency. Compared to THz-TDS system, the
THz-FDS system allows for a less complex system due to less component requirement and also it
provides a higher spectral resolution

Both of the THz imaging methods relies on mechanical scanning to acquire an image across an
entire sample, which have unavoidable problems such as mechanical fatigue and instability, signal

drift, limited Field of View (FOV), slow scanning speed and a low, fixed spatial resolution as

described in Section 1.1.



1.3  PROPOSED WORK

In this project, a voltage tunable metamaterial beam manipulation device that is suitable for
operating in the THz region is proposed to increase the change in the effective refractive index and
phase of the device from the tuning of the Electro-optic (EO) material using electric field and allow
fine manipulation of the beam profile via different control pattern of the discrete cells. The
proposed Tunable Gradient Fishnet Metamaterial (TGFMM) device consists of an electro-optic
material layer sandwiched between two specially design electrode geometry. The metal electrode
is designed to be a periodic nano-cell fishnet-like pattern that will allow the local tuning the electro-
optic layer forming a desire refractive index pattern. Another function of the periodic pattern is to
introduce drastic change to the effective refractive index and the phase modulation of the device
to potentially achieve large beam deflection while minimizing the required power consumption.
The simple structure of the device will allow for a simple fabrication process and the footprint of
the device will be compact. The proposed device will also be built on a flexible substrate as
opposed to conventional substrate, which allows the device to be more versatile in its applications.
Building the device on a flexible substrate also eases the integration of the device into other system

due to the reduction in system footprint size.



Chapter 2. BACKGROUND AND PRIOR WORK

Various types of beam steering systems have been investigated prior to the development of the
TGFMM with the goal of developing a system with compact footprint for ease of system
integration. Different beam manipulation methods are explored and eventually inspired the

design and development of the TGFMM device.

2.1  MECHANICAL BEAM STEERING

2.1.1 2D Scanning Display with Mechanically Resonating Optical Fiber

A pair of commercially available lead zirconate titanate (PZT) bimorph actuators are used to
drive an optical fiber in a raster scanning motion, which eliminates the need of the mirrors and
deflectors found in traditional mechanical system. Figure 2.1 shows the overall device
configuration. The pair of PZT actuators are combined and arranged perpendicularly to
actuations in orthogonal directions. The end of the vertically oriented actuator is anchored to
form a fix-free structure. An optical fiber is attached at the free end of the actuator structure
serves as a waveguide for the optical beam. During system operation, the optical fiber is excited
by the actuators at near-resonant frequency to produce large deflection for large FOV, thus the

power requirement is relatively low.
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Figure 2.1. System Schematics for PZT Bimorph Actuated Scanner

A standalone FPGA system controls the driving waveforms for the pair of actuators at their

respective pre-determined operating frequencies to create raster scanning motion. The

frequencies are determined by Finite Element Analysis of the actuator geometry (Figure 2.2) to

optimize the deflection angle of the waveguide and the resolution of the system.

Figure 2.2. ANSYS Model of the PZT Bimorph Actuated Scanner
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When operating at the resonant frequencies, the system is able to successfully drive the
optical fiber in raster scanning motion with large displacement. When combined with a
synchronized modulated LED, it is able to display simple static images of simple characters
(Figure 2.3) that are preprogramed into the FPGA. However, the system is not able to produce
consistent result every time it restarts and it requires an image comparison algorithm to tune the
system’s operating frequency during initialization [26]. This is due to the use of off-the-shelf
parts, which make the assembly process of the system difficult and hard to repeat. Also, the

system footprint is still relatively large for the resulting scanning area.

0. 15mm

Figure 2.3. Output static images from the PZT Bimorph Actuated Scanner
2.1.2  Aerosol PZT based Stainless Steel Scanner

To reduce the overall size and increase system robustness, the off-the-shelf PZT actuator is
replaced with a custom-designed actuator. The actuators in the new scanner design are arrange in
a planar configuration (shown in Figure 2.4), and a waveguide is attached at the bridge connecting
the two actuators. This configuration reduces the device’s rigid length to ease the device’s

integration into compact optical systems. The planar design simplified the layout and composition
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of the device and enabled the robust fabrication process of the device. The custom-designed PZT
actuator will be fabricated with the aerosol PZT process [27]. The aerosol PZT deposition process
is compatible with traditional MEMS fabrication flow, which makes the assembly process of the
device simple, repeatable and robust against large variations. To form the actuator, PZT is
deposited using the aerosol method onto the suspended part of a stainless steel substrate and a
metal layer is deposited on top of the PZT. The stainless steel substrate and the top metal layer
serves as the top and bottom electrode for exciting the PZT actuator. The PZT layer is then poled
to enhance the piezoelectric effect. When a sinusoidal voltage is applied across the PZT layer, the
PZT layer will expand and contract due to piezoelectric effect. The periodic excitation of the PZT
layer will create vibrations and rotations on the bridge and drive the attached waveguide in motion.
Modal Analysis is performed on the design geometry to predict the behavior of the waveguide for
different driving frequencies and the results shows that the waveguide (in this case, a tapered fiber)
will be driven in a horizontal motion at the second mode (Figure 2.5). Thus, it is shown to be
possible to drive the waveguide in 2D motion with 1D actuators. It can be observed the 1% mode
and the 2™ mode of the simulation model are at very similar frequencies, which is an expected
result due to the symmetrical nature of the tapered fiber geometry. This result is consistent with
the behavior of a similar MEMS actuator shown in [28], and the actuator is expected to be able to
perform raster scanning when the driving method detailed in [28] is applied to the device. For high
resolution scanning, a large deviation between the horizontal and vertical frequency is desired,
thus a higher order mode obtained from the modal analysis needs to be selected as the operating
frequency for either scanning direction. Additionally, harmonic analysis is performed to predict
the displacement of the optical fiber. The result of modal analysis, harmonic analysis, and

experimental measurement of the scanner system is reported in [29]. In the modal analysis, it is
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observed the fiber is displaced horizontally with the actuators are out of phase at 930Hz and the
optical fiber is displaced vertically with the actuators in phase at 5899Hz. This shows that 2D
displacement of the scanning fiber is possible with 1D actuation of the actuators at 2 different
frequencies. A harmonic analysis is then performed on the simulation model to predict the
displacement of the fiber actuation at various modes. The harmonic analysis predicts that the
optical fiber will have maximum displacements at 896 Hz, 5.4 kHz and 5.9kHz, which agrees with
the results in the modal analysis. The displacement of the fiber on the device prototype (shown in
Figure 2.6) fabricated using the methods detailed in [29] is experimentally measured via 2 different
methods: optical observation and laser vibrometer. Both of the method concludes that the optical
fiber will show maximum displacement at 896Hz, which matches with the results from the
harmonic analysis. The image acquisition capability of the device is reported in [30] and the device
is able to capture line pattern and cross pattern images on a target test mask via circular scanning

of the fiber driven by the in-plane stainless steel actuators.

0000 3500 7.000 (mm)
I | .
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Figure 2.4. Aerosol PZT actuator design
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Figure 2.5. Modal Analysis Results of the preliminary PZT Actuator Geometry. (a)
Deformation at 1st Mode (140.89Hz). (b) Deformation at 2nd Mode (141.23Hz)
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Figure 2.6. Device Prototype

2.2 ELECTRO-OPTIC BEAM STEERING DESIGN
2.2.1 2D Electro-optic Polymer Scanner

While the improved designs of mechanical scanner can potentially decrease device footprint and
improve the reliability of the system, it is still prone to problems that plague mechanical systems.
To overcome the limitations in mechanical scanning systems, a beam scanner based on Electro-

optic (EO) polymer is developed due to its many advantages over other non-mechanical methods

[31]. The refractive index of an electro-optic material to change proportionally to applied electric

field due to Pockel’s effect (2.1):

An = n3rE 2.1)
where n is the refractive index of the material, r is the EO coefficient of the material and E is the
electric field. The change in refractive index will change the refracting angle of an incident beam

(Snell’s Law) causing a variation in exit angle of the beam when different voltages are applied.
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AJTB141/APC EO polymer [32] is used for the scanner due to relatively high refractive index

compared to air, which makes it a suitable material as a waveguide. AJTB141/APC EO polymer
has relatively high EO coefficient for thin-film EO material (45pm/V @ 1.3pum) and it can to be
formed into a desired free-standing structure using hot embossing due to its ability to withstand
the temperature of the process.

To achieve 2D beam steering, the EO scanner device [31] is consisted of a collimator stage,
a prism stage, and a grating stage. The three stages are placed in cascading arrangement on a
planar substrate to minimize the vertical profile of the system. The collimator stage is micro-
fabricated SU-8 lens array used collimate the incident beam from an optical fiber into the
subsequent stages. At the prism stage, the collimated beam is guided through the sidewall of a
free standing EO prism array, the exit angle of the beam can be tuned by adjusting the voltage
across the top and bottom of the prism structure and the geometry of the prism array is carefully
designed to amplify the output angle change by maximizing the refraction angle on each prism
interface. The free-standing prism structure is created by applying heat while molding the

polymer under high pressure using a silicon mold as shown in Figure 2.7.



16

Fabricated mold

‘,\—_“_4‘ \ Apply pressure
[ ot platen ] and heat

(®)

Embossing

| Iot platen |

— % Pattern formed
(d)

Figure 2.7. Hot Embossing Process

After the structure is formed, the EO Polymer is poled to improve its electro-optic effect
along the direction of applied electric field. During the poling process, the temperature of the
sample is gradually raised to just below its glass transition temperature, and then a variable
voltage gradually increasing from 0 to 600V is applied to the sample. The current across the
device is observed to ensure that the device is not damaged due to breakdown during the poling
process.

At the grating stage, a polymer grating is placed on top of a free standing EO waveguide formed
using the hot embossing method to couple the beam inside the EO material when phase matching

condition is met [31]:

. 2
K,Sind , =K., + m%

(2.2)

where:
K, : Wave-vector of the outgoing light with incidence angle 4,

K,, : Wave-vector of Electro-optic polymer film
A : Period of the grating structure and



m : An integer that defines the order of the scattering process.

