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ABSTRACT  

ULTRAFAST LASER FABRICATION OF 3 -D PHOTONIC COMPONENTS AND 

PHOTONIC TOPOLOGIC INSULATORS  

Sheng Huang, PhD 

University of Pittsburgh, 2018 

Optical waveguide interconnect has been considered as a key enabling technology to address 

bandwidth bottleneck limited by electrical wire at board levels. Current waveguide technology 

for optical interconnect were realized based on 2D waveguide technology based on layer-by-

layer lithography schemes built on silicon or polymer substrates. As data rate explodes at chip 

and board levels, the optical routing complexity and high laser power required to support high 

data bandwidth demand a new waveguide interconnect topology.  

In this dissertation, we study and explore ultrafast laser fabrication technology to build 

highly complex 3D waveguide lightwave circuits in glass substrates to support demand for high 

bandwidth optical interconnect. This dissertation first explores 3D waveguide structure 

fabrication in flexible glass substrates. Characteristics and performances of various waveguide 

devices inscribed in flexible glasses are compared with those built on polymer substrates. This 

work is then followed by development of an integrated laser manufacturing solution, using the 

same platform, to manufacture board-level optical interconnect waveguides and 45° total internal 

reflection (TIR) micromirror for vertical coupling. To expand 3D waveguide technology in 
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optical fiber devices, 3D waveguide couplers and WDM components, two key components for 

fiber lasers, were directly fabricated on multi-core optical fibers, turning the silica fiber from a 1-

D optical channel to a 3-D integrated system. Based on paraxial approximation, 3D coupled 

photonic waveguide array were designed, fabricated, and characterized to study photonic 

graphene under Gauge field. Results and efforts described in this dissertation demonstrated that, 

through the optimization of laser matter interaction, high-density 3D waveguide consists of more 

than 15 layer can be fabricated for a wide array of photonic applications. 
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1.0 INTRODUCTION  

Since the discovery of high-quality organic optical materials in the 1990s, polymer photonics has 

evolved into a dynamic field of engineering research and industrialization. The distinct 

advantages of polymer photonic devices, compared to inorganic photonic devices, are their low 

device/material costs and remarkable mechanical flexibility [1, 2]. These unique traits have 

instigated worldwide R&D efforts on polymer photonics at both device and system levels. The 

mechanical flexibility and low material cost of polymer photonics opens up a number of tangible 

possibilities for diverse photonic applications. Some prominent applications include board-level 

and rack-level optical interconnects [3-8], ñthe last mile problemò associated with Fiber-To-The-

Home (FTTH) applications [9-11], all-optical data processing [12-14], integrated sensor systems 

[15-17], and other short-haul communication applications.  

Over the last decade, a majority of R&D efforts in flexible photonics have been invested in 

the development of a wide range of optical polymer systems with characteristics that meet 

requirements in many photonic applications [18]. These material characteristics include 

refractive index, optical loss, birefringence, mechanical properties, and material stability [19]. 

While the development of high-quality polymer optical materials has achieved some successes, it 

still incurs relatively high optical loss especially at telecom wavelength of 1.5 mm. As data rates 

dramatically increase in short-haul communication systems driven by the digital revolution, the 

optical power required to support high data bandwidth in optical waveguides also increases 
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significantly. The relatively poor polymer thermal stability coupled with high optical loss of 

polymer photonic devices pose significant limitations of polymer photonic devices for high data 

bandwidth applications.  

Over the last several years a brand new class of flexible glass materials has been produced by 

major material companies for commercial electronics. By reducing the thickness of the glass 

substrate to less than 100 mm, remarkable mechanical flexibilities have been realized [32]. The 

dramatic reduction of glass thickness, resulting lower stiffness, and lower bend stress permit roll-

to-roll processes to produce high-quality glass substrates on a manufacturing scale that support 

pervasive consumer electronics applications. In addition to electronic device applications such as 

displays and photovoltaics, these flexible glasses enable new opportunities for flexible optical 

substrates.  

      These flexible glass substrates possess the same superior optical, mechanical, surface, 

thermal, and dimensional stability properties as the conventional thicker, rigid glass materials. 

