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ABSTRACT 

Design, Fabrication and Characterization of Parity-Time Symmetric 

Materials and Structures 

by 

Linyuan Xin 

This study presents the investigation of polymer-based one dimensional (1D), 

two dimensional (2D) and three dimensional (3D) materials and structures with 

unidirectional light propagation and Parity-Time symmetry breaking. We propose 

organic dye-doped/backfilled gain and loss periodic structures and devices which 

show great potential for unusual optic behaviors. The 2D and 3D systems were 

fabricated by photolithography and backfilled with dyes, and characterized with a 

pump-probe. The proposed1D polymer-based gain and loss parallel structures are 

studied by theoretical simulation and experimental fabrication/characterization. The 

gain and loss medium is modulated by concentration variation and baking process. A 

fiber-coupler integrated pump-probe setup was built for characterization of this 

core/clad (dye doped)/core waveguide. Theoretical simulation shows Parity-Time 

symmetry breaking above a critical point, and exhibiting unidirectional behavior in 

this single waveguide. This is the first time Parity-Time symmetry breaking has been 

investigated in a polymer-based system.   
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Chapter 1 

Introduction to Parity-Time 

Symmetry in Optics* 

 

To design and synthesize new materials with unique properties has been a 

hot area in optics. Developing artificially structured materials can play an important 

role in solving these critical challenges. In most studies thus far [1-6], these 

approaches rely exclusively on control of the real part of the refractive index 

contribution in the system. Recently, balanced periodic gain and loss in a structure 

was suggested and developed as a new way to mold the flow of light which can not 

                                                        
 

*, Text from introduction of chapter 4 (part of preliminary manuscript draft) which might be 
submit with outputs discussed in chapter 5. 
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be achieved by previous methods that only controlled the real part of the refractive 

index. This new area, which mainly manipulates the imaginary part of optical 

materials, was promoted with the notion of “parity–time (PT) symmetry in 

optics”[7-18] and experimentally demonstrated using the interplay of gain and loss 

waveguides.[9, 11, 13, 16, 19, 20] 

In this thesis, chapter 2 develops the background and frame work of PT-

symmetric materials and devices which includes a literature review and possible 

methods to achieve 1D, 2D and 3D PT-symmetric materials and devices. 

Chapter 3 provides detailed work about fabrication and characterization of 

2D and 3D PT-symmetric materials and devices. 

Chapter 4 provides preliminary experimental results concerning PT 

symmetry breaking in a polymer-based waveguide. Simulations, fabrication and 

some characterizations which have been done for a 1D polymer-based PT 

symmetric waveguide. 

Chapter 5 summarizes the major results of the thesis and discusses possible 

future work. 
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Chapter 2 

Background and Literature Review 

of PT Symmetric Materials and 

Devices  

2.1.  PT Symmetric Materials and Devices 

2.1.1.  PT Symmetric Periodic Structures and Devices 

Periodic structures play a crucial role in a variety of optical applications. The 

structures with a periodic real part of the refractive index profile can work as highly 

reflecting dielectric mirrors around certain resonant frequencies, when the light 

propagates through such structures. It is possible to exploit cumulative interference 

effects which can be controlled by manipulating the spatial period of the periodic 

refractive index profile. 
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2.1.1.1. 1D PT Symmetric Periodic Structures and Devices 

Lin et al. theoretically promoted that PT symmetric periodic structures can 

work as an unidirectional invisible medium when accessing the PT symmetry 

breaking critical points[1], which demonstrated a new way to achieve 

unconventional characteristics of reflection and transmission.  

 

Figure 2.1 Unidirectional light propagation in a PT symmetric Bragg scatter. 

Light incident from the left is transmitted but not reflected, whereas light 

incident from the right is reflected as well as transmitted. Reproduced with 

permission[1], copyright 2011, American Physical Society   

Light propagating from one side of the periodic structure experienced 

reduced transmission while light propagating in the opposite direction got amplified 

when the system was operated under the condition of broken PT symmetry.  Even 

more, this periodic refractive index structure can act as an insulator or total 

transmission when operating at a certain critical point which is related to periodic 

refractive index profile, where light waves can fully propagate through with a 100% 

transmission, which means without any degree of reflection, when entering the 

structure from the left side (Figure 2.1). The periodic structure is thus totally 

invisible to light, when the system was operating without any phase imprint. 
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However, the reflection coefficient greatly exceeds unity if light enters from the 

opposite side (Figure 2.1). 

Light waves propagating through and scattering from a PT symmetric 

periodic structure with effective modulated gain and loss medium behave in an 

unconventional manner with reflection characteristics and unidirectional 

invisibility without any phase imprint by the PT system.  Following the theoretical 

work frame proposed by Lin et al. above, an experimental demonstration of 

unidirectional invisibility behavior was observed in temporal fiber loop by 

Regensburger et al. [2].  

 

Figure 2.2 Observation of unidirectional light propagation in a PT symmetric 

Bragg scatter. a) Light propagates and scatters in a passive system; b) Light 

wave entering from the left side of the structure propagates with complete 

100% transmission. c) Light wave entering from the right side of the structure 

propagates with enhanced reflection. Reproduced with permission[2], 

copyright 2012, Nature Publishing Group.   
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As we can see in the experimental results from Figure 2.2, light waves that 

enter and propagate from the left side of the structure can get fully transmitted 

without any reflection so that the periodic structure is thus invisible, while light 

waves entering from the right side of the structure experienced enhanced reflection 

when the system was operated at the threshold of PT symmetry breaking.   

 

Figure 2.3 Periodic passive PT symmetric structures with Si waveguide inside 

a cladding of SiO2. The imaginary part and real part of the refractive index 

were modulated by 14nm Ge/ 24nm Cr and 51 nm Si respectively. Reproduced 

with permission[3], copyright 2013, Nature Publishing Group   

Feng et al. reported an experimental demonstration of unidirectional 

reflection behavior in a PT passive periodic system[3]. As we can see from Figure 

2.3, the structure consisted of 25 periods of low loss and higher loss structures on a 

waveguide to modulate the dielectric permittivity. Inside of the SiO2 cladding there 

is a 800nm wide Si which works as waveguide, and the loss was deposited on the 
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top of the waveguide with 51nm Si layers to modulate the real part of the refractive 

index while 14nm Ge/ 24nm Cr on the top of the Si waveguide are used to modulate 

the imaginary part. The reflection spectra shows that the reflection from forward is 

much larger than in the backward direction due to the PT symmetric phase 

transition, when system operating above critical point, see Figure 2.4. 

 

Figure 2.4 Reflection spectra of the device coupler from both directions in a 

PT system. Reproduced with permission[3], copyright 2013, Nature 

Publishing Group 

In this thesis, we fabricated parallel gain and loss polymer-based 

waveguides. The right side of the waveguide is loss and the left side acts as gain. 

This is an active gain and loss PT structure, for details please see Chapter 4. 
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2.1.1.2. 2D PT Symmetric Periodic Structures  

  So far all the experimental demonstrations of PT symmetric structures and 

devices are 1D. There are some simulated results showing symmetric transmission 

in 2D periodic structures with balanced gain and loss. Botey et al. proposed a 2D PT 

symmetric honeycomb nanostructure with periodic gain and loss that can exhibit 

non-reciprocal light coupling at resonance frequencies (Figure 2.5)[4]. 