2N,z 2r

K , where 1 is wavelength of applied wave andK , = vl

EO —

The exit angle of coupled beam is going to be dependent on the refractive index of the EO
material, thus it can also be tuned by applying different voltages across the EO polymer. The
grating period can be determined from (2.2) for a desired exit angle. The entire device can be
fabricated using conventional micromachining and lithography method, which is highly robust
and repeatable. Combining the horizontal scanning from the prism stage and the vertical
scanning of the grating stage, 2D scanning can be achieved and the results of the EO scanner is

shown in Figure 2.8.
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Figure 2.8. (a) Beam Output from the Prism Stage for various applied voltages (b) Beam
Output from the Grating Stage for various applied voltages.
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222 Out-of-Plane Beam Steering using Electrode-Grating
The footprint of the device can be further compacted by replacing the polymer grating coupler
with a grating patterned into the top electrode. The metal grating electrode functions both as an
output coupler and an electrode for applying voltage to drive the EO material layer. The E-Field
distribution for the electrode grating design is simulated using FEA and the result is shown in
Figure 2.9, it can be seen that a uniform electric field can be created a cross the EO material

layer.
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Figure 2.9. Electric Field under Electrode Grating Pattern

To allow the device to operate in visible spectrum within minimal loss and higher efficiency,
transparent electro-optic ceramic materials such as PLZT (lead lanthanum zirconium titanate)
and PMN-PT are used instead of the EO polymer as the EO material layer.

PLZT and PMN-PT are usually found in electro-optic devices in bulk crystal form [33]. They have
relatively high electro-optic coefficient, fast response rate, and it is availability in large quantities
[34][35]. Their relative high index and broadband transparency also makes them an excellent

candidate as an optical waveguide. To reduce the high voltage requirement of the bulk crystal,
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thin-film PLZT and PMN-PT are used instead. Thin-film PLZT can be grown using solid-phase

epitaxy, sol-gel method, and sputtering, which are all compatible with existing micromachining
process. The resulting thin-films have comparable electro-optic coefficient [36] and it can be
fabricated into different EO devices via the specific design of electrode geometries, such as the
prism deflector arrays shown in [37]. Thin-film PMN-PT can be grown on quartz using pulse laser
deposition [38]. It also displays relatively high linear EO coefficient in the visible spectrum
[39][40]. These thin-film are also commercially available [41][42], which simplifies the
fabrication process of the device.

A preliminary study is performed to test out the functionality of the electro-grating design
with the proposed EO materials. Based on the properties of the proposed materials, a FDTD
analysis is performed using the CST Microwave Studio software. The optimal period of the
electro-grating is obtained from a parametric study of grating period and applied voltage based on
(2.1) and (2.2). It can be observed from Figure 2.10b that the deflection angle is maximized by the
maximizing both the parameters. However, for the purpose of out-of-plane coupling, exit angles
between 30°-50° is desired. Thus, a grating period of 300nm is selected for the simulation for the
output angle of 30° from the vertical axis (y-axis in Figure 2.9) according to Figure 2.10a. The
simulation model is shown in Figure 2.11 and the beam coupling of the inactive device is shown
in Figure 2.12. It can be observed that the electrode grating is able to deflect the beam out of the
EO material with a correctly designed grating period. The simulated exit angle (31°) matches
closely with the exit angle predicted by the phase matching condition. Additionally, the output
angle can be tuned by changing the refractive index of the EO layer according to the E-Field from

Figure 2.9 as shown in Figure 2.13. The device is capable of producing a deflection of 3° from the
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applied voltage of 300V, which shows that the electro-grating will have similar performance

compared to the polymer grating in the previous design.
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Waveguide and (b) Deflection Angle vs Voltage vs Grating Period for Electrode Grating over

PLZT waveguide
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Figure 2.12. Output Coupling Results of the Electrode Grating Pattern (Farfield 3D & Polar)
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Figure 2.13. Beam Deflection Results due to refractive index change (Farfield 3D & Polar)

Despite successful deflection, it can be observed that the grating pattern of the electrode-grating
creates unwanted side lobes in the farfield radiation pattern due to output beam passing through
the grating slit pattern geometry, which forms an interference pattern. Thus, the output beam
profile needs to be corrected by adjusting the grating geometry or additional optics. Additionally,

the operation of the device requires high voltage, thus consuming higher power during operation.



Chapter 3. METHODS

3.1 DESIGN THEORY

The multi-stage EO scanner described in Chapter 2 is able to achieve 2D scanning without the
shortcomings of mechanical systems, however, it is not without its own disadvantages. The EO
scanner design relies on the precise alignment of the stages, it is not robust against any
misalignment in the assembly process and material defects since the geometries are permanently
formed on the substrate. These problems can be potentially solved by adding additional optics or
stages, however, that will in turn increase the overall system size. The device performance is also
somewhat limited by the size of each of the stage, as there needs to be sufficient space for the beam
to travel within the system to create sufficiently large deflection angles. To solve these problems,
an adaptive device that is able to provide large deflection without requiring large footprint

structures based on tunable metamaterial is developed.
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Figure 3.1. Fishnet metamaterial equivalent circuit.

Metamaterials are periodic metal nano-structure designed to drastically modulating the phase

of an incident wave near the resonance frequency of the structure. The resonance frequency of the
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structure is determined by the geometry of periodic nano structure. In the case of fishnet
metamaterials, each metal nano-structure unit cell can be modeled as equivalent LC circuit [43]

(Figure 3.1) according to its magnetic resonance:

w2 =— (3.1)
The inductance term L is mainly contributed by the oscillation of current on continuous metal
geometry on the cell and the capacitance term C is mainly contributed by gaps between the metal
geometry and the space between each layer. To create the change in refractive index in each cell,
the resonance peak is shifted by tuning either the effective inductance and capacitance. Since the
metal geometry in the design is permanent after manufacturing, it would be difficult to change the
inductance term in (3.1). However, the capacitance term in the equation is adjustable. The
capacitance between the two electrodes can be modelled as a parallel plate capacitor (3.2):
C=¢€.)A/d (3.2)
where € is the permittivity of the dielectric material between the 2 layers, A is the area of the plates,
and d is the gap distance between the plates. The A and d parameters are results of design and
manufacturing; however, it is possible to tune the permittivity of the dielectric material layer if the
material is electro-optic. As mentioned in the previous section, linear electro-optic material
displays pockel’s effect, in which the refractive index changes proportionally with an applied
electric field. The permittivity of a non-magnetic material is related to the refractive index of the
material as shown in (3.3)
€' =n*? = (n + ik)? (3.3)
where €* is the complex permittivity of the material, n* is the complex refractive index, n is the

real part of the refractive index and k is the imaginary part of the refractive index. It can be
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observed that permittivity of the material can be tuned by varying the refractive index of an electro-
optic material.

In the proposed design, a modified double fishnet electrode design from [43] is used due to
its potential as a low loss metamaterial for high frequency waves. The modified fishnet has an
isotropic-like geometry that is capable of producing large refractive index change over a wide
range of dimension parameters. The double fishnet electrode functions as a resonant structure the
as well as the driving electrode for the electro-optic layer. The fishnet electrodes will be deposited
on a flexible substrate and the dielectric layer will be sandwiched in between the electrodes and
contained using a spacer for controlling its thickness. The cross-section view of the device
structure is shown in Figure 3.2. The design of the electro-optic dielectric layer, the substrate, and

the electrode geometry will be discussed in Section 3.2, Section 3.3, and Section 3.4, respectively.

Substrate

Metal Electrode +
Dielectric Layer Ef)

Metal Electrode

Substrate

Figure 3.2 Cross-section view of the proposed device structure.

3.2  THE ELECTRO-OPTIC DIELECTRIC LAYER

The electro-optic layer serves as the tunable component of the device. It will be based on electro-

optic materials to allow the voltage tuning of its permittivity. The material needs to show good
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performance and low loss for the operating wavelength and it needs to be able to be manufactured
as a thin-film using methods compatible with micromachining process.

The characteristics of polymer based electro-optic materials make them a good candidate for
the proposed design. They are usually found in high speed optical switches and their fabrication
process is less specialized compared to thin-film ceramics. The two types of polymer based of EO
materials that are considered are PDLC (Polymer Dispersed Liquid Crystal) and EO polymer with
low absorption at the desired wavelengths.

EO Polymer is a polymer-chromophore mixture that will change in refractive index in the
presence of an electric field. It is typically found in modulator and switches due to its high EO
coefficient and its high response speed. EO polymer is synthesized by mixing a polymer with a
chromophore that is compatible with the desired wavelength. After the EO polymer is synthesized,
it can be patterned using the hot-embossing process and the structure is poled by applying a high
voltage to pre-align the chromophores to enhance its electro-optic effect as shown in Chapter 2.
EO polymers are typically used for THz generation such as THz emitters due to their high electro-
optic performance in the infrared region. However, they do not provide similar electro-optic

performance in the THz region that is necessary for the operation of our proposed device.
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Figure 3.3. PDLC behavior during (a) OFF state (no voltage applied) and (b) ON state (voltage
applied) [44]

PDLC (Polymer Dispersed Liquid Crystal) are liquid crystal droplet embedded inside a
polymer matrix allowing LC to be encapsulated without an additional cell. The liquid crystal
droplets are dispersed inside the polymer in random pattern until an electric field is applied across
the PDLC to align the liquid crystals inside the droplet along the direction of the applied electric
field (Figure 3.3). Within its operating voltage range, the gradual alignment of the liquid crystals
inside the droplet causes the PDLC to become transparent (Figure 3.4), which is suitable for its
typical usage in displays, and switchable windows [36]. Aside from transparency modulation,
PDLC also displays a change in refractive index when an electric field is applied [46], which makes
it a suitable dielectric layer for the proposed device. PDLC can be fabricated using photo

polymerization process, which is highly repeatable.
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Figure 3.4. PDLC transmission vs voltage [47]

3.3 THE SUBSTRATE

For the proposed design, a flexible substrate is employed instead of a traditional hard substrate.
The use of flexible substrate in our new design provided the following advantages: flexibility in
integration, elimination of skin layer in the previous tunable fishnet design [20], reduced
transmission loss compared to silicon substrate, and eliminated the Fabry-Parrot effect from the
spectral measurements. Potential candidates for the substrates are polyimide (PI), Teflon, and
Polyethylene terephthalate (PET). PET has a lower absorption loss compared to PI (Figure 3.5)
but it has a higher absorption loss compared to Teflon [48]. Compared to Teflon, PET has a higher

tensile modulus and lower coefficient of linear thermal expansion (CTE) (Figure 3.6), which
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makes it less likely to wrinkle during our fabrication process. Thus, PET is chosen as the material

for the substrate in our design.
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Figure 3.5. THz frequency domain transmission spectra of basic materials such as glass, PI,

PI with solid unpatterned Au/Cr are shown here.
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Figure 3.6. Mechanical Properties of PET and PTFE [49]
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3.4 GEOMETRY OF THE ELECTRODE