Thus, these new, glass-based flexible optical substrates are inherently more stable and have 

better optical properties than the typical polymer optical substrates. The advent of flexible glass 

substrates provides an alternative to designing flexible lightwave circuits besides polymeric 

options. This dissertation explores the opportunity of using flexible glass substrates to enable 

new flexible photonic applications, device designs, performance levels, and fabrication 

techniques. It should be noted that all glass substrates can be made flexible when their thickness 

is reduced since the stiffness is related to (thickness) 3. The glass substrates used in this 

dissertation are an alkali-free borosilicate glass that is compatible with both flexible photonic as 

well as flexible electronic applications. It is known that high-quality waveguides can be 

produced in this glass family using the ultrafast laser direct writing process [36, 37].  
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In section 1 to section 3 of this dissertation, we report on the fabrication of waveguides in 

flexible glass substrates using the ultrafast laser direct writing technique [21]. Single-mode 

waveguides at 1550 nm with propagation loss as low as 0.11 dB/cm have been successfully 

produced in flexible glass with thickness of 25 µm, 35 µm, 50 µm, and 100 µm. Waveguide bend 

losses and thermal stability of fabricated waveguides and waveguide grating devices were also 

studied in this dissertation. In section 4 of this dissertation, we go beyond a single waveguide 

device in order to fabricate complex photonic structures using the enhanced laser writing 

platform.
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2.0 FLEXIBLE GUIDED -WAVE PHOTONICS  

Since the discovery of high-quality organic optical materials in 1990s, guided-wave polymer 

photonics has evolved into a dynamic field of engineering research and industrialization. The 

distinct advantages of polymer optical waveguide devices and circuits, compared to inorganic 

guided-wave photonic devices, are their low material costs and remarkable mechanic flexibility. 

These unique traits have instigated worldwide research and development efforts on polymer 

photonics at both device and system levels.  

When guided-wave photonic devices are fabricated on flexible material substrates, these 

devices manage to maintain their optical performance under mechanical deformations such as 

bending, stretching, compression, etc. Such mechanical flexibility has enabled a diverse range of 

photonic functionalities. Some prominent applications include optical interconnects at board 

levels and rack levels, ñthe last mile problemò associated with Fiber-to-the-home (FTTH) 

applications, all-optical data processing, integrated sensor systems, and other short-haul 

communications applications.  

Over the last two decades, flexible photonic circuits, by default, have been built using 

polymer materials or on polymer substrates. The advancement of flexible glass materials, 

however, have the potential to transform the landscape of the flexible waveguide photonic 

technology. In this section, we discuss potentials of flexible photonics based on flexible glass 

materials. To put these discussions in perspective, this section first reviews current state-of-the-
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art flexible photonic technology based on polymer materials. This is followed by brief review of 

optical and mechanical properties of flexible glass and their implications for photonic 

applications. Based on these background discussions, this section describes our recent efforts on 

the fabrication of photonic devices in flexible glass using ultrafast laser direct writing techniques. 

Characteristics and performance of various waveguide devices inscribed in flexible glass are 

compared with those built on polymer substrates.  

2.1 FLEXIBLE POLYMER PASSIVE WAVEGUIDE PHOTONICE  

The flourish of flexible guided-wave photonic devices started from the discovery of high-quality 

optical polymer materials in 1990s [1-7]. Since then, a significant portion of research and 

development efforts in flexible photonics have been invested. Topics include a wide range of 

optical polymer systems with characteristics that meet application requirements in photonics. 

These material characteristics include refractive index, optical loss, birefringence, mechanical 

properties, and thermal stability. These efforts have yielded a large number of optical polymer 

systems with excellent optical properties optimized for guided-wave applications.  

One of the most important developments of polymer photonics in the last decade is the 

development of polymer waveguides with exceptionally low optical propagation losses below 

0.05 dB/cm [8-10] for near infra-red (NIR) wavelength around 800 nm. Hence, polymer 

waveguides have become excellent candidates as optical links for board-level interconnects. 

Most of the polymer optical waveguides have been fabricated using conventional lithography-

based methods. Direct photo-patterning, micro-molding, and imprint/embossing have also been 

used to produce polymer waveguides. This versatility in device fabrication is another advantage 
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of polymer photonics. Table 1 summarizes some current state-of-the-art polymer optical 

materials and processing techniques used for polymer waveguide development and waveguide 

performance at various wavelengths.    