 

Figure 2.5 Transmission spectra of the passive(no gain or loss) honeycomb 

structure and PT symmetric complex honeycomb structure with balanced 

gain(red) and loss(blue), respectively. Reproduced with permission[4], 

copyright 2014, Institute of Electrical and Electronics Engineers   

T1 and T2 are two detectors placed symmetrically with same distance from 

the edge, to measure the transmitted intensity. As we can see from Figure 2.5 (c), 

the transmittances are same from both the left side and the right side. Which means 
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that the transmittances from a honeycomb structure with no gain or loss shows 

symmetric behavior when light waves enter and propagate from both forward and 

backward direction, whereas the transmittances behave asymmetrically in a 

periodic honeycomb structure with balanced gain and loss, when the system is 

operated above PT symmetry breaking point. The asymmetric behavior can be seen 

in Figure 2.5(d), i.e. the left-right transmissions are different. 

2.1.2. PT Symmetric Laser system 

2.1.2.1. PT Symmetric Micro Ring Lasers with Double Ring 

It is a challenge to enforce single mode operation in conventional cavity 

designs since the large inhomogeneous broadened gain bandwidth can not prevent 

an amplified resonance while assuming that amplifier neighboring resonance do not 

amplify[5]. However, complicated designs of resonators that can prevent neighbor 

amplification at the same time have problems due to the difficult fabrication 

processes. Hodaei et al. [6] reported a new method to enhance single mode laser 

operation by using periodic PT symmetric structures, which solves the important 

issue to control modes oscillating in a laser resonator. The system was designed 

with two resonator rings having diameter 20um, height 210nm and width 500nm, 

with balanced gain and loss.  Both of the two rings distributed evenly into gain and 

loss regions when the system was operated below the PT symmetric breaking point, 

while the rings supported only a loss or a gain mode if the system was operated 

above the PT symmetric breaking threshold.  
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Figure 2.6 PT-symmetry breaking in a paired resonator ring system. 

Reproduced with permission[6], copyright 2014, American Association for the 

Advancement of Science 

        A single resonator ring pattern was observed when pumping at laser 

power of 4.9mW (Figure 2.6(a), (b)), and double ring resonators shows equally 

contributed intensity at the same pumping power of 4.9 mW (Figure 2.6 (c), (d)). 

However, the resonator amplifies acts a single mode if we operate the system at PT 

symmetric point and the lasing exclusively occurs in the active gain resonator 

(Figure 2.6 (e), (f).) 
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2.1.2.2. PT Symmetric Single Mode Laser with Patterned Single Ring 

Structure 

       Feng et al. [7] reported the single ring patterned PT symmetric single 

mode laser at the same time as the work by Hodaei et al. They designed and 

fabricated a PT symmetric microring laser with balanced gain and loss, the periodic 

structure was patterned within a single ring which can achieve intrinsic single-mode 

lasing in a large range of gain spectral bandwidth. This single mode laser system 

consists of periodic Cr/Ge bilayers deposited on the top of a microring resonator 

with different azimuthal orders.  The resonator InGaAsP/InP was fabricated on the 

top on InP substrate with 1 um inside, diameter 8.9um and width 900nm (Figure 

2.7).  
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Figure 2.7 Simulation of whispering-gallery mode (WGMs) with azimuthal 

orders 53 and 54 in the PT microring laser. Reproduced with permission[7], 

copyright 2014, American Association for the Advancement of Science  

At a designed azimuthal order m = 53 with a resonant wavelength around 

1500 nm, the system exhibited a gain mode (A) and a lossy mode(B) respectively, 

which means that neighboring resonances have positive effective gain coefficient 

above the lasing threshold to enable single-mode lasing. However, for the non-

desired whispering-gallery mode (WGM) orders such as m=54, gain and loss are 

averaged to zero since WGMs are uniformly distributed in both the gain and the loss 

regions, such that the introduced PT modulation cannot be “seen” and does not 

modulate the field. As a result, the wavenumber remains unchanged in both real and 

imaginary spectra which means that the neighboring resonances are all amplified 

which is not able to enable single-mode lasing. 
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2.1.3. PT Symmetric Optical Isolators 

 Optical isolators, or optical diodes only allow light waves to propagate in one 

direction and are very useful for many applications such as specific optical fibers 

that allow signal propagation in one direction while blocking reflections from 

subsequent downstream components at the same time. Usually a one way 

propagating device needs to be operated under a magnetic field, since the normal 

isolation mechanism is based on the Faraday effect[8]. An optical device using 

materials with intrinsic isolating behavior is a long sought goal. Considering the 

unidirectional invisibility of PT symmetric materials and devices, optical fibers with 

interplay of gain and loss could be developed as optical isolators. 

2.1.4. 2D PT-Synthetic Materials and Structures 

Most of the experimental observations of PT symmetric behavior have been 

so far carried out in pairs of coupled waveguides. It is very important to develop a 

new class of optical system for 2D PT symmetric periodic structures which could be 

viable on a large scale. A new family of mesh PT symmetric optical lattices has been 

proposed theoretically[9, 10].  

Regensburger and Miri sent light into this 2D mesh lattice containing 

periodic gain and loss, arranged for periodically neighboring coupled waveguides 

(see Figure 2.8 a).  
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Figure 2.8 (a) and (b) transverse distribution of symmetric phase potential 

and antisymmetric gain/loss in a PT -synthetic mesh lattice  (c) Band 

structure of PT synthetic mesh lattice.  Reproduced with permission [9-11], 

copyright 2012,2013, American Physical Society 

In each gain or loss domain of this 2D mesh, the band structure was created 

by physical separation of the amplification and coupling. A possible way to realize 

this mesh lattice on a polymer film is that the 2D mesh can be lithographically[12, 

13] defined on a gain/loss lattice. For experimentally efficient coupling between 

adjunct coupling waveguides, the gain and loss contrast in that 2D mesh lattice 

needs to be very low (~1) which means that the refractive index of those two 

coupled waveguides should be simulated with designed materials first and then 

fabricate these 2D mesh lattice sharply.  
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2.2. Polymer-Based PT symmetric Materials and Structures 

2.2.1. Organic Passive PT Symmetric Structures 

Organic materials are good candidates for refractive index modulation due to 

their high capability of optical responses and easily tunable optical behavior by 

mixing of photosensitive small (low molecular mass) molecules using vapor 

deposition or solvent mixing methods without any lattice mismatching problems as 

occurs in molecular beam epitaxy of crystalline atomic solids.  

Yan et al.[14] reported a passive PT symmetric device by using small 

molecules tris(8-hydroxyquinolinato)aluminum (Alq3) which has been widely used 

in organic light emitting diodes.  Alq3 was mixed with a dye material 4-

(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and 

Teflon (CF2)n. Three organic materials Alq3, DCM and Teflon could be carefully 

mixed by thermal evaporation with tunable ratios to get balanced complex index 

modulation which can form even and odd pattern for gain and loss. The refractive 

index of the1 mm thick SF10 glass substrates used is n = 1.73.   
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Figure 2.9 Schematic of a complex index modulator (CIM) structure, and the 

reflectivity spectra from the backward and forward propagating light. 

Reproduced with permission[14], copyright 2014, Wiley 
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The backward and forward reflectivity spectra measured from a structure 

with Δ k = Δ n (this complex grating was designed with balanced gain and loss with 

Δn = 0.04, and various extinction magnitudes Δ k in CIM films) shows clear 

asymmetric behavior at the designed wavelength λ = 532 nm. 

Jia et al. reported periodic passive PT symmetric structures of large-area 

organic thin film waveguides in a high extinction coefficient copper phthalocyanine 

(CuPc) based system for asymmetric diffraction by modulation of the effective 

index. [15] 

 

Figure 2.10 Schematic of the periodic PT symmetric waveguide fabrication 

method with 2 beam interferece lithography. Reproduced with 

permission[15], copyright 2015, American Chemical Society 

A sinusoidal surface profile of a thin layer of photoresist S1800 was 

patterned by interference lithography (λ = 405 nm), followed by evaporation of 

copper phthalocyanine (CuPc) at an oblique angle. Then a second layer of 

photoresist diluted with poly (methyl methacrylate) having a low refractive index 

was spin coated onto the patterned photoresist/ CuPc layer. A low index 
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fluoropolymer interlayer (CYTOP) between photoresist1/ CuPc/ photoresist2 and 

glass substrate was used to enable efficient waveguide coupling. 