The geometry of the metal electrode plays a critical part in the operation of the device because it
directly impacts the magnetic resonance of the device, which is the region where the highest phase
and refractive index change will occur as shown in [20] and simulations in Chapter 4. As shown
in (3.1), the resonance of the device is dependent on the inductance and capacitance of the device.
Shen et al has shown that the magnetic resonance frequency of the fishnet structure is related to
the key geometric parameters of the fishnet structure. For the fishnet structure, the inductance of
the neck and the slab are modeled as parallel inductors from the observation of current and electric

field at its magnetic resonance, and (3.1) can be re-written in the following form [52]:

wi=—=—— 41
LC LsiapC LneckC

(3.4)

Here, Lsiab, Lneck, and C can be described qualitatively using the geometric parameters of the

fishnet structure [52]:

l w L t l t
C ~ -slabWslab L slab neck (35)

slab™ neck”™
t ’ Wslab ’ Wneck

where lsiab and wsiab are the length and the width of the slab, lneck and wneck are the length and the
width of the neck or wires connecting the slabs and t is the thickness of the dielectric material. C
is the capacitance that is generated by the pair of metal electrode (as described in (3.2)), Lsiab and
Lneck are the inductance contributions from the slab and the necks. And finally, the magnetic

resonance frequency can be related to the geometry by substituting (3.5) into (3.4):

W~ \/121 + —— Wnec (3.6)

slab lnecklsiab Wslab
A preliminary study of various fishnet geometries is performed to investigate the effect of
different geometries in: optimal frequency shifts, surface current accumulation, maximizing

refractive index and phase changes, maintaining high Q factors, radiation coupling, polarization
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independence and incident independence. Multiple shapes are investigated in the preliminary study
and the results are summarized in [53]. It is discovered that the solid circle geometry is the most
suitable design for our device due to its lower surface current density (Figure 3.7), which makes it

less prone to high voltage breakdown during operation (Figure 3.8), and it has higher transmission

coefficient compared to other geometries in the study.

Figure 3.7. Surface currents induced on a square fishnet (left) and a circular aperture TFMM

(right).

Figure 3.8. Device breakdown due to charge accumulation
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Chapter 4. SIMULATIONS

4.1 PHASE INVESTIGATION

The performance of the device as a phase modulator is evaluated by investigating the phase change
of the device. In this section, we will investigate our design’s phase change performance under

different boundary conditions.

4.1.1 Simulation Model

A simulation model is set up in CST Microwave Studio to calculate the S-Parameters of the
design. The model is consisted of a dielectric layer, sandwiched by the two metal electrode
layers and two substrates layer on the outermost of the device (Figure 3.2). As concluded from
our preliminary geometry study, we will use a circular geometry for the slab of the electrode in
place of the square fishnet geometry. The fishnet geometry is also modified such that each layer
of the electrode is only connected in one direction (i.e.: top layer electrodes will be connected in
x-direction, while the bottom layer electrode will be connected in the y-direction, Figure 4.1a).
This will allow individual “cell” of the fishnet to be controlled discretely similar to a display
matrix when different voltages are applied to the connected rows (or columns depending on the
electrode layer)[54]. We will be using gold (Au) as the electrode for the device and it will be
modeled as a lossy metal with electrical conductivity o= 4.561e+007S/m and permeability p=1.
For the PDLC dielectric layer, it will be modeled as a composite material by calculating its
effective dielectric constant and loss tangent using the methods proposed in [55]. At high
frequencies, the model calculates the permittivity of the PDLC using a weighted sum of the
permittivity of the polymer host (PMMA)[48] and the embedded liquid crystal (5CB) [56]. The

PET substrate layer is modeled as a lossy dielectric layer using parameters from [48]. Unit cell
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Figure 4.1. a) Isometric View, b) Side View, and c) Front View of the Meta-molecule of

Proposed Design

boundary conditions will be used in the simulation to simulate an infinite sheet of the meta-

molecule (shown in Figure 4.1) for extracting S-parameters, which includes the transmission phase
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S21. The simulation model will be excited by an electromagnetic wave that is polarized in the +x
direction (coordinate indicated in Figure 4.1a) since it is observed in our previous studies [53] that
higher gain is achieved at resonant frequency when the electric field is polarized parallel to the

front electrode’s connecting arm.

4.1.2  Geometry Optimization

The geometric parameters of the meta-molecule are optimized for the frequency range in which

the PDLC on PET is showing the highest transmission response (0.2-0.4THz, Figure 4.2).

PDLC on PET film
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Figure 4.2. S21 responses of air, PET, PET with PDLC using Topica THz-TDS system. Small

screen showing normalized responses.

The thickness of each layer is constrained by material availability and the fabrication process. The
PET substrate layer will be 50um thick (tsub) in order for it to maintain flat and wrinkle-free during

fabrication while keeping transmission loss at the minimum when the 200nm thick (te) electrode



35
is deposited on it. The PDLC dielectric layer will be 10um thick (t) due to constraints imposed by

the fabrication process.

For the electrode geometry, we started out with a 500um x 500um area unit cell so that it’s
compatible with the electrical interconnect that we will be using to control the voltage of the
device. The increase in unit cell size compared to the previous designs will also allow us to reduce
the resonance frequency, thus the operating frequency, by potentially increasing the size of the
slab area in the electrodes, as discussed in Section 3.4. From our previous studies [20][53], the
resonance frequency is characterized by a dip in the S21 magnitude. The optimization study is

conducted by changing the diameter of the slab (dsiab) while keeping the unit cell size, wire width

(Wneck) and thickness of each layer (t, te, and tsub) constant.
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Figure 4.3. S21 Amplitude for different slab diameters
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Figure 4.3 shows the S21 magnitude of the device with different diameters of the slab. It can
be observed that as the slab diameter increases, the first resonant peak frequency decreases as
predicted by (3.6). In the end, dsiab = 400pm is chosen as our final design since it has the highest
Q-factor in the region (labeled as Device 7 in the subsequent sections).

To further verify our design, we will need to evaluate the phase change effect when different
voltage is applied to the PDLC layer. To simulate the effect of different applied voltages, the
permittivity of the active dielectric area of the device (area below the slab of the electrodes) is
changed correspondingly. For our evaluation purpose, we will compare the phase change between
the OFF state and the ON state of the PDLC layer. For the OFF state, there will be no voltage
applied to the device, thus there would be no change in permittivity in the PDLC layer. For the
ON state, the permittivity of the active PDLC layer is changed by applying the maximum change
in the liquid crystal refractive index in the composite material model for the PDLC. Figure 4.4
shows the permittivity for the PDLC layer for its OFF state and ON state, it can be observed that
as voltage is applied to the PDLC layer, changing the refractive index of the liquid crystal droplet,
the permittivity of PDLC decreases. Figure 4.5 shows the change in magnitudes of the S-
Parameters across 0.2-0.9THz when a voltage is applied. It can be observed that the resonant
frequency of the device increased due to the decrease in capacitance of the device when the
permittivity of the PDLC is reduced due to applied voltage. This behavior agrees with the

resonance frequency relation described by (3.4).
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S$21 Amplitude of Device 7 at different PDLC states
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Figure 4.5. (a) S21 and (b) S11 Amplitude of the device for the ON and OFF state of PDLC

Figure 4.6 shows the comparison of the transmission phase of the device between the ON and
OFF state of PDLC. The first peak phase change occurs at 0.2539THz, which occurs at near the
first S21 dip. This phenomenon verifies the relation between the resonant frequencies and peak

phase change, showing that resonance peaks are good indicators of where the peak phase changes
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occur. It can be observed from Figure 4.6 that there is a much larger phase change peak at near
0.6THz, which is expected due to the existence of a larger S21 dip at near 0.6THz. However,
0.6THz is not an ideal operating frequency since the transmission in that region is close to 0 and

the reflection in that region is much higher compared to that of the first peak at 0.2539THz.

S21 Phase of Device 7 at different PDLC states
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Figure 4.6. S21 Phase vs. Frequency comparison between ON and OFF states for Device 7
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$21 Phase Difference for Different Slab Diameters
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Figure 4.7. S21 Phase Difference between ON and OFF states for designs with different slab

diameters
Figure 4.7 shows the results of the phase differences between ON and OFF states for designs
with different slab diameters, and it can be observed that the d=400 design provides the highest
phase change compares to the designs with smaller diameter slabs, showing that Q factor of the

S21 dip correlates with the amount of phase change.

4.2  REFRACTIVE INDEX INVESTIGATION

The effective refractive index of the design is calculated in order to investigated the effectiveness
of the design in enhancing refractive index change and verify the results from the phase change
simulations. The following section describes how the effective refractive index is extracted S-
parameter and compares the effective refractive index with the phase results from the previous

section.
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421 Parameter Extraction via S-Parameters

The effective refractive index of the device can be extracted from the S-parameters based on a

method proposed by Chen [57], which is by solving the following equations:

Sll =R (41)
S, = Telkod (4.2)
_ (14+S1,)2-52
2=t s s (43
n= ﬁ{[lm[ln(ei“kﬂd)] + 2mm]| — j[Re[In(e™0)]] (4.4)

where R is Reflectance, T is Transmittance, ko is the wavenumber in free space, d is the effective
thickness of the device. Z is the complex impedance of the device, n is the complex refractive
index of the device, and m is the branch index of the real part of n. Solving the equation using the
relation between n and Z will allow the effective refractive index to be extracted. The ambiguity
in n and Z can resolved by applying conditions for passive material and the correct selection of
solution branches in (4.4) [57]. For calculating the refractive index in inhomogeneous resonators,
it is necessary to set up reference planes in the simulation model to define the effective thickness
(d) of the device due to a non-uniform scattering field produced by induced current on the metal
electrode. The effect of non-uniform scattering field decreases at a certain distance away from the
electrode, so reference planes for resonating inhomogeneous structures are typically beyond the
device boundary. The reference plane can be properly determined by finding the distances beyond
the metal electrode in which the impedance between single layer and multi-layer devices is
minimized. For our current design, the electrode is embedded within a relatively thick PET
substrate, thus the reference planes are set up at the device physical boundary in the simulation

model (ie: effective thickness d = physical thickness of the device).
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Figure 4.8. Refractive index change between the ON and OFF state of PDLC

Figure 4.8 compares the calculated refractive index of the device between the ON and OFF

state of the PDLC. It can be observed that the largest change in refractive index occurs at