Table 1: Key Properties of Optical Polymers for Waveguide Fabrications [6] 

 

 

Manufacturer  Polymer Type 
Patterning 

Techniques 

Loss, dB/cm  

[ l, nm] 

Birefringence 

[l, nm] 

Allied Signal 

Acrylate 

Photo exposure 

/ wet etch, RIE, 

laser ablation 

0.02 [840] 

0.2 [1300] 

0.5 [1550] 

<2.0×10
-4
[1550] 

Halogenated Acrylate 

Photo 

Exposure /  

wet etch, RIE, 

laser ablation 

<0.01 [840] 

0.3 [1300] 

0.7 [1550] 

<10
6
 [1550] 

Amoco Fluorinated Polyimide 

Photo exposure 

/ 

wet etch 

0.4 [1300] 

1.0 [1550] 
0.025 

Dow Chemical 

Benzocyclobutene RIE 
0.4 [1300] 

1.0 [1550] 
 

Pefluorocyclobutene 

Photo 

Exposure /  

wet etch 

0.25 [1300] 

0.25 [1550] 
 

DuPont Acrylate Photolocking 

0.18 [800] 

0.2 [1300] 

0.6 [1550] 

 

General 

Electric 
Polyetherimide 

RIE, 

laser ablation 
0.24 [830]  

Hoechst 

Celanese 
PMMA copolymer Photobleaching 1.0 [1300]  

JDSU 

Photonics 
[BeamBox

TM
] RIE 0.6 [1550]  

NTT 

Halogenated Acrylate RIE 

0.02 [830] 

0.07 [1310] 

1.7 [1550] 

5.0×10
-6
 [1310] 

Deuterated 

Polysiloxane 
RIE 

0.17 [1310] 

0.43 [1550] 
 

Fluorinated Polyimide RIE 
TE:0.3 

TM: 0.7 [1310] 
 

 

Today, signals on a printed circuit board are routed using copper wires. As these electrical 

interconnects approach their physical limits on data rate and power dissipation, the advent of 
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low-loss polymer waveguide technology provides a feasible optical solution for high-speed 

interconnects at the board level. Polymer waveguide interconnect technology provides a number 

of advantages over those of copper wires including high bandwidth, low power consumption, 

and free of electromagnetic interference. Given that the bandwidth of optical waveguides is far 

higher than that of electric interconnect, the design (e.g. size, shape, length) and implementation 

(e.g. connectors) of optical interconnects is independent from signal channel data rate.   

Using either UV laser lithography or direct UV laser writing technique, multi-layer polymer 

waveguide arrays have been successfully fabricated on PCB boards with exceptionally low loss 

(<0.05 dB/cm [9]). A common polymer waveguide fabrication process developed by IBM [9] is 

illustrated in Figure 2.1.1. It typically involves four steps including: (1) the deposition and UV 

curing of the photosensitive lower cladding layer; (2) the deposition of the photosensitive core 

polymer layers; (3) the waveguides could be defined by either a UV laser direct writing (photo-

polymerization) or UV laser lithography and wet etching process; and (4) deposition and UV 

curing of the upper cladding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1: (a) Schematic of a polymer waveguide fabrication process, (b) Microscopic 

cross-section view of a 50×50 mm2 waveguide, and (c) a 4×12 waveguide array [9]   
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Repeating the waveguide fabrication process mentioned above, it is also possible to produce 

multi-layer waveguide structures. An example of a 4×12 waveguide array with pitch of 250-mm 

is shown in Figure 2.1.1(c). These waveguide devices were developed by IBM [9]. The 

waveguide cross-section is 50×50 mm
2
. Based on the low-loss polymer waveguide technology, 

various optical building blocks needed for board-level optical interconnects have been developed. 

Figure 2.1.2 shows the schematic and photograph of a 12 channels board-to-board optical 

interconnect link using polymer waveguides as on-board channels for 10 Gb/s per channel data 

rate transmission. 

  

 

 

 

 

 

 

 

 

 

Despite significant successes of the low-loss polymer waveguide development over the last 

decade, challenges remain. Waveguides built entirely using polymer materials have relatively 

low refractive index contrast Dn between the waveguide core n1 and cladding n2  (i.e. Dn=n2-n1). 