 

 

Figure 2.11 Reflectivity and diffraction efficiencies measured from the 

backward and forward propagation of light into the periodic structure 

with/without a CuPc layer. δ = Δkeff/Δneff, is the normalized index 

asymmetry parameter. Reproduced with permission[15], copyright 2015, 

American Chemical Society 
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According to Figure 2.11 b, a strong asymmetry in the backward and forward 

diffraction was observed in the device consisting of sinusoidally patterned 

photoresist 1/ CuPc/ photoresist 2(with lower index) and glass substrate due to the 

absorption by the CuPc.  In this waveguide, the real part and imaginary part of 

refractive index exhibit near-sinusoidal variation with the modulation depth of Δ

neff ≈ Δkeff ≈ 0.017. Unidirectional modal reflectivity at the PT symmetric 

breaking point was achieved by varying the complex index contrast in this periodic 

organic thin film waveguide. 

2.2.2. Polymer-Based Gain Medium for Active PT Symmetric Structures 

Considering the realization of PT symmetry in optics requires sufficient gain 

(>30 cm-1) and comparable loss, only three types of systems can provide these 

conditions: semiconductors, organic dyes and conjugated polymers.  Organic dyes 

(e.g. rhodamine 640) dispersed in a photopolymer (e.g. SU8 2005) have been 

employed in this project to serve as gain media, since polymers exhibit several 

unique advantages compared with semiconductors:  Firstly, the optical behaviors of 

polymers can be manipulated by photobleaching or by doping with dyes or QDs; 

Secondly, polymer provides an easy and low-cost way to fabricate large area 2D and 

3D structures, with efficient gain by doping or mixing; Last but the promising part is 

to realize PT symmetry behaviors in biocompatible polymers opens new 

possibilities for unusual optical properties in biomedical applications[11]. 
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2.2.3. Polymer-Based PT Symmetric Materials and Structures 

2.2.3.1. Polymer-Based PT Symmetric Materials* 

In this thesis we use DOO-PPV which was investigated since 1990s by 

Vardeny group at Utah (part of the Multidisciplinary University Research Initiative 

(MURI) team) for our experiments, see chapter 3. The initial idea of use block 

copolymers for this PT MURI project was proposed by the Thomas group at Rice. 

A range of passive polymer hosts can be employed for gain doping suitable 

for several major categories of processing. There are two possible pathways of 

introducing gain into polymer PT-structures: intrinsic gain of π-conjugated 

copolymers and impregnating the polymer with active ingredients (such as organic 

dyes or quantum dots). Possible processing routes include solution-blending 

processes[16], interference lithography[17-22], co-assembly of block 

copolymers[23-25] with gain/loss additives, and thermal and mechanical 

processing associated with fiber drawing[26]. In this thesis, we use the organic dyes 

doped in polymers to provide the gain system. Another option is to employ block 

copolymers which can form self-assembled periodic arrays to achieve comparable 

gain and loss system [17, 20, 25, 27-29]. The PFO-b-PS (with Dr. Seog-Jin Jeon and 

ORNL) has been tried for this PT system[30], however it has not been successfully 

                                                        
 

* text taken and modified from MURI proposal - PT-Symmetric Optical Materials and 
Structures11. Christodoulides, D., et al., PT-Symmetric Optical Materials and Structures. Proposal in 
Response to DoD Multidisciplinary University Research Initiative (MURI), MURI Topic #15-Photonic 
Synthetic Matter, Submitted to AFOSR, 2013., page 12. 
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addressed due to the too small domain size from the low molecular weight available 

(< 10,000 g/mol) compared with operating laser wavelength. 

Not limited to the work in this thesis, but another potential material is π-

conjugated polymers which can exhibit intrinsic optical gain since they possess 

large stimulated-emission cross sections and bandwidths[31, 32]. Moreover, they do 

not suffer from the concentration aggregation quenching that plagues typical 

organic dyes. In addition, their emission can be effectively tuned over a very broad 

wavelength range by modifying their chemical structure[33]. The π-conjugated 

polymers provides the possibility to integrate PT symmetry devices with 

electronic[33], optical and magnetic behaviors. In this thesis, DOO-PPV –SU8 

photoresist lattices have been fabricated to make gain/loss 2D lattice, gain value of 

DOO-PPV measured at Vardeny group is up to 100 cm-1. However, the DOO-PPV 

thin film is not stable which limits its application for PT devices. 

Table 2-1 Optical gain in polymer materials. * 

*This table based on the materials proposed in MURI proposal [11], page 12. 

 Gain (cm -1)  (nm) Reference 

Dyes (Hosts)    

Pyrromethene567 

(PMMA) 
56 570 

Opt. Lett. 16, 7023 

(2008)[34] 
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DCJTB (PS) 41 633 
Appl. Opt. 43, 5074 

(2004)[35] 

C545T/DCJTB (PS) 53 640 
Appl. Opt. 46, 2996 

(2007)[36] 

KF 241 (PMMA) 53 575 
J. Luminescence 94-95, 55 

(2001)[37] 

B2080 (PS) 84 501 
Appl. Phys. Lett. 88, 

161114 (2006)[38] 

Conjugated 

polymers 
   

DOO-PPV 100 630 
Nat. Physics 6, 303 

(2010).[39] 

Y80F8:20F5 87 448 
Nat. Mater. 7, 376 

(2008)[40] 

PFO (R1=R2=C8H17) 74 466 
Appl. Phys. Lett. 81,3 

(2002)[41] 

Quantum dots    

CdSe (D = 5 nm) 155 635 
Appl. Phys. Lett. 81, 1303 

(2002) [42] 

CdSe(D = 2.6nm) 500 535 
Science 290, 314 

(2000)[43] 
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9-(2-carboxyphenyl)-2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H,-

xantheno[2,3,4-ij:5,6,7-i'j']- diquinolizin-4-ium perchlorate, Rhodamine 640 

 

1,3,5,7,8-pentamethyl-2,6-diethylpyrromethene-difluoroborate complex, 

Pyrromethene567 [34] 
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4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-

pyran, DCJTB [35, 36] 

 

 

10-(2-Benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-

(1)benzopyropyrano(6,7-8-I,j)quinolizin-11-one, C545T[36] 

 

 

 

1,4-bis[2-[4-[N,N-di(p-tolyl)amino]phenyl]vinyl]benzene, B2080 [38] 
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Poly(2,5-dioctyloxy, p-phenylene-vinylene), DOO-PPV[39, 44] 

 

 

Y80F8:20F5[40] 

 

 

Poly(9,9-di-n-octylfluorenyl-2,7-diyl, PFO [41] 
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2.2.3.2. Polymer-Based PT Symmetric Structures  

2.2.3.2.1. 1D Polymer-Based PT Symmetric Structures* 

Hierarchical periodic structure patterns can be formed by mixing of 

nanoparticles (NPs) and high-molecular weight block copolymers (BCPs). The initial 

idea to use BCPs in for this PT system was proposed by Thomas group at Rice 

University. It is critical to control of the NPs size and molecular weight of BCPs, 

which is critical to localize the NPs in specific regions, (Figure 2.13a)[57]. A specific 

example of BCP/nanoparticle composite that would be expected to possess PT 

symmetry is shown schematically in Figure 2.13b. This is a triblock copolymer 

blocks A and C possess the same real refractive index for an even profile, loss 

(green) and gain (red) in A and C for an odd imaginary index profile[45], forms PT 

symmetric plane in block B.   