0.2518THz, with a change of 1.4177. This shows that the proposed design is capable of

amplifying the small refractive index change from the PDLC (An=0.2) at the resonance

frequency. Additionally, the frequency (0.2518THz) is close to where the device shows the

highest phase change in our previous investigation (0.2539THz) under the same boundary

conditions, which validates our method of obtaining the highest refractive index change via s-

parameters.
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4.2.2  Refractive Index Using Geometric Analysis
The refractive index result can also be verified using the geometric analysis method proposed in
[58] to ensure that the ambiguity of the branch in the solution are solved correctly. Typically, the
ambiguity in the branch solution is determined arbitrarily as found in the studied cases in [58] or
using mathematical analysis methods with certain assumptions [59]. However, the physical
implication of branch continuity and discontinuity has not been explored. By using a geometric
analysis method, the refractive index of metamaterial resonators can be characterized and
justified by observing their interaction with an electromagnetic wave under a certain geometrical
configuration. The Device 7 meta-molecules at the OFF state are arranged in a prism geometry
as shown in Figure 4.9 and the geometry is going to be excited by a +x polarized wave. The
refractive index magnitude can be visualized by observing the deflection angle of the output
wave at different frequencies: deflection angle to the +x direction indicates that the effective
index is more positive, while deflection angle to the -x direction indicates that the effective

refractive index is more negative. Figure 4.10 shows the results of the study from 0.2-0.27THz.
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Figure 4.9. Prism simulation model for geometric study of refractive index. Top cross-section

shown.
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Figure 4.10. Prism geometric study results of Device 7 from 0.2-0.27THz

At 0.2THz, the refractive index is predicted to be positive, thus the output wave is deflected
towards the +x direction. As the frequency increases, the refractive index gets more positive until
after 0.23THz, thus the output wave deflection is increasingly towards the +x direction. At
0.24THz, the refractive index is on a sharp decrease until after 0.25THz, thus the output wave
deflection starts to bend less towards the +x direction. At 0.25THz, it can be observed that the
output wave is deflected even further towards the -x direction compared to 0.2THz showing that
it has a lower refractive index. The refractive index starts to increase after 0.25THz, thus for 0.26
and 0.27THz, the output wave deflects increasingly towards the +x direction. The geometric
method verifies the refractive index characteristics for 0.2THz to 0.27THz, showing that the
correct branch is selected for the solution of refractive index for this range. To fully characterize
the refractive index of the device, it would require a finer scan step and also a way of quantifying
the deflection and relate it to the magnitude of the refractive index. It would also require further
optimization of the prism geometry that is used for the analysis, since the prism geometry is prone
to errors contributed by the effect of having multi-layer metamaterial, which can introduce

frequency shift and additional peaks in the refractive index spectrum.
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4.3  PRELIMINARY BEAM MANIPULATION STUDY

To test the beam manipulation capability of the proposed design. A simulation model has been
constructed by arranging the Device 7 meta-molecules in a 10x10 array configuration as shown in
Figure 4.11. The device is excited by a +x polarization wave propagating in the -z direction. The

boundaries for the simulation model are set to be open in all directions.

Figure 4.11. Top View of Device 7 array simulation model for beam manipulation study
Additional PDLC permittivity states between the OFF and ON state are calculated to allow
the finer control of phase delay assignment in the simulation model. The permittivity of these

additional states is calculated using interpolated values of the refractive index of the SCB liquid
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crystal between its ne and no. The real part and the imaginary part of the 25 additional PDLC
permittivity states between the OFF state (labeled as pdlc26) and ON state (relabeled as pdlc0) are
shown in Figure 4.12. The phase delay of Device 7 for different PDLC states is then obtained by
applying the corresponding states’ permittivity to the active PDLC layer of 10x10 Device 7 array
and calculating the S21 phase numerically under the same boundary conditions for the preliminary
study. The phase between the OFF and ON state of the device is shown in Figure 4.13a and the
phases for 10 different states at frequency where the maximum phase difference occurs are shown
in Figure 4.13b. Here, phases with positive value means that it’s leading the input phase, with a
large positive number meaning that it has the least phase delay compared to the input. It is observed
that the maximum phase change occurs at a different frequency (0.2474THz) compared to the
previous study (0.2539THz), which is expected due to the change in boundary conditions.
However, the frequency at which maximum phase change occurs is within 10% deviation meaning
that the study method of our phase investigation is still a good indicator of where the maximum
phase change occurs. It is also observed that the phase delay difference is increased by 30%
compared to the phase investigation when the Device 7 design is simulated as a finite array. A
preliminary test of the Device 7 array is performed by assigning the 10 states shown in Figure 4.13
into each column such that it forms a prism-like gradient profile as shown in Figure 4.14a.

Figure 4.15 shows the top view of electric field propagation for when no phase profile is
applied to Device 7 (Figure 4.15a) and when the phase profile in Figure 4.14 is applied to the
Device 7 array at 0.2474THz (Figure 4.15b). Additionally, the farfield radiation patterns of the
different phase profiles are shown in Figure 4.16. Beam deflection towards to +x direction can be
observed when a prism-like phase profile is applied, which agrees with the applied phase delay

pattern as the phase delay increases towards the +x side of the. From the far field pattern, it can be
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observed that the deflection angle is 1.4°. The relatively small deflection angle is expected since
the maximum phase difference is less than 90°. However, from this preliminary study, it is shown

that beam deflection can be achieved with an array arrangement of the Device 7 meta-molecules.
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Figure 4.13. a) Comparison of phase delay of Device 7 array at OFF and ON states. b) Phase
delay distribution of 10 permittivity states at 0.2474THz (Maximum phase delay frequency).
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Phase distribution across the columns of the array at 0.2474THz for Concave Lens Emulation
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Figure 4.14. Phase profiles when different PDLC permittivity distribution is applied to the
columns of Device 7 array model for preliminary study: a) prism-like phase distribution. b)
convex lens emulation, and ¢) concave lens emulation.. Phases are based on phase results shown
in Figure 4.13 obtained from the finite array simulation. Column number increases in the +x

direction. Positive values shows phase lead.
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Figure 4.15. Top view of electric field progation when a) uniform phase profile is applied (OFF

state), b) prism-like phase profile from Figure 4.14 is applied, ¢) convex lens emulation phase

profile , and d) concave lens emulation phase profile.
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Figure 4.16. Polar plot of the farfield pattern for a) no voltage profile and b) prism-like phase
profile, ¢) convex lens emulation phase profile, and d) concave lens emulation phase profile.
Additional phase profiles are tested to verify the ability of Device 7 to emulate optical
components. The phase profile for emulating convex lens and concave lens are shown in Figure

4.14b and Figure 4.14c, respectively.
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For convex lens emulation with the phase profile in Figure 4.14b, it can be observed that
when the convex lens phase pattern is applied, the 10x10 Device 7 array diverges the incident
wave in the near field electric field pattern (Figure 4.15¢). In the far field pattern (Figure 4.16c¢),
the divergence of the incident wave can be observed with decrease of angular width in the main
lobe and also the increase in magnitude of the side lobes.

For concave lens emulation with the phase profile shown in Figure 4.14c, it can be observed
in the near field electric field pattern (Figure 4.15d) that the convergence of electric field occurs
closer to the array compared to when no phase profile is applied (Figure 4.15a). The far field
pattern for the concave lens profile (Figure 4.16d) shows similar shape compared to when no
phase profile is applied (Figure 4.16a), however, the magnitude of the overall pattern is reduced
and the main lobe shows a wider angular width due to the shifting of focal point closer to the
Device 7 array.

The results of the preliminary study demonstrated the Device 7’s beam manipulation
capability when it is arranged in an array. Different permittivity values are set in the PDLC layer
to apply custom phase profiles emulating optical components and the effect of beam deflection,
divergence, and convergence is observed in the corresponding components. It is noted that the
phase-frequency characteristic of the device when it’s in a finite array configuration differs from
that of the phase investigation study due to the difference in boundary conditions. The deviation
in frequency is less than 10%, meaning that phase investigation approach using unit cell
boundary condition still provides a good estimate of the operating frequency. To account for this
frequency deviation in the experiment, it will be necessary to re-characterize the phase-frequency
characteristic of the device prototype to identify the optimal operating frequency and the

corresponding phase vs voltage relation for proper and desired device operation.
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Chapter 5. FABRICATION

Fabrication process of the device is completed in collaboration with students in National Tsing
Hua University Taiwan Institute of Nanoengineering and Microsystems (NTHU iNEMS). In
Section 3.3, we have discussed the advantages of using Polyethylene terephthalate (PET) as the
substrate of the proposed Tunable Gradient Fishnet Metamaterial (TGFMM) device. However,
due to the soft and flexible nature of the material, it is prone to wrinkling and curling during the
fabrication process.

In this section, the considerations and measures that are used to prevent deformation on a
flexible PET substrate during different parts of the fabrication process are discussed. Figure 5.1

shows the overview of the fabrication steps.

Step.5 UV Curing of PDLC
Step.1 Au/Cr deposition Step.3 AulCr Etching layer and Electrode alignment
I - -

= | |
|
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s |
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i ! | | ||

Step_z Electroc_:la patteming Step.d SUB spacer for thickness

using photolithography control of PDLC layer i
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- B [ | | [ |
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Figure 5.1. Schematic diagram showing the fabrication flow of TGFMM device.
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5.1 METAL DEPOSITION CONSIDERATIONS

To create a uniform electrode layer, AST Peva-4501 E-Beam Evaporation System (E-gun, Figure
5.2) is used to deposit the gold and chromium onto the PET substrate to form the electrode pattern.
Using E-gun allows the metal to be deposited at a lower temperature compared to the other

processes, which allows the PET substrate to remain below its glass transition temperature (75°C).
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Figure 5.2. Schematic diagram of E-beam evaporation system.

Additional considerations are necessary to avoid curling and wrinkling of the substrate (shown
in Figure 5.3). Curls and wrinkles on the substrate negatively impact the flatness and uniformity
of the subsequent PDLC layer deposition and creates undesired disconnections in the electrode
arms in the TGFMM array. These unwanted deformations can be potentially be caused by the
expansion and contraction of the substrate due to the build-up of internal stress in the PET films

during the metal deposition process.
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Figure 5.3 PET falls and curls inward after the metal deposition

Since the PET substrate is soft and flexible, it can be easily be deformed by tensile and
compressive force exerted by the deposited metal layer. The build-up of the internal stress during
the metal deposition process is then investigated to mitigate their effects on the PET substrate. The
internal stress experienced by the substrate is affected by the deposition time and deposition rate.