A large index contrast is necessary for strong optical confinements and tight bending radius.  

To address this challenge, a hybrid approach has been studied to develop high refractive 

index contrast waveguides by deposited very thin (< 3 mm) inorganic optical materials on 

Figure 2.1.2: Schematic of a 10-channel board-to-board optical link developed by IBM, and 

photograph [9]   
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flexible polymer substrates. Using a transfer printing approach [10-11], high-quality crystalline 

silicon waveguides fabricated on very thin silicon substrates can be integrated on flexible 

polymer substrates. However, multiple pattern transfer steps are required to accomplish this work.  

An alternative approach is direct material deposition and patterning on the flexible substrates. 

Recently, amorphous silicon and silicon nitride have been directly deposited on polymer 

substrates using a chemical vapor deposition technique [12-15].  However, the low melting point 

of polymer materials severely limit the deposition temperatures. This compromises optical 

quality of waveguides deposited and fabricated on polymer substrates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A relatively successful work of direct material deposition and patterning for waveguide 

fabrication on polymer substrates was achieved using high index chalcogenide glass (ChG) 

Figure 2.1.3: (a) Schematic view of flexible waveguide fabrication process, (b) photograph 

of waveguide after the handler substrate removal, (c) example of ChG glass with different 

composition, and (d) flexible waveguide bending test (after [12]).  
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materials as shown in Figure 2.1.3 [12]. This work takes advantages of high-refractive-index 

chalcogenide glass materials that are deposited at relatively low temperatures. The large glass 

composition selection of ChG materials also provides wide tunability of refractive index (n~ 2 to 

3). The fabrication process is schematically illustrated in Figure 2.1.3. The process begins with a 

spin-coating of SU-8 epoxy on an oxide coated Si wafer. This is followed by ChG material 

deposition using a sputter coating process at low temperatures. Using UV contact lithography, 

optical waveguide circuits can be fabricated on the top of the SU-8. Another layer of SU-8 was 

used to cover the ChG waveguide devices and to serve as waveguide cladding. After the UV 

cross-linking and planarization of the SU-8, this fabrication process can be repeated to produce 

multi-layer waveguide structures. Finally, the flexible structures (ChG waveguides embedded in 

SU-8) were delaminated from the rigid Si wafers to complete the fabrication process. Using high 

refractive index ChG glass, waveguide structures with a bending radius as small as 30-mm can be 

readily produced by this approach.  

Although the hybrid approach shown in Figure 2.1.3 increases the device design for flexible 

waveguide photonics, ChG materials produced by the low-temperature sputtering process 

nevertheless incur high losses of 1.6 dB/cm. This is much higher than those fabricated in pure 

polymer waveguides presented in Figure 2.1.1. 

2.2 FLEXIBLE POLYMER ACTIVE WAVEGUIDE PHOTONICS  

One of the unique traits for polymer optical materials is their capability for doping. This makes 

polymer materials an interesting alternative to inorganic substrates in applications of active 

waveguide lasers and amplifiers. A number of research works have been working to develop 
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polymer optical materials with optical gains from ultraviolet to near infrared wavelength ranges. 

The realization of high-quality active polymer materials with optical gains are inherently 

challenging, especially at l=1.5mm, for their potential applications in optical communications. 

This is due to the absorption from the C-H bonds from polymer matrix [16].  However, several 

activities have shown that it is possible to achieve significant optical gain via optimization in 

material compositions and waveguide fabrication. At present, most of the active polymer 

waveguide efforts attempt to dope or modify well-studied optical polymer materials such as SU-

8 or PMMA. Two approaches have been used to incorporate active species into optical polymers 

to achieved significant gain. 

 

 

 

 

 

 

  

 

The first approach is to attach rare-earth atoms such as erbium (Er) to organic ligands. For 

example, an erbium complex ligand, trisnitrato-tris-[4-(2-triethoxysily-propoxy)-phenylazo-

oxide]-phenyl-diphenyl-phosphin] erbium (III) (QB-Er) (Figure 2.2.1(a)), has been incorporated 

into PMMA. Incorporation of Er-containing polymer ligand into a polymer host (e.g. PMMA) 

can result in a few percent of Er concentration by weight. This leads to significant optical gain. 