Text of this part taken and modified from MURI proposal - PT-Symmetric 

Optical Materials and Structures, page 14. 

                                                        
 

* Text taken and modified from MURI proposal - PT-Symmetric Optical Materials and 
Structures11. Christodoulides, D., et al., PT-Symmetric Optical Materials and Structures. Proposal in 
Response to DoD Multidisciplinary University Research Initiative (MURI), MURI Topic #15-Photonic 
Synthetic Matter, Submitted to AFOSR, 2013., page 14.  
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Figure 2.12 (a) TEM of a self-assembled ternary blend of a PS-PEP BPC plus 

AuR1 + SiO2R2 nanoparticles.  (b)  Schematic of ABC-triblock copolymer 

nanocomposite for PT symmetric structures, blocks A and C possess the same 

real refractive index for an even profile. Loss (green) and gain (red) in A and C 

for an odd imaginary index profile. Reproduced with permission[45], 

copyright 2003, American Physical Society 

2.2.3.2.2. 2D Polymer-Based PT Symmetric Structures  

According to the 2D simulation results of PT asymmetric transmission, 

fabrication of 2D or even 3D periodic architectures could enable a rich variety of 

dynamic behaviors by insertion of PT symmetric gain and loss. 2D PT symmetric 

structures maybe fabricated by three possible methods:  A) Photolithography and 

followed soft lithography which can provide high quality and reproducible patterns 

with low cost; B) Interference lithography (IL)[32] and C) direct laser writing 

(DLW)[30]. In this work, we mainly use photolithography for 2D fabrication, and 

DLW for 3D frame fabrication (see chapter 3).  
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Figure 2.13 Schematic of the main steps in photolithography. (a) Exposure (b) 

Development. Reproduced with permission[46], copyright 2011, Institute of 

Electrical and Electronics Engineers 
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Chapter 3 

Fabrication and 

Characterization of 2D and 3D 

Periodic PT Structures 

 

Micro- and nanolithography technology which has been well developed in 

semiconductor and IC industry are employed to fabricate polymer based periodic 

structures for micro PT symmetric devices (~10um lattice distance) and submicron 

PT symmetric devices[1].  There are two types of lithography technologies as 

masked lithography (photolithography[1-3], soft lithography[1-5]) and maskless 

lithography[6, 7] (E-Beam lithography[8, 9], interference lithography[10-14], direct 

laser writing[13, 15, 16]). Masked lithography like photolithography needs a mask 

on the top of the photoresist for exposure with a designed pattern, and soft 

lithography needs a patterned substrate or microstructure as template for 

producing arrays of opposite topography. Maskless lithography fabricates arbitrary 
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patterns using a motorized stage with focused electron beam or multi-beam 

coherent light waves, which allows creating patterns with ultrahigh-resolution. 

Table 3-1 Specifications of different lithography techniques. Reproduced with 

permission[1] 

Lithography Technique Resolution Throughput 

Photolithography Above 3-4um (with Rice 

Cleanroom mask maker 

and for SU8) 

High 

Soft lithography Few nanometers depends 

on the feature size of the 

patterned structure or 

template 

High 

Electron beam 

lithography 

Sub 10nm. 

Depends on patterns and 

photoresist 

Low 

Several hours to write a 

pattern 

3D Direct laser writing XY plane pattern 

resolution >1um 

Low 

Several hours to write a 

pattern 

Interference Lithography Sub um High 
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3.1. Lithography Techniques 

3.1.1. Photolithography 

3.1.1.1. Introduction to Photolithography 

Photolithography[1-3] is the process that use a light source which depends 

on the photosensitive wavelength of the photoresist. A patterned photomask 

manufactured by a mask maker with minimum feature size around 2um was placed 

between the photomask and photoresist, and after exposure the designed image on 

the mask can be transfer to the photoresist.   

Mask maker DW66L with minimum resolution 2um in the clean room was 

used to prepare the photomask. For the 2D designed mask, we use a 405 nm diode 

laser equipped with the mask maker to get high-resolution writing of the low-

reflective-Cr plates from Nanofilm coated with 530 nm thick AZ1518 positive 

photoresist. 
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Figure 3.1 Schematic of the photolithography process. Reproduced with 

permission[17] 

3.1.1.2. Photolithography Fabrication 

Typically a photolithography process includes spin coating a photoresist 

onto a substrate, followed by soft bake, exposure, post-exposure bake (depending 

on photoresist), develop, rinse and dry. SU-8, a commonly used epoxy-based 

negative photoresist was used to make periodic structures. Spin coating SU8 2000.5 

with spin speed 3000rpm for 1 minute on a glass substrate, followed exposure 

under UV light to form an adhesion layer. Spin coating SU8 2010 on the top of the 

adhesion layer with spin speed 3000rpm for 1 minute to form a 10um photoresist 

layer, which is then soft baked in an oven at 60℃ for 3mins.  The next of the process 
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is to expose under UV light with a mask aligner for 10sec, post bake at 120℃ for 

1min and develop in PGMEA for 30sec, then rinse and dry. 

 

Figure 3.2 Optical and SEM images of 2D SU8 patterns fabricated by 

photolithography. Reproduced with permission[17] 

3.1.1.3. Multiple Steps of Photolithography Fabrication for PT Symmetric 

Structures 

Photolithography can fabricate photosensitive materials with designed 

patterns, but this method can not directly fabricate patterns with an non-

photosensitive materials. One approach is to dope the non-photosensitive materials 

into the photoresist. However, it is a challenge to control the concentration and 

dispersion of the non-photosensitive materials in photoresist. We developed a 

method to combine multi-step photolithography with coating and etching processes 

to fabricate 2D PT symmetric materials with desired patterns.   
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Figure 3.3 Schematic of the multi-step photolithography process[1, 18]. 

Reproduced with permission[17] 

DOO-PPV [18, 19] in toluene solution at a concentration of 15mg/ml has 

been used for spin coating on a glass substrate. The Toluene of DOO-PPV is heated 

up to 100℃ in oven (in a hood) to achieve concentration of 15mg/ml.  The DOO-PPV 

solution is spin coated with spin speed 1000rpm for 1 min. Then the sample is 

baked in the vacuum oven at 80℃ for 30 minutes. Next SU8 2000.5 is spin coated on 

top of the DOO-PPV layer at a spin speed of 3000 rpm, then soft baked at 60℃ for 

3mins. After exposure the sample with photomask with mask aligner in the 

cleanroom, for 10 sec, the exposed sample is developed in PGMEA for 30 sec, then 

rinsed and dried. After this step the photoresist on the top of DOO-PPV is patterned 

and ready for dry etching. Dry etching uses a gas plasma. The sample was placed in a 

chamber with a mixture of gas at low pressure which etched whole areas of the 

device. The DOO-PPV areas which are covered with the photoresist will remain 

while the uncovered DOO-PPV areas will be etched. Thus the pattern of the SU8 

photoresist will be transfer to DOO-PPV. 
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Figure 3.4 Optical image of 2D DOO-PPV pattern.  

Reproduced with permission[17] 

3.1.2. 3D Direct Laser Writing 

3D direct laser writing (DLW)[1, 15] has been developed for the fabrication 

of 3D photonic crystals since the 1990s. DLW can fabricate high resolution patterns 

rapidly and cheaply. In DLW, the two-photon absorption with defined wavelength 

light wave is used to illuminate the photosensitive material. Similarly with regular 

photolithography processes but with avoidance of reticles, by scanning the laser in 

3D systems with a fine resolution motorized stage. The two-photon absorption 

process occurs in the transparent negative (SU8) or positive photoresist (AZ3012). 

to create crosslink, polymerization chemical reaction with desired pattern, followed 

developed step and rinse/dry for arbitrary three-dimensional non-periodic or 

periodic structures. 