For electron-beam physical vapor deposition (EB-PVD) process, the growth of the metal film
can be described by the Volmer-Weber model [60], which describes the internal stress at the 3
different stages of deposition (Figure 5.4a): nucleation (I); coalescence (II); thickening (III) [61].
The internal stress is caused by the different states of metal formation on a substrate at different
stages of the deposition as shown in Figure 5.4b. At the nucleation stage, a compressive stress is
introduced to the substrate due to the formation of metal “islands” on the surface. At the
coalescence stage, a tensile stress is introduced as the metal “islands” grows on the surface of the
substrate and form connections with each other. At the thickening stage, a compressive stress is

introduced as the connected metal layer grows thicker.
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Figure 5.4. For electron-beam physical vapor deposition, the growth model of the metal film
follows the Volmer-Weber model. (a) Plot of average stress vs time with constant deposition
rate. (Reprinted from [61][62]) b) The schematic graph showing the side view of each stage.

Based on the different inner stress of each stage, we can optimize the recipe and prevent

unwanted deformation [63].
The internal stress between the metal and the substrate layer is also affected by the metal
deposition rate as shown in Figure 5.5. Low deposition rate introduces compressive force to the

substrate due to the formation of a higher density metal layer, while high deposition rate introduces

aa tensile force on to the substrate.
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Figure 5.5. Deposited results with no internal stress, compressive stress, and tensile stress.
Compressive stress bends the substrate outwardly, while tensile stress bends the substrate

inwardly.

The metal deposition recipe is optimized by balancing both of the stress-introducing factors:
the deposition time and deposition rate, in order to maintain the flatness of the substrate after
deposition. Figure 5.6a. shows the thickness vs time chart of the chromium deposition for the
adhesion layer. Figure 5.6b. shows the thickness vs time chart. The gold deposition is divided into
3 stages. At Stage I of the deposition, the deposition rate of 0.1A per second is used to produce a
dense gold layer with good adhesion to the chromium layer to prevent the electrode pattern of
TFGMM from easily cracking. The dense layer and also the deposition state of Stage I introduces
a compressive force on the substrate, thus the deposition rate is increased 0.2A per second at Stage
II. The increase in deposition rate creates a thinner metal layer which introduces a tensile force to
reduce the compressive force introduced in Stage 1. Also, the deposition state of the metal at Stage
IT will introduce additional tension forces. The metal deposition is continued on beyond Stage II
at 0.3A per second with to increase the thickness metal layer with low density metal in order to

balance out the tensile stress introduced in Stage I1.
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Figure 5.6. (a) The thickness vs. chart of chromium deposition. (b) The thickness vs. time

chart of gold deposition.

By optimizing the time ratio and deposition rate of the metal deposition recipe, the deposition
results in a nice and uniform layer of metal as shown in Figure 5.7 and it is ready for patterning

using photolithography.
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Figure 5.7. Deposition result after solving the attachment problem and the internal tension

problem.

5.2  PHOTOLITHOGRAPHY CONSIDERATIONS

For patterning the electrode geometry, Nano Imprint EVG620 is used for photolithography with
positive photoresist EPG-512. The following section discusses the necessary considerations during
the photolithography process for preventing unwanted deformation and wrinkles on the flexible
PET substrate.

Humidity on the substrate during the photolithography process causes bubble-shaped
deformations (shown in Figure 5.8a) in the middle of the sample. During the pre-bake process, the
water droplets on the surface of the PET substrate becomes steam and bubble-shaped deformations
are formed when the steam is captured by the PET substrate. To prevent the creation of the bubble
deformations, the PET substrate is thoroughly dried prior to the heating process and the position
of the sample is frequently changed during the heating process to prevent the capturing of steam
from residual surface water droplets (Figure 5.8b). Additionally, the sample is taped on a glass

disk after the bottom side of the sample is dried (Figure 5.8c¢).
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N (b)
(a)
Figure 5.8. Photolithography problem. (a) Some bubble-shaped deformations occur in the

middle of the sample during hot plate heating. (b) Frequently change the position during the
heating can prevent steam captured under the sample. (c) Tape the sample on a glass disk after
the bottom side of the sample is dry. This can prevent the sample from deformation.

To ensure the uniformity of the photo-resist coating, rocking movement of the substrate during
the spin coating process must be minimized. Any rocking movement of the substrate can cause the
formation of creases on the surface of the PET (Figure 5.9a). To prevent the unwanted movement
of the substrate, the PET substrate must be smaller than 4” for it to be properly secured on the

wafer. Additionally, it is critical to carefully check the photoresist for bubbles prior to spin coating

and remove them with a dropper to minimize the defects in the photoresist coating. (Figure 5.9b).

Figure 5.9. (a) Formation of creases on PET substrate due to rocking movement. (b) PET

substrate properly secured to a 4 wafer. Photoresist is checked for bubbles.
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5.3 ETCHING

The wires connecting the slabs of the electrodes are critical to the function of the device. On a
flexible substrate, the wire geometry is prone to breaking during the etching process if there is
excessive vibration due to its significantly smaller feature size (10um) comparing to the slab
(400pum). To minimize the vibration during the etching process, the substrate is immersed gently
into the solvent at an angle so that the metal is removed by the force of gravity without agitation
of the etchant. The electrode arms are carefully checked under the microscope right after the

etching process to ensure that the connection between the electrodes remains intact as shown in

Figure 5.10 and the conductivity of the electrode arms is verified using LCR meter.

Figure 5.10. The etching result of the sample under the microscope. The connection of

electrode arms is carefully checked under the microscope right after the etching.

54 SU-8 SPACER

A 10um thick spacer is created on one of the electrode-deposited substrates to control the thickness
of PDLC layer between the top and bottom electrode. To create the spacer, Nano Imprint EVG620

(Figure 5.11a) is used to pattern SU-8 2010. The mask design of the spacer is shown in Figure
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5.11b. A 25mm x 25mm cavity serves the purpose of containing the PDLC during the curing

process, and channels are created on the sides of the spacer for siphoning the PDLC during the

deposition process.
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Figure 5.11. (a) The picture of the one-way connected circle with spacer. (b) The optical

mask design of the spacer.

Based on the vendor recipe, the dwell speed of the spin coater is set to 3500rpm and the dwell
time is set to 35 seconds. This setting produced an SU-8 spacer with the height slightly less than

10um (Figure 5.12) on the PET substrate. Thus, the dwell speed needs to be lowered or the dwell

time needs to be reduced to achieve the target SU-8 thickness.
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Based on the Bruker Dektak XT’s alpha-step measurement results of trials with lower spin
speed (Figure 5.12b) and reduced dwell time (Figure 5.12c¢), the recipe with lower spin speed is
able to achieve the target thickness, while the recipe with lower dwell time is not able to do so.
Based on the testing results, the dwell speed is changed from 3500rpm to 3000rpm.

Since the substrate is flexible, device deformation can occur easily during fabrication and
measurements. It can be observed from Figure 5.12 (a-c) that the surface profiler results of PET
with SUS spacer are bending outward due to the friction induced by the needle of the profiler. To
mitigate this problem, a change in the length and orientation of the measurement path is made.
Figure 5.13a shows the original path of measurement and Figure 5.13b shows the new path of
measurement. The new path of measurement is shorter and in a different orientation to minimize
the bending of the device during measurement. Figure 5.14 shows the profiling result using the
new path of measurement. It can be observed that by changing the direction of the measurement
path and shorten its distance, the bending of substrate is reduced, giving us a more leveled
thickness profile. The thickness of the side wall produced by reducing the spin speed is 9.5um,

which is close to the target thickness of 10um.
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Figure 5.12. Bruker Dektak XT’s o — step for measurement results. (a) Result of the vendor
recipe (3500rpm spin coating speed and 35sec dwell time). (b) Result of lower dwell speed. (c)
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Figure 5.13. a) Original measurement path of the optical profiler. b) Revised measurement

path of the optical profiler to reduce bending of the substrate
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5.5 ELECTRODE ALIGNING AND CURING THE PDLC LAYER

The alignment of the top and bottom electrodes and the curing of the PDLC layer can be completed
as a single step due to the omission of the skin layer in our previous design, which simplifies the
fabrication process. Critical requirements for this step are to ensure that an even PDLC layer is
created with minimal defect and also the alignment can be completed before the PDLC is complete
cured.

Desktop Mask Aligner from Deya Optronic Co. (shown in Figure 5.15) is used for aligning
the electrodes while simultaneously curing the PDLC layer via ultraviolet (UV) light exposure.
This aligner provides several advantages for the alignment process: the separation gap can be
precisely controlled after leveling, and the vacuum system can be controlled during the aligning

process, which fits the specific needs of our fabrication process.

Ultraviolet | | Mask halder | LCD Manitor)
light source },

Mask halder ';

1 Camera |

Dperating
Panel

[Water holder '*[ Wafer halder}

and aligner and aligrer

Figure 5.15. The Desktop Mask Aligner from Deya Optronic Co. This aligner allows us to
control the separation gap between the mask and the wafer. More importantly, the vacuum
system of the mask holder can be controlled during the aligning, which can meet the special

needs of our device fabrication process. [64]
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To use the aligner with flexible substrates, the metalized substrate with a SU8 spacer (the
bottom electrode) is taped onto a 4" wafer and placed on the wafer holder of the aligner (Figure
5.16a) and the metalized substrate without SU8 spacer (the top electrode) is taped on to a
photomask blank and placed on the mask holder of the aligner. (Figure 5.16b). After leveling the
photomask blank and the wafer, the separation gap between the mask blank and the wafer is

carefully adjusted. Figure 5.17a shows the measurement of the separation gap.

E e (b)
Figure 5.16. The setup for electrode alignment and the PDLC layer curing process. (a) A

substrate with SUS spacer is attached to a 4" wafer, and the wafer is set on the aligner. (b) A
substrate without SUS spacer is taped on a photomask blank and put on the mask holder of the
aligner.

A volume of 0.00625ml of PDLC is required to fill the 25mm x 25mm cavity in the spacer to
create a 10um thick layer. To get the accurate volume of PDLC, the PDLC is steadily dropped in
the cavity between the SU8 sidewall using a micropipette to avoid creating bubbles within the
PDLC.