Using spin coating, Er-complex-doped PMMA was coated onto thermally oxidized silicon 

wafers. The 7mm thick oxide layer serves as a lower cladding layer. Using a standard 

(a) (b) 

(c) 

Figure 2.2.1: (a) chemical structure of QB-Er complex ligand, (b) schematic sketch of PMMA 

active waveguide structures. The SEM photograph and guided mode profile at 1540 nm is shown 

in (c).  
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photolithography and etching process, a ridge optical waveguide was formed as a single-mode 

optical amplifier. The polymer optical waveguide amplifier demonstrated in Figure 2.2.1 [16] 

reports 1.35 dB/cm loss and a net gain (gain-loss) of 0.9 dB/cm under 90-mW optical pumping at 

l=980nm.  

To further improve the optical gain of polymer optical materials, rare-earth doped nano-

crystals have been incorporated into the polymer hosts. It is known that NaYF4 is one of the most 

efficient nano-crystalline hosts for Er
3+

 ions. Through Yb
3+

 and Ce
3+

 co-doping, emission 

efficiency of Er
3+

-NaYF4 nano-crystal can be optimized through the suppression of the up-

conversion process.The uniform dispersion of nanocrystals in PMMA or SU8 matrix can be 

achieved by coating nanocrystal NaYF4:Er
3+

, Yb
3+

, Ce
3+

 oleic acid. Zhao et. al [17] has 

development polymer optical waveguide amplifiers by dissolving both SU8 and nanocrystals in 

toluene. The solution was then spin-coated on thermally oxidized silicon wafer similar to those 

used in Figure 2.2.1. 

 

 

 

 

 

 

 

 

Figure 2.2.2(a) shows an SEM image of the SU-8 polymer waveguide on top of an oxidized 

silicon wafer. The dimension of single-mode polymer waveguide is 4×8 mm
2
. Pumped by a 980-

nm diode laser, the gain spectra of the 1.3cm long active waveguides with different Er- and Ce- 

Figure 2.2.2: (a) SEM photograph of polymer waveguides (SU8+ nanocrystals) on the top 

of oxidized silicon wafers, (b) the gain of polymer waveguide with different Er
3
+ and Ce

3+
 

concentration.  
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ion concentrations is shown in Figure 2.2.2(b). With Ce-dopant in nano-crystals, a maximized 

gain of 3.08 dB/cm has been achieved. This is very close to the gain of state-of-the-art of Er-

doped glass waveguides (4-5 dB/cm).  

In addition to the development of active polymer materials and waveguides, optical amplifier 

and laser technology could also benefit by exploiting the flexible optomechanical properties of 

polymer waveguide devices. Extreme broadband photonic tuning is possible using polymer 

waveguide devices where the wavelength tuning rage far exceeds what can possibly be achieved 

using conventional electro-optic or thermo-optic tuning. Flexible Bragg reflectors on highly 

elastic polymer are usually incorporated into a superluminescent laser diode (SLD) in order to 

demonstrate a widely tunable compact laser [15]. Both compressive and tensile strains can be 

applied so as to accomplish the continuous tuning of the Bragg reflection wavelength over a 

range of up to 100 nm. In addition, wavelength tuning from a polymer-based laser could also be 

achieved through thermo-optic effects. With a polymeric Bragg reflector as optical feedback, and 

a semiconductor optical amplifier [5] and SLD [6] to provide optical gain, the external-cavity 

laser is tunable through the thermo-optic (TO) refractive index tuning of polymer waveguide 

Bragg reflectors. The polymer material could be engineered to have superior TO efficiency and 

substantially change the refractive index. This enables direct tuning of the Bragg reflection 

wavelength over a wide range up to 30 nm. 

2.3 FLEXIBLE POLYMER WAVEGUIDES FOR ELECTRO -OPTIC APPLIC ATIONS 

Another major development of flexible polymer waveguide technology is electro-optic (EO) 

waveguide modulators enabled by polymer optical materials with very high EO tensor element 
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d33. Compared with inorganic EO materials such as LiNbO3, polymers offer advantages such as 

large bandwidth, ease of processing, and relatively low cost.  