For the 3DDW fabrication process, photoresist SU8 2000.5 was spin coated 

on a square glass substrate with spin speed 3000rpm, hard baking at 60℃ for 2 

25um 25um 
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minutes and exposure under UV light (wavelength ~350-400 nm) for 1 min to make 

an adhesion layer.  15um SU8 layer was spin coating with SU2010 on the top of the 

adhesion layer with spin speed 2000rpm, 90 ℃ soft baking for 3mins in oven, and 

DWL with controlled laser power and patterns for different 3D geometries and 

feature sizes. Post-bake the sample at 120℃ for 1min and develop in PGMEA for 

30sec, rinse and dry. 

 

Figure 3.5 Optical and SEM images of a3D SU8 pattern fabricated via DLW.  

This 3D frame for backfilling with DOO-PPV was designed by Linyuan Xin; 

fabricated via 3DDW, and SEM image by Ori Stein; optical imagine, backfilling 

with DOO-PPV and optical pump by Linyuan Xin. Reproduced with 

permission[17] 

3.1.3. Interference Lithography 

Interference lithography [11, 12, 14] has advantages of fabricating large-

area, defect-free 3D structures with high resolution, and can make unique optical 

structures rapidly with low cost. Two or more beams of light wave with proper 

beam parameters interference can cause chemical reaction like crosslink, 
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polymerization inside of the negative or positive photoresist, which can convert into 

specific 1D, 2D or 3D structures. Different geometries and volume fractions can be 

fabricated by proper controlling beam polarizations and intensities. 

 

Figure 3.6 Schematic of (a) multi-beam IL and (b) Phase mask IL. In this 

schematic, only two beams are illustrated for simplicity. (c)SEM image of a SU-

8-based 3D structure fabricated by multi-beam IL. Reproduced with 

permission[13]. 

3.1.3.1. Four Beams Interference Lithography 

The beam parameters was simulated by MATLAB to overview the 3D 

patterns. Then spatially coherent light source which was provided by a continuous 

wave, frequency-doubled laser guarantees a uniform wavefront, then coherent light 

was split into four beams prior to achieve interference experimentally.  

To prepare SU8 photoresist for exposure, adhesion layer was prepared on 

the top of square glass with same parameters above. Then 8um SU8 layers was spin 

coating with SU8 2010 on the top of the adhesion layer with spin speed 4500rpm for 

1 minute, soft bake in an oven at 90℃ for 3mins.  Exposure under coherent light and 
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develop in PGMEA for 30sec, rinse. For the interference lithography patterned 3D 

structure, the dry step was done in a critical point dryer. 

 

Figure 3.7 SEM image of 3D SU8 pattern fabricated by interference 

lithography. Reproduced with permission[17] 

3.1.4. E-Beam Lithography  

Electron beam lithography (E-beam Lithography)[1, 6, 8, 9] is a high 

resolution lithography technique which was developed in 1960s, to fabricate 

patterns with sub 10nm feature sizes. E-beam lithography is similar like the 

standard photolithography, but using the scanning focused electron beams to create 

patterns.  Usually E-beam lithography system is mounted on a Scanning Electron 

Microscope (SEM), the focused electron beam is controlled properly with designed 

pattern and scanned through photoresist which was electron sensitive, the 
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solubility of the resist changed by the electron beams deposited on the exposed and 

un- exposed area and enables the removal of the different pattern regions. 

3.2. Periodic Gain and Loss Structures 

3.2.1. Gain Materials 

Gain medium usually was used to amplify the light intensity which is 

required in a laser system. There are three platforms can provide efficient gain: 

semiconductors, polymers and dyes. Polymers have many advantages comparing 

with semiconductors, the fabrication process is much easier and cheaply, and the 

gain properties can be tuned by chemical functionalization of the polymers chain, 

moreover the polymers can be fabricated for large area devices or even flexible 

devices. In this work we mainly use DOO-PPV [18-21] and organic dye Rhodamine 

640[22, 23] as gain medium. 

 

Figure 3.8 : 9-(2-carboxyphenyl)-2,3,6,7,12,13,16,17-octahydro-

1H,5H,11H,15H,-xantheno[2,3,4-ij:5,6,7-i'j']- diquinolizin-4-ium perchlorate, 

Rhodamine 640 
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Rhodamine 640 in ethanol were backfilled in a 2D SU8 periodic pattern, 

PDMS was used to press the periodic pattern and avoid any extra layer of 

Rhodamine 640 on the top of SU8- Rhodamine 640 lattices. 

 

Figure 3.9 Rhodamine 640 (red) backfilled in a SU8 lattice (green). 

Reproduced with permission[17]  

3.2.2. Characterization of gain properties in 2D periodic structure 

A gain medium should have simulated emission and high luminescence 

efficiency. Photoluminescence(PL) was mesuared from the 2D gain-loss periodic 

patterns, by using a setup of Ocean optics spectrometer, optical fiber, and a pumping 

laser. The optical image of the device shows clear contrast of gain and loss and high 

intensity of PL.  
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Figure 3.10 Optical image and PL of gain-loss periodic structure. 

Reproduced with permission[17] 

To measure the optical behaviors and unidirectional properties of the 

periodic gain and loss lattices, we have modified the home-built pump probe station 

with pump wavelength 532nm, probe wavelength 633nm.  

 

Figure 3.11 Stimulated emission depletion[24, 25]. Reproduced with 

permission[17] 
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   Pump beam intensity of 160kw, probe beam intensity 20kw has been 

applied separately. Stimulated Emission Depletion (STED) [24, 25]has been 

observed from dye doped PVA polymer, which is the fundamental requirement for 

PT symmetric behavior.  

 

 

Figure 3.12 Stimulated emission depletion with pump/probe from top view. 

(Collabration with Jae-Hwang Lee). Reproduced with permission[17] 

As we can see from Figure 3.12, stimulated emission depletion has been 

observed from this 2D polymer dye doped lattice. We have modified the optical 

setup to characterize the symmetric behavior, the sample was place on the top of 
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the sample holder, with pump beam on the top and probe beam coupling from the 

waveguide side or top side, see Figure 3.13. 

 

Figure 3.13 Optical Setup of the Pump-Probe Station for STED measurement 

with coupling through waveguide. Schematic by Jae-Hwang Lee, reproduced 

with permission[17, 26] 

The 2D gain and loss lattices was designed with a SU8 waveguide (material 

same as template) which is 10um thick and 10um width on the glass substrate. And 

the measurement strategy as below, see Figure 3.14 and Figure 3.15. 
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Figure 3.14 STED(G) and STED(L) from top of the sample for probe laser 

coupling through waveguide from gain and loss sides. Reproduced with 

permission[17] 

The pump beam was applied from the top view of the sample to excite the 

gain medium, and the probe beam coupling into the lattice through the waveguide 

from gain side or loss side respectively, with output intensity STED (G) and STED 

(L), the intensity of STED (G) and STED (L) is captured from a CCD camera placed on 

the top of the sample.  

 

Figure 3.15 Probe intensity(G) and Probe intensity (L) when probe laser 

coupling through waveguide from gain and loss side. Reproduced with 

permission[17] 
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The next step is toward PT symmetric breaking in this 2D system. The pump 

beam was applied from the top view of the sample to excite the gain, and the probe 

beam coupling into the lattice through the waveguide from gain side or loss side 

respectively, with output probe intensity (G) and probe intensity (L). The intensity 

should be same when before the symmetric breaking, however it should show 

unidirectional behavior after the pump intensity reaches critical point which mean 

symmetric breaking. 