After dropping the PDLC, the electrode patterns on the top and bottom substrates of the device
are aligned by adjusting the 4" wafer on the aligner. This step needs to be completed in a timely
manner to ensure that the PDLC layer is uniform before it solidifies to minimize possible deviation

in the device’s geometric parameters.
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During the alignment, the separation gap (Figure 5.17a) is set at 40um, so that the surface of
PDLC does not come in contact with the upper electrode. After aligning the electrode patterns, the
separation gap is slowly adjusted from 40um to Opum (Figure 5.17b) and then the vacuum system
of the mask holder is turned off to allow the photomask blank to rest directly on top of the SU-8
spacer of the bottom electrode substrate. The full weight of the photomask blank provides extra
pressure to the device during the UV light exposure to maintain the flatness and improve the

uniformity of the PDLC layer during the curing process (Figure 5.17c).
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Figure 5.17. (a) Separation gap measured between to electrode and SU-8 spacer (b)
Reduction of separation gap toward Oum by raising the bottom 4 wafer in the aligner (c)
Photomask rested directly on top of the SU-8 spacer after turning off the mask holder vacuum

during UV curing process (d) Device after UV light curing.
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i.“...l

Figure 5.18. Microséope picture of the devices after UV light curing.
After the curing process is completed (Figure 5.17d), the TGFMM device is inspected under

the microscope for defects and misalignments. With the considerations discussed in this section;
the geometry of the resulting device matches closely with the Device 7 design. The electrodes are

properly aligned and a large area of uniform PDLC layer is created (Figure 5.18).
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Chapter 6. EXPERIMENT AND RESULTS

6.1 DEVICE CHARACTERIZATION

Experiments are completed in collaboration with students in National Tsing Hua University
Taiwan Institute of Nanoengineering and Microsystems (NTHU iNEMS).

The fabricated TGFMM device is characterized by its S21 magnitude and phase change when
voltage is applied. It is critical to determine the operating voltage and phase change characteristic
of the device to ensure that the device is operating at optimal performance. The operating voltage
of the device is largely dependent on the turn on voltage and also the saturation voltage of PDLC,
as PDLC will only show significant transmission changes (thus, the change in permittivity due to
rotation of liquid crystal molecules) between the turn on voltage and the saturation voltage as
shown in Figure 3.4. As shown in the simulation results, the resonance dips of S21 magnitudes
will change whenever the PDLC permittivity changes. Thus, by observing the behavior of the
resonance peak while applying voltages to the device will allow us to figure out the optimal
operating voltage of the device. This will also allow us to determine the operating frequency of
the device as the peak phase change frequency will lie between these two peaks as shown in the
simulations.

For determining the optimal frequency, the S21 phase change will be measures for frequencies
between the two S21 dips (OFF State and ON state) to find out where the maximum phase change

occurs.

6.1.1 S21 Magnitude Characterization

The S21 magnitude of the TGFMM device will be measured using TeraScan 1550 continuous wave

THz system and the setup is shown in Figure 6.1. The TGFMM device will be placed between the
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emitter and receiver of TeraScan 1550 system. An acrylic holder (Figure 6.2) is used to mount the
device in the set up securely and to provide a secure interconnect for the flat ribbon cables that
connects the electrodes of the device to the driving circuit (Figure 6.1a). A 11mm diameter shutter
is introduced in front of the emitter to reduce the beam to the size of the active area of the TGFMM
device (Figure 6.1b).

For device characterization, voltages will be applied uniformly across the entire array using
the driving circuit and the S21 magnitude is measured using TeraScan 1550.
To ensure the consistency of the measurement, the device needs to be reset to the same initial state
between each measurement. Since liquid crystal is a ferroelectric and ferromagnetic material, it
can be actuated by electric field or magnetic field. Thus, it is possible to reset the device by
applying strong uniform electric field or magnetic field to rotate the liquid crystal molecules into
a desired orientation. To avoid exposing the device to high voltage, which can lead to its break
down, magnets are used as the method of resetting the liquid crystals orientation. For maximum
performance, it is ideal to have the liquid crystals molecules oriented in a way that extraordinary
direction of its optical axis is parallel to the electrodes (z-direction in Figure 6.3). To accomplish
that, a magnetic array is configured in a way such that it forms a uniform magnetic field in the
direction parallel to the electrodes (Figure 6.3). The exposure of the device to the uniform magnetic
field resets the liquid crystals droplets in the PDLC layer of the device to a consistent starting

orientation before each of the measurement.
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Figure 6.1. TeraScan 1550 setup for device characterization: a) overall view showing the control

circuit b) top view showing the 1.1cm shutter
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Figure 6.2. Device holder for mounting the device in our experiment setup and also

providing a secure interconnect for the flat ribbon wires.
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Figure 6.3. Resetting the PDLC layer of the device using magnet array

80



521(dB)

[Exp.]521 of device#7 applied with uniform voltage
T T T T T T

L]
o4

Voltage uniformly /

applied on /
the device? _,

Aav
153V

T ATAY

£ 20V

T T I 1 1

/
A

~

L™

g . L
/ 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 3331\360

s frequency(GHz) \
[Exp.]521 of device#7 applied with uniform voltage
T T T T T T
-3.85 \
-3.9 l:_ N
-3.95
| ——
= Voltage uniformly
T 405 applied on
o~ the deviceT
»n 41 av
5.4V
415 oy <
-13v
4.2 - 15.3V 1
memememe {74V
425 gy .
225V
4.3 28y n
I I | | i i
250 252 254 256 258 260
frequency(GHz)

Figure 6.4. S21 spectrum measured using TeraScan 1550

81



82
521 Amplitude of Device 7 at different PDLC states
042 \ \ | I
o [ ON STATE
0.4 \ (. / OFF STATE
|I |II I| /l
0.38 | ol |
|I 'I‘ | /
|
0.36 | V[
II I| |I /
S 034t { \l
E L
= ‘| I\ I
£ 032r | I\
< | [\ [xo0.2588
03k I'. .'I \\. Y 0.295011
1
0.28 |
| | X 0.249
\| ¥ 0.255842
0.26 e
024 L i i i i i i i
022 023 024 025 026 027 028 029 03 031
(a) Frequency (THz)
[Exp.]S21 of device#7 applied with uniform voltage
385 | Voltage uniformly
applied on
a9t the device?
5.4V
225V
-3.95 T
)
Z A4r
&
-4.05
-4.1 ‘——o/
X 254.7 .
-4.15 Y -4.103 X 258.8
Y -4.128
252 253 254 255 256 257 258 259 260
(b) frequency(GHz)

Figure 6.5. Comprison of S21 dip frequency shift between Device 7 (Simulation) and TGFMM

(Experiment)

Figure 6.4 shows the measured S21 magnitude spectrum for different uniformly applied

voltages across the array with 0.03GHz frequency steps. It can be observed that the resonance dip

graduately shifts to higher frequency starting at 5.4V up until 22.5V. At 25V, the peak shifts back

to lower frequency. Based on shifting pattern of the S2i1 dips, it can be concluded that the operating

voltage of the device ranges from 5.4V up to 22.5V. Figure 6.5 shows the comparison of Sz1 dip
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frequency shifts between the simulation and experiment. It can be observed that the S21 dip shifts
from 0.249THz to 0.2588THz in the simulation between the OFF-state and ON-state, while the
S21 dip shifts from 0.2547THz to 0.2588THz between the turn on voltage (5.4V) and the saturation
voltage (22.5V) in the experiment. The similarity in S21 dip frequency shift between the simulation
and the experiments indicates that the frequency characteristic of the TGFMM device matches
closely with the Device 7 design, where the permittvity of the PDLC layer decreases as increasing
voltages are applied. The mismatch on the lower frequency shows that the permittivity of the
PDLC in the experiment at 5.4V is not the same as the permittivity of the PDLC in the simulation
at its OFF state. The variation in permittivity is due to the liquid crystal molecules in the PDLC
are typically in random scattered orientation before a voltage is applied to it. While the magnetic
pre-alignment process is able to reset the the starting orientation of the liquid crystal droplet

consistently, it might not reset them to the exact permittivity state defined in the simulation.

6.1.2 S21 Phase Characterization

The S21 phase cannot be measured directly using the TeraScan 1550 system, however it can be
retrieved from the measured photocurrent. The relationship between the photocurrent and the
phase is described by (6.1) according to the TeraScan 1550 user manual:

Iph(w) = Eryz(w) cos(¢) = Erp,(w) cos(2rlw/c) (6.1
where w is the terahertz frequency being operated at; I, is the photocurrent measured by the
receiver; Ery, is the amplitude of the terahertz electric field; ¢ is the Sz1 phase; L is the length
difference between the receiver arm and the emitter arm with the terahertz path; and c is the speed
of light. Since I,,, can be measured, the phase ¢ can be calculated using an arc-cosine function if

Eryz is known. Ery, can be determined by observing the extrema and zero crossings of I,,, and
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the characteristics of the cosine function. The relations between I,, and Ery, is shown in Figure
6.6. Based on the characteristic of the cosine function, the zero crossing points of I, corresponds
to ¢ = -90° and +90° phase, while the extrema of L, represents ¢p = 0° and 180°. Therefore, Ezy,
is determined to the value of the L, extrema and it remains constant between two zero crossings
to fit the cosine characteristic of the function (I, < = Ery;), allowing the successful retrieval of
¢ using arc-cosine.

By analyzing the photocurrent data for different applied voltages between 0.2547THz to
0.2588THz, the phase vs voltage relation of the TGFMM device is successfully characterized.
Figure 6.7a shows the phase vs voltage relation across the frequency range of interest, which shows
that there is significant phase change at 0.25735THz with a maximum phase change of 65.2257°.
This result deviates from the optimal frequency of 0.2539THz predicted by the simulation with
unitcell bounary and it has maximum phase change is higher than the predicted phase change of
42.1512°. This variation is possibly contributed by 1) boundary condition change as discussed in
Section 4.3 and 2) the geometry deviations of device (thickness and uniformity of PDLC layer and

PET substrate) introduced in the fabrication process.
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Example to show the relationship between Iph & ETHz
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Figure 6.6. Visualization of the relationship between I, and Ery,

Figure 6.7b gives us a better view at the relative phase change vs voltage characteristic of the
device at the optimal frequency. . It can be observed that the relative phase change and voltage is
not linearly correlated. The phase will show minimal changes at near the turn on voltage and
saturation voltage, while it will show drastic changes in the operating region. This matches closely
with the voltage characteristic of the PDLC and agrees with the frequency shift pattern of S21 dips

discussed in Section 6.1.1.
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Figure 6.7. a) Phase vs frequency chacteristic of the TGFMM device at different applied voltages
b) 3D visulaization of absolute phase difference vs voltage vs frequency characteristic for
TGFMM device. c) absolute phase difference vs voltage for frequency with maximum phase

shift
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BEAM MANIPULATION
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Figure 6.8. System setup to acquire one dimensional beam profile with the receiver of

TeraScan1550 mounted on a mechanical stage.
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Conventional beam profiling often involves the use a CCD camera, which is an array of
photoelectric or bolometric sensors. However, current commercially available cameras, such as
Rigi S2 from Swiss Terahertz, Tzcam from i2S, and Tera 256 from TeraSense are not able to
capture a THz beam profile transmitted through our fabricated TGFMM device due to the weak
intensity of the transmitted THz beam. To improve the sensitivity of the beam profiling setup, the
receiver from the TeraScan 1550 system is used in place of cameras and sensor arrays due to its
extremely high sensitivity to its own emitter pair. A scanning system to acquire THz beam profile
is shown in Figure 6.8. The overall system setup is similar to the system characterization
experimental setup with 3 changes: 1) The receiver from TeraScan 1550 system is mounted on a
three-dimensional mechanical stage to perform linear scanning of the output beam profile. 2) The
voltage driving circuit is redesigned to allow the application of non-uniform voltage profiles. 3)
An additional shutter is place in front of the receiver to allow the adjustment of detection pixel
size. to the TGFMM device. The aperture of the additional shutter serves as the “pixel” of our
scanning detection; therefore, it is ideal to have the aperture size as small as possible to maximize
the resolution of our scan. Thus, the output aperture is set to its minimum possible opening at

1.5mm diameter.