Similar to rare-earth ions or nanocrystal doping schemes for waveguide polymer optical 

amplifiers or lasers discussed in the previous section, EO polymer waveguides are normally 

made with a classic mixture of a guest nonlinear optical polymer and host polymer. A very 

successful polymer system is shown in Figure 2.3.1 [11]. This was prepared by mixing the EO 

polymer chromophore AJC146 (30% by weight), the crosslinker bismaleimide (BMI), and the 

host PMMA in distilled 1, 1, 2-trichloroethane (8 wt%). The EO polymers can be spin-coated on 

a rigid surface such as indium tin oxide (ITO) coated silicon wafers. The film was then coated, 

poled, and cross-linked at elevated temperatures (e.g. 135
o
C). Using this approach, optical 

polymers with the EO coefficient as high as d33= 220 pm/V at 1310 nm can be achieved. This is 

significantly higher than the EO coefficient of LiNbO3 (d33= 34 pm/V).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1: Chemical structures of EO polymer mixtures including (a) PMMA host, (b) AJC146 

chromophore, and (c) BMI cross-linker. (d) schematic illustration of blends of three chemicals 

before and after thermal poling and lattice hardening [11].   



15 
 

Combining strong optical confinement abilities of silicon with superior EO modulation 

efficiency of polymers, photonic devices based on silicon/EO polymer hybrid material system 

could enable ultra-efficient EO modulation. This hybrid approach requires no polymer cladding 

layers, and it should lead to higher poling efficiency and lower driving voltage with fabrication 

simplicity. Additionally, for nanometer scale silicon slot waveguides infiltrated with EO 

polymers, the poling process could be minimized to further improve the poling efficiency and 

realize an effective in-device d33 of 735 pm/V. 

2.4 FLEXIBLE GLASS OPTICAL SUBSTRATE  

The previous sections provided an overview of flexible waveguide technology based on polymer 

materials. Based on these discussions, it is quite clear that flexible photonics currently are largely 

polymer material engineering problems. While the development of high-quality polymer optical 

materials have achieved some successes, they still incur relatively high optical loss at a telecom 

wavelength of l=1.5mm. In addition, polymer photonic technology is also met with challenges 

associated with fundamental limitations of polymer optical materials: poor material stability, 

environmental durability, and short lifetime span.   

As data rates explode in short-haul communication systems driven by the digital revolution, 

the optical power required to support high data bandwidth in optical waveguides also increases 

dramatically. The poor polymer stability coupled with high loss of polymer photonic devices 

pose severe threats to the practical use of polymer photonic devices for high data bandwidth 

applications. For example, the highest stable temperature for two commonly used polymer 

optical materials, silsesquioxane and SU-8, measured at 5% wt loss during the heating, are 244
o
C 
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Figure 2.4.1: Material stiffness vs. thickness [20].  

and 315
o
C, respectively. The prolonged use of polymer waveguides under intense optical field or 

in hostile environments might significantly reduce life-span of devices. As polymer scientists are 

working hard to address these fundamental material challenges, it is worthwhile to think 

transformative outside the box. Does mechanical flexibility and low-cost only mean plastic 

materials?   

The answer is not necessarily. In solid mechanics, the material stiffness is related to the 

Youngôs Module E and the thickness t of the object to the cube (i.e. Stiffness  ́  E× t
3
) [20]. 

Figure 2.4.1 shows the stiffness vs. thickness for polymer (polyimide), silica glass, and 

aluminum. Although the Youngôs module for polymer materials is much smaller than those of 

glass and metal materials, the substrate stiffness for glass and metal can be reduced significantly 

for thin substrates. Indeed, flexible aluminum foils (thickness 5-50mm) have been widely used 

since early 1970s.  

 

 

 

 

 

 

 

 

 

Since 2011 a brand new class of flexible glass materials has been produced by major 

material companies for commercial electronics. A famous example is Willow glass made by 

Corning Inc. (Figure 2.4.2(a)). By reducing thickness of glass to be <100 mm, remarkable 

mechanic flexibilities have been realized in glasses [20-24]. The dramatic reduction of glass 
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thickness permits a roll-to-roll process (Figure 2.4.2(b)) to produce high-quality glass sheets in 

huge quantities to support pervasive consumer electronics applications. This low-cost 

manufacturing scheme and industrial-scale production yields another type of flexible and low-

cost optical substrates. These flexible glass sheets possess the same superior optical and 

mechanic properties as those ñconventionalò inflexible glass materials with large thickness. Thus, 

these new, glass-based flexible optical substrates are inherently more stable and have better 

optical properties than those of polymer optical substrates.  