2D gain and loss lattices have been fabricated connecting with a waveguide 

by using photolithography, the fabrication process is similar was the lattice system 

but just waveguides added, followed the dye filling. The concentration of the dye 

materials in glycerol has been modulated to make balanced gain and loss contrast. 

 

Figure 3.16 2D lattice with waveguide. Reproduced with permission[17] 
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The 530nm pump beam was applied on the top of the sample to excite the 

gain medium, and the 633nm probe beam was coupling through the waveguide by 

using a tapered fiber. However, we found the waveguide coupling efficiency was not 

high enough. The reason is that the edge of the waveguide is not sharp enough, and 

this waveguide structure is just glass/waveguide/air structure which means it is not 

easy to get high coupling efficiency. Due to the multiple process of the fabrication 

and backfilling it is not an option to put a clad layer on the top of the waveguide. To 

solve the coupling problem, there are several possible solutions: (A) Fabrication of 

this device on silicon substrate and with a clad layer on the top of the substrate, the 

refractive index of the clad layer should be matched with core layer (SU8 with dye 

doped); (B) Fabrication of grating structure instead of waveguide, the probe beam 

can be coupled through the top of the grating structure with an angle, grating sizes 

should be simulated for a high efficiency coupling. Efficient coupling to this 2D 

system is critical challenge for PT measurement, even it is more challenging in a 3D 

system. 

3.2.3. Characterization of gain properties in 3D periodic structure 

Compare with the 1D and 2D gain and loss modulated periodic structure, the 

3D PT symmetric devices offer us richer arena to explore unusual optical behaviors, 

such as negative refraction, and exotic photonic bandgap characteristics. The 3D PT 

symmetric structure has been fabricated by using interference lithography and 3D 

direct laser writing (3D DLW by collaboration with Ori Stein), see Figure 3.5. Gain 

medium (DOO-PPV in toluene) was backfilled into this 3D template, which makes 
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the template acting as loss and surrounding material as gain, see Figure 3.17. The 

gain and loss contrast is tunable by changing template size and DOO-PPV 

concentration, to make balanced gain and loss.  And it is possible to make opposite 

gain and loss structure by choosing positive or negative photoresist for template 

fabrication. 

  

 

 

Figure 3.17 Optical pumping of SU8 3D template backfilled with DOO-PPV. 

Reproduced with permission[17] 

Due to the rough surface of 3D template and backfilled materials, coupling of 

probe beam into this system has not been solved yet. There are several possible 

solutions to make efficient coupling into this system: (A) For IL 3D template, using 

multiple fabrication process to connect this 3D system with a waveguide, or grating 

structure; (B) For 3D DWL template, to fabricate the waveguide or grating structure 

together with the template; (C) Using a focused beam for direct coupling into the 

template. For solutions A and B, it is critical to make the waveguide stand on the 
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side of the template stably; and for solution C, it is critical to focus on the exact point 

for coupling and more important is that to find the critical point or area for output 

measurement.  

So far, 3D PT symmetric materials and devices have not been explored 

successfully due to fabrication issues, measurement challenges. We have explored 

and solved several critical issues to achieve this target in 1D system, which would be 

very useful for 3D PT symmetric system, details see chapter 4. 
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* ’Experimentally demonstrated PT symmetry breaking in polymer-based (dye doped SU8) 
waveguide. Relationship between transmission, reflection, critical point and gain materials have been 
investigated experimentally, which is consistent with theoretical simulation. This result shows 
possibilities to manipulate and shape both real and imaginary part of refractive index profile toward 
unusual optical behavior in organic materials’’ – Abstract of paper draft, details see chapter 4 and 5 
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4.1. Introduction  

Designing and synthesizing new materials with unique properties has been a 

hot area in optics, to develop materials with artificial structures play an important 

role in solving these critical challenges. In most studies so far, these approaches rely 

exclusively on control of the real part of the refractive index contribution in the 

system[1-5]. Recently, employ gain and loss in a periodic structure was suggested 

and developed as a new way to mold the flow of light which can not be achieved by 

previous methods only controlling real part of the refractive index. This new area, 

which mainly manipulate the imaginary part and real part of optical synthetic 

materials, was promoted last decade with the notion of ‘parity–time (PT) symmetry 

in optics’ [6]and demonstrated by interplay of gain and loss experimentally 

recently[7-19]. 

So far, PT symmetry broken has been demonstrated in inorganic 

semiconductors [7, 8, 10, 12]. Here, we report our investigation in polymer based 

system, since organic materials have several advantages. Firstly, the optical 

behaviors of polymers can be manipulated by functionalization such as photobleach 

or doped with dyes/QDs; Secondly, polymer provides the easiest and low-cost way 

to fabricate large area and even 3D macroscopic structures, with efficient gain 
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doped or mixed[20, 21]; Last but most promising is that to realize PT symmetry 

behaviors in biocompatible polymers opens new possibilities for unusual optical 

properties in biomedical applications. This work mainly focus on the polymer-based 

waveguide which is a critical part of optics and has great potential to achieve PT 

symmetric behaviors. 

4.2. Gain and Loss Materials  

Due to high capability of optical responses and easily tunable optical 

behaviors in organic materials, modulation of refractive index can be achieved by 

doping host polymers with active gain materials such as organic dyes and quantum 

dots/rods. Commercially available organic dyes with sufficient gain [22, 23] allow 

for the generation of optical gain at any wavelength in the visible spectrum. Or c0-

evaporate photosensitive small molecules to tune refractive index by using vapor 

deposition method without any lattice mismatching problems[24, 25].  

Fluorescent dye Rhodamine 640 (SigmaAldrich) was doped in SU8-2005 

(Micro Chem) with concentration of wt 0.3%, wt 0.5%, wt 0.7% and wt 1%, followed 

30mins ultrasonic treatment. The glass substrate was cleaned by acetone and IPA. 

The Rhodamine 640 was doped in SU8-2005 was spin-coated at 5000rpm for 40s, 

followed soft bake at 95 ℃  for 2mins, final thickness 4um. To modulate the gain and 

loss balance, annealing process has been performed after soft bake, at 60 ℃ 20mins 

and then 90℃ 20mins.  
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Figure 4.1 Dye-doped SU8 thin film, wt=0.3%, 0.5%, 0.7% and 1%, from left 

right* 

The absorption of doped/unfilled film w/wt annealing was measured by UV-

VIS-NIR Spectroscopy (SHIMADZU) Figure 4.1 shows the absorption changed by dye 

concentration and annealing process, the absorption increases when dye 

concentration increased, as well as after annealing. The unfilled SU8 film is UV 

sensitive which has strong absorption below 400nm and maximum at 365nm, but 

has weak absorption above 400nm and much lower than Rhodamine 640 at the 

wavelength of 633nm. 

                                                        
 

* this Figure might be modified for final draft 
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Figure 4.2(a) (b) (c) Absorption of dye-doped SU8 vs dye concentration, and 

annealing effect on absorption* 

The gain measurement of Rhodamine 640 doped SU8 film was performed 

with Variable Stripe Length (VSL) method. The Rhodamine 640 was doped in SU8-

2005 was spin-coated on silicon substrate at 5000rpm for 40s, followed soft bake at 

95 ℃  for 2mins, final thickness 4um, then 60 ℃ 20mins and then 90℃ 20mins for 

gain/loss modulation.  Same process as waveguide fabrication, then the sample was 

                                                        
 

*  Figure might be modified and keep one figure for final draft 
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cut for sharp edge which is critical for gain measurement*, to avoid scattered 

emission from rough edge.  