For testing the TGFMM device’s ability in beam manipulation, the driving circuit has been
reconfigured so that it can apply voltages to the desire columns of the array to form a 6-element
phased array pattern. The phase pattern from the preliminary study is not used for its shortcomings
described in Section 4.3. As described in Chapter 1, phased array functions by introducing different
phase delay to different parts of an incident wave its array elements. The phase delay difference
between consecutive array elements must be constant in order to create the desired constructive

interference, which forms an output wave front deflected at an angle. The relation between the
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output deflection angle 6 and the phase difference between consecutive array elements A in a
phased array is described by (6.1):

8 = sin"? CAT‘E) (6.1)

where d is the center-to-center distance of each element and A is the wavelength of the input wave.
Columns of the array has been divided into 6 groups, each representing an element of the phase
array and a voltage divider is set up using potentiometers. The voltage for the corresponding phase
difference is obtained from the phase difference vs voltage curve shown in Figure 6.7c.
Potentiometers are used instead of conventional resistors to account for the different voltage-phase
relation at different voltages and ensure that the correct voltages and the phase delay is set for each
group.

Table 6.1, and Table 6.2 shows the voltage and phase distribution for phase array configuration
with 10.62°, and 12.75° phase difference between each element, respectively. It can be observed
that the resistance needs to be adjusted for Group 1 and Group 2 element in order to obtain the
desired phase delay due to the different voltage-phase relation at lower voltages.

Table 6.1. Voltage and phase distribution for 6-element phase array with 10.62° phase

difference
Group | Phase change Calculated | Resistance | Actual
assigned voltage (V) (k Ohm) voltage
(degrees) V)
1 -0.21 54 163.23 5.37
2 -8.69733 13.23 236.62 13.26
3 -17.1847 13.67 13.3 13.71
4 -25.672 14.11 133 14.16
5 -34.1593 14.55 13.3 14.62
6 -42.6467 15.00 133 15.08
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Table 6.2. Voltage and phase distribution for 6-element phase array with 12.75° phase

difference

Group | Phase change Calculated | Resistance | Actual
assigned voltage (V) (k Ohm) voltage

(degrees) V)

1 -0.21 5.4 135.51 5.38

2 -12.962 13.32 198.6694 13.21

3 -25.714 13.85 13.3 13.74

4 -38.466 14.38 13.3 14.27

5 -51.218 14.91 13.3 14.8

6 -63.97 20 13.3 20.04

Figure 6.10a shows the normalized photocurrent intensity for beam profiles for the OV voltage
profile and the 2 different voltage profiles shown in Figure 6.9a (corresponding phase profile is
shown in Figure 6.9b). It can be observed that beam profiles do not show a symmetrical gaussian
pattern, but instead, they are asymmetrical profiles with multiple peaks. To effectively observe the
beam manipulation effect of the applied phase profiles, it is best observed by comparing similar
peak features of the captured beam profiles between different voltage profiles. Markers (up-side-
down triangles) are placed on the captured beam profiles for identifying and comparing similar
peak feature between each of the voltage profiles. For the voltage profiles from Figure 6.9a, it can
be observed that the peak marker gradually moves towards the -x directions as the Ap between the
elements increases with different applied voltage profiles. This is the expected result as the phase
delay of the elements increases in the -x direction with increasing applied voltage, which causes
the output wave front to angles towards the -x direction. The angle of the deflections for each of
the beam profile are calculated using the x-displacements between the similar peaks (Ax) and also

the distance of the receiver from the TGFMM device (d=72mm) using the following equation:

0 = tan™1(3) (6.2)
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The results are shown in Table 6.3. The theocratical deflection angles are calculated using

(6.1).

Applied Voltage Profile
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Figure 6.9. a) Voltages applied to each column of the TGFMM Device and b) the

corresponding phase profile for -x direction shifting (negative phase value indicating phase lag)
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Figure 6.10. Measured beam intensity profiles for voltage and phase profiles from Figure 6.9,

higher voltage in the -x direction.

Table 6.3. Deflection angle of the experimental result vs theocratical calculation using phase

array equation.

AQelements Theoretical Experimental | Deflection angle
deflection angle peak from
displacement | experimental
peak
10.62° (0.7882° -lmm 0.7957°
12.75° 0.9463° -2mm 1.5911°

The calculated deflection angle based on experimental peak displacements are generally larger
than the theoretical angle predicted by (6.1), with the angle for Ap=10.62° voltage profile being
very close the theocratical calculation. Despite the deviation, the results demonstrated the TGFMM
device’s capability for controlled beam manipulation via the adjustment of phases of discrete
elements in the array. The deviations from the theoretical calculations are likely due to the fact

that the TGFMM device is a continuous array structure, as opposed to the discrete light source
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elements found in phased array structure. Additionally, the measurements of the beam deflections
are based on the comparison asymmetric multi-peak beam profiles, which can introduce additional
errors when quantifying the deflections. The asymmetric multi-peak beam profiles are possibly the
result of the following factors: 1) non-uniformity of the TGFMM device mounted in the acrylic
holder due to the flexible nature of the materials, 2) scattering of the beam from the TGFMM array
and the output aperture, and 3) distortion from the scanning aperture capturing method.

As discussed in Chapter 5, the fabrication of the TGFMM device on a flexible substrate is
challenging. Despite of our efforts of mitigation during the fabrication process, the resulting device
can still have variations in thickness and uniformity. With these variations, the surface profile of
the device is not flat and even, which contributes to the distortion of the incident wavefront and

the asymmetric characteristics of the results.

. Output Aperture
1.5cm diameter p p.
4cm outer diameter
<> )
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Figure 6.11. Top view of the simulation model for TGFMM device showing relative

locations of the aperture, the TFGMM device and size of the apertures
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To investigate the effects of the TGFMM array and the scanning aperture on the distortion

captured beam profile, a numerical study will be performed using a simulation model that matches
closely to the condition the experimental setup. The simulation model (shown in Figure 6.11)
consists of the 27x27 TGFMM array placed between a 11mm input aperture and 1.5mm output
aperture. The apertures and the TGFMM device are placed at the same locations as the experiment.
The apertures will be modeled with Platinum (lossy metal). The boundary condition of the model
will be open in all directions, matching the conditions of the experiment. First, the array is
simulated with no phase difference between the columns of the array to check the effect of the 2™
aperture. Figure 6.12 shows the top cross-section view of the electric field propagation for the
simulation model with 1 aperture and 2 apertures. It can be observed that adding in a 2" aperture
at the output of the device introduces modifications to the side peaks of the propagating electric
field due to the introduction of additional reflections and interferences. The main peak of the beam
is slightly distorted when it is near the opening of the aperture, which will certainly affect the shape
of the overall beam profile.

To fully explore the distortion of the beam, the 2nd aperture is scanned linearly in the x-
direction and the intensity of the electric field behind the 2nd aperture is recorded to emulate the
scanning of the sensor during the experiment. As shown in Figure 6.13, the x-direction scanning
of the 2nd aperture does not add significant distortions to the beam profile and the intensity of the
main lobe and side lobe remains consistent, besides when the opening of the aperture is positioned
near the main lobe. It can also be observed that when the aperture is shifted to extreme positions,
there will be beam leaking from the side of the aperture, causing additional disturbance in intensity.
Figure 6.14 shows the total electric field intensity captured over the sensor area when the 2nd

aperture is shifted to different x-positions and also the 3D plot of the beam intensity profile at the
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same position for the model without the 2nd aperture. The peaks shown in the sensor’s profile are
wider and closer to the center compared to beam profile without the 2nd aperture and it does not
have the lower peak at the center. This is due to 1) additional distortion and interferences
introduced by the 2nd aperture, 2) capturing a 2D image with 1D scanning, and 3) significantly
lowered intensity due to the small opening of the aperture. Despite these effects, the major
characteristics of the beam profile and the position of the beam profile is successfully captured by
the scanning aperture and it will be sufficient when used as a reference for observing the beam

manipulation capability of the TGFMM array.
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Figure 6.12. Top cross-section view of the electric field propagation for TGFMM device

model (no voltage applied) with a) 1 aperture and b) 2 apertures.
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Figure 6.13. Top cross-section view of the electric field propagation for TGFMM device

model with no voltage applied at different 2" aperture x-positions.

97



98

155 1073 Integration of Electric Field Over Sensor Area at 7.2cm away from the array
557 T T T T T

1 N\ // \\
' % \ / \\

» /
: / \J \\
g 1.35 / \\
? 13 l,'/ \
| \
= \
/ \
o \
i
-6 —; 2 x(no\"‘] 2 4 6
(a)

Contour Plot of Electric Field Intensity Profile at 72Zmm Away from the Array (Single Aperture)

Electric Field (V/m

(b)

Figure 6.14. a) Electric field intensity integration over the area of the sensor at different 2™
aperture x-positions and b) Electric field intensity plot at the sensor location for TGFMM device

model with no voltage applied.
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Next, the array is simulated by applying a phased array-like phase profile to the elements of

the array similar to the experiment. The phase delay of the array is first characterized to ensure
the application of the desired phase profile is applied in the numerical study. Figure 6.15 shows
the phase delay characteristic of the simulated 27x27 TGFMM array for PDLC permittivity
states at different applied voltages. It can be observed that the maximum phase delay occurs at a
different frequency compared to the 10x10 array from the preliminary study and also the array
from the experiment. The deviation in the frequency and phase characteristic expected due to the
deviations in the preliminary study and the experiment, thus it shows the necessity to
characterize the phase delay behavior in order for a proper comparison of the results between the

simulation and the experiment.
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With the phase delay characteristic obtained, a phase delay profile similar to the experiment is
applied accordingly. The phased array-like phase profile shown in Figure 6.16 is applied to the
columns of the 27x27 array in the simulation model with a single aperture and 2 apertures, and the

results are shown in Figure 6.17 and Figure 6.18, respectively.

60

Array S21 Phase Profile at 0.2387THz
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Phase ( >)
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Figure 6.16. Phased array-like phase delay profile for steering the beam in the +x direction in

the simulation (negative value indicates phase lag)

When the Phased array-like phase profile is applied to TGFMM array with a single aperture
(Figure 6.17(a) and (b)), it can be observed that the TGFMM array is able to steer the beam in the
+x direction, where the array has the higher phase delay. The far-field deflection of the main lobe
is calculated to be 1.6°, which is matches closely with the angle (1.4°) predicted by applying the
geometric parameters of the simulated array to (1). Figure 6.18 shows the electric field
propagation for the TGFMM array with 2 apertures when the phased array-like phase profile is
applied.

It can be observed that the 2nd aperture introduces a minor distortion to the main peak and
additional side peaks similar to the results of the no-voltage TGFMM array simulation due to the

reflection of side peaks from the 2nd aperture. It can be observed from Figure 6.19 that the



101
distortion remains consistent when the 2nd aperture shifts linearly in the x-direction, which means

that the shifting of the aperture produces minor additional distortion to the beam profile.
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Figure 6.17. a) Top cross-section view of the electric field propagation and b) far-field result

for TGFMM device model (phased array-like phase profile applied) with single aperture
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Figure 6.18. Top cross-section view of the electric field propagation for TGFMM device

model (phased array-like phase profile applied) with 2 apertures

Figure 6.20 shows the total electric field intensity captured over the sensor area when the 2nd
aperture is shifted to different x-positions and also the beam intensity profile at the same position
for the model without the 2nd aperture. Distortions similar to the previous simulation with the
TGFMM array when no voltage profile is applied can be observed. The key characteristics of the
beam profile are captured with peaks closer to the center in comparison, and the center of the
profile have lower intensity due to similar interferences when the center of main lobe is near the
opening of the aperture.

Figure 6.21 shows the comparison of the electric field intensity obtained from scanning the
2nd aperture between the TGFMM device without a phase profile and the TGFMM device is a
phased array-like phase profile. Due to the aforementioned distortions, the shifting of the beam
shows up as a shift in peak intensity and a modification in the profile shape skewing towards the
deflecting direction. This is consistent with the beam manipulation patterns that is observed in the
experiments, where applying a phased array-like phase profile to the TGFMM array results in
shifting and skewing of peaks in the resulting beam profiles towards the direction with a higher

phase delay. It can be observed that the intensity and the shapes of the beam profiles from the
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Figure 6.19. Top cross-section view of the electric field propagation for TGFMM device

model (phased array-like phase profile applied) at different 2" aperture x-positions.
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Figure 6.20. a) Electric field intensity integration over the area of the sensor at different 27

aperture x-positions and b) Electric field profile at sensor location for TGFMM array with single

aperture for TGFMM device model (phased array-like phase profile applied).
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Figure 6.21. Electric field intensity integration over the area of the sensor at different 2"
aperture x-positions for TGFMM array without applied voltage profile (blue) and with phased
array-like voltage profile (red)
simulation differs from the ones captured in the experiment. The error between the results is likely
contributed by the differences between the simulation and experimental conditions, such as the
mechanical condition of the device and deviations in the geometry of the experimental setup. The
mechanical condition of the device affects how the propagating beam interfaces with the TGFMM
device and also the phase delay that it experiences. The flatness of the device and the evenness of
the PDLC layer will change the phase delay that is introduced to the different parts of the
propagating beam causing deviation in beam modulation results. The phase delay is also affected
by the performance of the PDLC, which can vary and degrade after repeated voltage application
and magnetic field reset. The magnetic field reset process itself is also critical to the device

performance, as the device doesn’t have any alignment layer. However, current magnetic reset
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method is completed manually and mechanically, which is not completely robust against errors
and it might introduce minor mechanical perturbations to the TGFMM device during the reset
process. It can be observed from the electric field propagation results of the simulation that the
scanning method is sensitive to the geometric variations of the apertures since the intensity pattern
varies quickly with the measurement distance. These deviations are minimized with efforts in
matching the simulation and experimental conditions, and by observing and comparing the relative
changes of the similar features in the beam profiles patterns, the TGFMM array simulations shows
similar beam manipulation pattern compared with the experiment, where the similar peak of the
beam shifts towards the direction that has a higher phase. This validates the results of the beam
manipulation experiment. The simulation and experimental results also reveal the short coming of
beam profiling using the scanning aperture, as it introduces some distortion to the beam profile
itself. While these distortions can possibly be characterized due to its consistency, it might require
advanced image processing technique and pattern recognition algorithms to accurately correct the

distortion and quantify the performance measurement of the device.
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Chapter 7. CONCLUSION AND FUTURE WORKS

7.1 CONCLUSION

The goal of this research is to develop a voltage tunable periodic structure for beam manipulation
in the Terahertz (THz) region. Chapter 1 reviews the current beam manipulation technologies and
also how the proposed device fits into the applications of Terahertz radiation.

Chapter 2 reviews prior beam manipulation research project that inspires the development of
the proposed Tunable Gradient Fishnet Metamaterial (TGFMM) device and Chapter 3 discusses
the design of the device, which utilize the large refractive index change in fishnet structures and
tunability of electro-optics materials, such as Polymer Dispersed Liquid Crystal (PDLC). A
circular geometry is selected for our design for its ability to reduce surface current density, which
makes the device less prone to breakdown during operation. Chapter 3 also discusses the
improvement of transmission and simplification of the device structure by using PET as a flexible
substrate.

In Chapter 4, the geometric parameters of the design are optimized so that it can produce a
large phase change in the desired frequency region between its OFF and ON state, which is critical
to the objective of TGFMM. The refractive indices for the devices’ OFF and ON state is also
retrieved from the numerically calculated S-parameters of the device to compare with the results
of the phase change investigation, and it is found that the maximum phase change and maximum
refractive index change occurs a similar frequency. Refractive index is further verified using a
geometrical analysis method, which allowed us to verify possible ambiguity in solutions provided
by parameter extraction method. The geometric analysis is able to confirm the characteristic of the
refractive index within the interested frequency range. Chapter 4 also shows a numerical

preliminary study to verify the TGFMM’s ability as a voltage tunable beam manipulator in the
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THz frequency region. The preliminary study concludes that the TGFMM design is able to emulate

a 6-element phased array to deflect an incident beam.

Chapter 5 discusses the challenges during the fabrication process. The removal of the skin
layer from the previous design has simplified the design structure and the fabrication process,
however, there are new considerations when fabricating the device on flexible PET substrates to
minimize feature defects and maintain the flatness and evenness for each layer of the device.

In Chapter 6, the prototype TGFMM device is characterized in experiments. The frequency,
phase, and voltage characteristic of the device is first investigated to ensure optimal performance
is achieved in the experiments and device breakdown due to excessive voltage is avoided. The
operating voltage range is determined to be 5.4V-22.5V, which is significantly lower than the
previous tunable fishnet and electro-optic scanner designs. Next, the optimal frequency, the one
that yields the largest phase change, is determined. The optimal frequency of the prototype is
determined to be at 0.25735THz, which also deviates from the preliminary simulation results. The
reported maximum phase difference (65.2257°) is also noticeably larger compared to the numerical
simulation result (42.1512°). The deviation of the optimal frequency and maximum phase
difference is possibly contributed by the permittivity deviation discussed earlier and as well as the
effect of changes in boundary conditions discussed in Section 4.1.3. Custom phased array-like
voltage profiles based on the phase and voltage characteristic at the optimal frequency are applied
to the TGFMM prototype to test its beam manipulation capability. The output beam of the
TGFMM prototype is profiled by scanning using the receiver of the continuous wave THz system
(TeraScan 1550) for optimal signal sensitivity and we are able to capture gradual horizontal
displacements of the beam profiles as the voltage of the gradient profiles increases by comparing

similar peak features on the beam profiles. The beam profiles captured have observable distortions
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that is likely to be caused by the TGFMM array, the output aperture and our scanning method, thus

a numerical study with a simulation model that closely matches the simulation condition is
performed to compared with our observations in the experiment. The numerical study shows
similar beam intensity profile when they are captured with the scanning method used in the
experiment, which goes to show that the beam profile distortion observed in the experiment is
mainly caused by the scanning method. The numerical study also shows a similar beam
manipulation pattern compared to the experiment, validating our experimental observation and so
that the TGFMM array is capable of beam manipulation via the discrete control of phase delay in

its array elements.

7.2  FUTURE WORKS

7.2.1 Improvement on Beam Profiling

The current beam profiling method needs to be modified in order to eliminate or correct the
distortion in the results. The following methods can potentially solve the issue and improve the
profiling of the beam:
1) Characterize the distortion factor and correct it using advanced image processing
technique.
2) Beam profiling using a THz-TDS system with 2D imaging capability to obtain 2D
information of the beam profile.
3) Further investigation into the magnetic reset method to ensure consistent phase reset of the

PDLC layer.
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7.2.2  Explore Additional Phase Profiles

To further demonstrate the TGFMM’s potential as a versatile beam manipulation device,
additional phase profiles can be explored to emulate different optical components, such as concave
lens, convex lens and near field beam shaper. Additionally, 2D gradient voltage profiles can be
explored for doing 2D beam deflections. The additional profiles will require a reconfiguration in

driving circuit to allow additional input and more fine control of the array.

7.2.3 Image Acquisition

With the reported success in beam deflection, the device shows its potential for image acquisition.
The image of an object can be obtained by placing the object at the output of the TGFMM device
in the beam profiling setup (Figure 6.8) and scanning it using the TGFMM deflected beam. The
scanning beam will be captured by a beam profiler on the other end of the object and the image of
the object is obtained by studying the beam profile of the beam pass through the object. The current
beam profiling setup will allow us to obtain 1D information about the object, while a 2D beam

profiling setup as proposed in Section 7.2.2 will allow us to obtain a 2D object profile.

7.2.4  Multi-stage Beam Manipulation

Multi-stage operation of the TGFMM device will be explore to expand and enhance its
functionality similar to the multi-stage design of the previous EO scanner. System footprint will
not be impacted significantly in the current design due to significant reduction in the size of the
device. Additional analysis is needed to study the TGFMM’s behavior in a multiple stage
configuration to find the optimal system parameter, such as distance between the stages, incident

angle of the input beam...etc., for the desired enhancement in functionality.
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