4.3. Simulation and Fabrication of Polymer-based Single 

Waveguide  

The theoretical simulation (COMSOL) of the light coupling into waveguide 

and mode profile were performed at the wavelength of 633nm, waveguide geometry 

with 4um width, 4um height and 1cm of core material and 20um thickness of both 

top/bottom clad. Refractive index of core and clad are 1.58 and 1.48 respectively. 

Fig 3 shows the simulation results of the fundamental mode of this 4um*4um 

polymer-based waveguide, and only fundamental mode is supported at the 

wavelength of 633nm since higher mode was extremely weak guided.  

                                                        
 

* Gain of Rhodamine 640 doped SU8 film to be measured at UCF, see chapter 5. 
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Figure 4.3 Simulation of symmetric fundamental mode in a passive (no gain or 

loss) waveguide 

The photo-thermal resist LIGHTLINK™ XP-07423A (Micro Chem) was spin-

coated on silicon wafer at 500rpm for 40s, soft bake at 90 ºC for 15mins, then 

thermal cure at 160 ºC for 60mins. This final thickness of the clad layer is about 

20um, which shows good adhesion with Si wafer. SU8-2005 was chosen as core 

materials since it has good mechanical properties and low optical absorption of XXX 

dB/cm at wavelength of 532nm and XXX dB/cm at 633nm* (*, optical loss of these 

waveguides will be measured at UCF.) SU8-2005 (Micro Chem) was spin-coated at 

5000rpm for 40s, followed soft bake at 95 ºC for 2mins, final thickness 4um. 

Waveguide structures have been patterned by photolithography with exposure dose 
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at 100mJ/cm2, post exposure bake at 95 ºC for 2mins, then developed in PGMEA for 

1min, and rinse by IPA. Clad layer was spin-coated on the top with resist 

LIGHTLINK™ XP-07423A at 500rpm for 40s, soft bake at 90 ºC for 15mins, then 

thermal cure at 160 ºC for 60mins. 

 

Figure 4.4 SEM image of waveguide, core on clad from side view 

The losses of the waveguide are measured at the wavelength range of 

500nm-800nm, with the length of the waveguide samples cutting into 20mm, 
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40mm, 80mm and 100mm. A standard waveguide* was used for normalize the setup 

first, The light was coupling into the waveguide using coupled lenses from onside, 

and collecting coupled light from the other side of the waveguide using same 

coupled lenses and analyze using a spectrometer.†   

The mode profile of the waveguide are measured using 633nm HeNe laser 

with coupling lenses. The output light after coupling was captured using a CCD 

camera. ‡ 

4.4. Parity-Time Symmetry Breaking in Gain/Loss Waveguide 

As predicted by the theoretical simulation, the fundamental mode is lost and 

break into two modes when PT symmetry is breaking above the critical point, one 

mode acting as gain and the other as loss. PT symmetry breaking in parallel 

waveguide has been reported in AlxGa1-xAs system[16]. Here we investigated the 

PT symmetry breaking in polymer-based waveguide and demonstrated it 

experimentally.  

                                                        
 

* Or fiber, based on results and UCF setup, see chapter 5 
† The optical losses of this SU8 waveguide over the spectrum range of 500nm-800nm, to be 

measured at UCF, see chapter 5 
 
‡ Based on the theoretical simulation, the non-doped waveguide mode profile at the 

wavelength of 633nm should show symmetric behavior, see Figure 5.3 
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The theoretical simulation was performed in a dye doped SU8 waveguide, 

with balanced gain and loss. The dimension of the waveguide is 4um * 4um, left side 

was doped with dye materials (Rhodamine 640) and the right side is unfilled SU8 

(exhibits as loss) waveguide. Theoretical simulation shows that the PT symmetry 

was breaking found when k (gain/loss) > 0.03. 

 

Figure 4.5 The symmetric fundamental mode below the critical point 

G L 
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Figure 4.6 PT symmetry breaking. The waveguide exhibits a gain and a loss 

mode above the critical point 

G G L L 
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Figure 4.7 The PT symmetry breaking above critical point, and the waveguide 

acting as gain and loss mode 

The fabrication of the PT waveguide is similar as un-filled waveguide. The 

photo-thermal resist LIGHTLINK™ XP-07423A (Micro Chem) was spin-coated on 

silicon wafer at 500rpm for 40s, soft bake at 95 ºC for 15mins then thermal cure at 

160 ºC for 60mins. This final thickness of the clad layer is about 20um, which shows 

good adhesion with Si wafer. Rhodamine 640 doped (wt=1%) SU8-2005 was chosen 

as core materials with low optical loss at wavelength of 532nm (pump wavelength) 
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and 633nm (probe wavelength). Rhodamine 640 doped (wt=1%) SU8-2005 film 

was spin-coated at 5000rpm for 40s, followed soft bake at 95 ºC for 2mins, final 

thickness 4um. Waveguide structures have been patterned by photolithography 

with exposure dose at 100mJ/cm2, post exposure bake at 95 ºC for 2mins, then 

developed in PGMEA for 1min, and rinse by IPA. Clad layer was spin-coated on the 

top with resist LIGHTLINK™ XP-07423A at 500rpm for 40s, soft bake at 95 ºC for 

2mins then thermal cure at 160 ºC for 60mins. 

A 532nm laser was used to pump the left side of the waveguide, and 633nm 

light was coupling into the center of waveguide using coupled lenses and coupled 

light from the other side of the waveguide was captured using a XXX CCD camera 

connecting with same coupled lenses. Fig 12 shows the theoretical simulation and 

experimental results of mode profile below and above critical point. 

 

4.5. Further Work* 

 

 

                                                        
 

*  More detailed about characterization about this part see chapter 5. 
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Parity-Time Symmetry Breaking and Nonlinear 

Optical Behaviors in Polymer-based Coupled 

Waveguides* 

 

 

 

 

 

 

 

                                                        
 

* This part can be additional part or combine in one paper with part 1, characterizations in 
progress 
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4.6. Simulation of PT Symmetry Breaking in Coupled 

Waveguides  

We proposed a coupled polymer-based waveguide structure to achieve 

nonlinear optical behaviors and unidirectional reflection. The theoretical simulation 

(COMSOL) were performed to investigate the light propagation in the coupled 

waveguide at the wavelength of 633nm, two parallel waveguides with core length of 

1cm, width 4um and height 4um,  clad layers thickness 20um covered at the bottom 

and on top of the core layers. Refractive index of core and clad are 1.58 and 1.48 

respectively. Distance between the two parallel waveguides are 1um, 2um and 3um.   

4.7. Fabrication of Gain/Loss Coupled Waveguide 

The fabrication of coupled waveguide is exact the same process with single 

waveguide, except the photolithography step. The photo-thermal resist 

LIGHTLINK™ XP-07423A (Micro Chem) was spin-coated on silicon wafer at 500rpm 

for 40s, soft bake at 90 ºC for 15mins then thermal cure at 160 ºC for 60mins. This 

final thickness of the clad layer is about 20um, which shows good adhesion with Si 

wafer. Rhodamine 640 doped (wt=1%) SU8-2005(Micro Chem) was chosen as core 

materials since it has good mechanical properties and low optical absorption at 

532nm and at 633nm. Dye-doped thin film was spin-coated at 5000rpm for 40s, 

followed soft bake at 95 ºC for 2mins, final thickness 4um. Waveguide structures 

have been patterned by photolithography with exposure dose at 100mJ/cm2, post 
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exposure bake at 95 ºC for 2mins, then developed in PGMEA for 1min, and rinse by 

IPA. Clad layer was spin-coated on the top with resist LIGHTLINK™ XP-07423A at 

500rpm for 40s, soft bake 95 ºC for 15mins then thermal cure at 160 ºC for 60mins. 

 

Figure 4.8  Microscope imagine of coupled waveguide 

4.7.1. Unidirectional Light Propagation in Coupled Waveguide* 

 

 

 

                                                        
 

*  See chapter 5 
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Chapter 5 

Discussions and Future Work  

5.1. Discussions of Possible Output from Undergoing 

Characterizations*  

In chapter 4 we have theoretically and experimentally investigated the 

Parity-Time symmetry breaking in polymer-based single waveguide, also we have 

proposed and fabricated polymer-based coupled waveguides for Parity-Time 

symmetry breaking and nonlinear optical behaviors. Parity-Time symmetry 

                                                        
 

* Simulation and fabrication have been done (chapter 4), some characterization in progress. 
This part discuss the possible outputs from the characterizations. The expected data in this chapter is 
marked with ‘*’, and will be replaced with measured data in the paper draft once experiments done. 
Several characterization parameters are still being optimized, we use ‘xx’ in this chapter.  
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breaking in polymer-based single waveguide is approaching the target and a paper 

draft is under preparation*.  

Here we present the experiments and characterizations which are still in 

progress (collaborate with the Abouraddy group at College of Optics and Photonics, 

University of Central Florida), and possible outputs based on the simulation results 

and fabrication. 

5.1.1. Optical Loss of Waveguide 

Samples were fabricated with the process in chapter 4, for non-doped and 

Rhodamine 640 dye doped waveguides. A standard waveguide or fiber was used for 

normalize the optical-loss measurement setup first, then the light was coupling into 

the waveguide using coupled lenses from onside, and collecting coupled light from 

the other side of the waveguide using same coupled lenses and analyze using a 

spectrometer. We measure the optical losses of the waveguide at the wavelength 

range of 500nm-800nm, for both structures. The waveguide show low optical 

absorption of XXX dB/cm at wavelength of 532nm and XXX dB/cm at 633nm. 

                                                        
 

* The preliminary draft is still under writing and more data is adding/correcting.  Plan to 
submit it to Physical Review Letters (Advanced Optical Materials, Nature Communications, or 
Applied Physics Letters) based on the final results. 
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Figure 5.1 Optical loss of SU8 waveguide* 

5.1.2.  Gain Measurement 

Gain of SU8 film doped with different concentration of Rhodamine 640 dye 

were performed via Variable Stripe Length (VSL) method[1, 2]. The silicon wafer 

was prepared with dicing saw at the back side. After the dye doped SU8 film was 

prepared on the silicon substrate, the sample was cut for sharp edge which is critical 

for gain measurement, to avoid scattered emission from rough edge. The 532nm 

laser (repletion xx Hz and pulse width xx ns) was used to pump the sample 

transversally. The thinstriped shape excitation beam was focused on the top of the 

sample by using cylindrical lenses. The excitation stripe length was controlled 

                                                        
 

* Expected data, to be replaced with data measure at UCF 
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manually and measured with marks on the setup. A CCD camera (XX brand) was 

placed at the edge of the sample to collect emissions from the sample, and analyzed 

by xx. A large net gain coefficient of xx cm−1 is obtained for a pump density of xx 

MW/cm2 (XX mJ/cm2). 

Figure 5.2 Gain measurement of Rhodamine 640 doped SU8. 

5.1.3.  The Mode Profile of Waveguide/PT Waveguide 

 

Figure 5.3 Mode profile of SU8 non-doped waveguide (no gain or loss) at 

wavelength of 633nm*.  

                                                        
 

* Expected data, image modified. Reproduced with permission 3. Nordström, M., et al., 
Single-mode waveguides with SU-8 polymer core and cladding for MOEMS applications. Journal of 
Lightwave Technology, 2007. 25(5): p. 1284-1289. Will be replaced with captured data 
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Figure 5.4 Mode profile of PT symmetry breaking in dye doped SU8 waveguide 

above critical point*  

                                                        
 

* Expected data, image. Reproduced with permission 3. Nordström, M., et al., Single-mode 
waveguides with SU-8 polymer core and cladding for MOEMS applications. Journal of Lightwave 
Technology, 2007. 25(5): p. 1284-1289. 
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5.1.4.  Conclusion and Discussion 

From Figure 5.3 and 5.4, we have experimentally demonstrated PT symmetry 

breaking in polymer-based (dye doped SU8) PT waveguide. The experimental data 

matches with theoretical simulation results, see Figure 4.7 (in Chapter 4). 
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Figure 5.5 Simulation and experimental observation of PT symmetry 

breaking*.  

5.1.5.  Unidirectional Light Propagation in Coupled Waveguide 

A 532nm laser was used to pump the left WG (laser beam length xxx cm and 

width 4 um to cover whole WG, pulse x ns, UCF). The probe beam (633nm HeNe 

                                                        
 

* Expected data, image. Reproduced with permission 3. Nordström, M., et al., Single-mode 
waveguides with SU-8 polymer core and cladding for MOEMS applications. Journal of Lightwave 
Technology, 2007. 25(5): p. 1284-1289. 
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laser, pulse x ns, delay x ns) was coupled into the gain/loss WG and propagate 

through the coupled waveguide, the propagated light image and intensity was 

captured by a XXX CCD camera with coupling lenses (UCF).  

 

Figure 5.6 Symmetric mode profile of coupling into SU8 waveguide. (a) Input 

from L and capture light from G; (b)Input from G and capture light from L * 

                                                        
 

* Expected data, image modified from. Reproduced with permission 3. Nordström, M., 
et al., Single-mode waveguides with SU-8 polymer core and cladding for MOEMS applications. Journal of 
Lightwave Technology, 2007. 25(5): p. 1284-1289. 
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Figure 5.7 Mode profile of coupling into SU8 waveguide and PT symmetry 

breaking above critical point. Light coupled from G and capture light from G, 

PT symmetry breaking * 

As we can see from Figure xx, unidirectional optical transport was observed 

in this gain and loss modulated coupled WG. Before symmetry breaking, light 

coupling into G propagated through the WGs and was detected and the L, and the 

light coupling into L propagated through the WGs and was detected and the G, 

respectively. However, the PT symmetry breaking above critical point when we 

increase the pump intensity at xx, the light coupling into G propagated through the 

WGs and can only be detected and the G side.  We can explain this experimental 

                                                        
 

* Expected data, image modified. Reproduced with permission 3. Nordström, M., et al., 
Single-mode waveguides with SU-8 polymer core and cladding for MOEMS applications. Journal of 
Lightwave Technology, 2007. 25(5): p. 1284-1289. 
 

  

G

L 

 

L 

 



- 84 - 
 

result theoretically, and explain this result with detailed relations of critical 

point/reflection.  

This unidirectional optical transport behavior opens a new way for optical 

isolators and even shows great possibilities to explore more interesting behaviors in 

2D and 3D polymer-based photonic lattices. 

5.2.  Future Work 

5.2.1.  1D PT Symmetric Materials and Structures 

After the 1D PT symmetric waveguide have been investigated, the following 

work should focus on the nonlinear behavior in this parallel waveguides. And 

plasmonic PT-symmetric structures could be experimentally demonstrated by 

proper design and fabrication based on the proposed theoretical work frame[4] 



- 85 - 
 

5.2.2. 2D and 3D PT Symmetric Materials and Structures 

 

Figure 5.8 Matlab simulation of gyroid structure. This gyroid template exhibits  

as loss, and the backfilled with gain materials. 

To achieve 2D and 3D PT symmetric breaking, the first and most important 

step is to solve the coupling issue, as discussed in chapter 3. Several interesting 3D 

structures could be used for this PT symmetric project, such as Gyroid structure, see 

Figure 5.8.  
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