 

 

 

 

 

 

 

 

 

 

 

The mechanical, optical, and electrical properties achieved make flexible glass well suited for 

flexible photonic applications. Now the question becomes can we manufacture high-quality 

photonic devices with flexible glass and achieve similar or better performance than those with 

polymer substrates? This could be a paradigm shift for opportunities in flexible photonics. It 

turns long-standing material engineering challenges into a manufacturing innovations. This 

section explores this transformative topic. Before we describe the fabrication technology and 

performance of flexible waveguide devices, letôs first review some key optical characteristics of 

flexible glass substrates.  

Figure 2.4.2: (a) Flexible glass from Corning Inc. (after [20]) 

and (b) Roll-to-roll glass manufacturing.    

(a) (b) 
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In general glass enables improved performance and efficiency of opto-electronic devices. 

Flexible glass substrates possess interesting mechanical, electrical, and optical properties that 

could be utilized for flexible waveguide technology. For example, surface roughness of flexible 

glasses are usually below 1 nm on both glass surfaces, while polymeric materials usually have 

worse surface quality on the bottom surface (Figure 2.4.3(b)); flexible glass also show excellent 

barrier properties with a water vapor transmission rate (WVTR) beyond the detection limit of 

state-of-the-art measurement systems; and the thermal stability and dimensional stability of 

flexible glass enables high resolution devices [16-20]. 

The superior optical transmission and surface qualities of flexible glass compared to polymer 

optical materials suggest that it is possible to build optical waveguides with very low loss. This is 

due to lower material absorption and surface scattering losses. Being silica-based materials, 

flexible glasses are thermally stable, which enable them to handle high optical fields for high 

data rate applications. Flexible glass technology could also leverage rare-earth doped optical 

fibers and glass waveguide fabrication technology. This could enable flexible active waveguide 

and laser device developments. However, unlike many polymer composites, amorphous silica 

(a) (b) 

Figure 2.4.3: (a) Optical transmission of flexible glass and other polymeric materials [20] 

and (b) Surface roughness of flexible glass, PEN, and Polyimide. 
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glasses are poor candidates for nonlinear optical devices such as electro-optical switches. This is 

due to their inversion symmetry. Silica glasses do not exhibit intrinsic second-order nonlinearity. 

To break the inversion symmetry in silica glass, a number of poling techniques can be 

implemented. In following sections, we will explore flexible waveguide technology based on 

flexible glass substrates using the ultrafast laser direct writing technology as an example. Other 

methods such as ion exchange and photolithographic patterning are also possible but not 

discussed here.  
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3.0  ULTRAFAST -LASER FABRICATION OF EMBEDDED WAVEGUIDES  

Unlike micro-electronic circuits that rely mostly on silicon, photonic applications involve a great 

variety of materials including various glasses (e.g. silica, chalcogenide, ZBLAN), crystalline 

materials (LiNbO3, YAG, diamond, ZnSe, and etc), and polymers. The development of 

waveguide circuits in each of the substrate materials presents distinct processing challenges.  

Similar to Si microelectronics, layer-by-layer lithography approaches have been used to 

produce multi-layer lightwave circuits as described in the previous section of this dissertation. It 

involves repeated processes of thin film evaporation, photolithography, and etching.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.0.1: Schematic sketch and photograph of ultrafast laser 

direct writing technique.  
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However, unlike Si, the repeated deposition of many high-quality optical thin films with 

complex compositions are far from trivial, if not impossible. The poor film qualities are further 

compounded by high post-fabrication surface roughness. This severely limits performances of 3-

D photonic circuits due to their poor optical characteristics. This problem exists for polymer 

optical waveguides.  

The aforementioned material and processing challenges have motivated researchers to seek 

alternatives to building 3-D photonic circuits beyond the layer-by-layer approach. One of these 

efforts has led to the development of ultrafast laser direct writing techniques. 

First demonstrated by Davis et al. in fused silica [21], femtosecond (fs)-lasers have been 

shown to be effective tools to induce refractive index changes in a wide variety of transparent 

materials for 3-D waveguide fabrication [22-29]. This is a simply technique where the ultrafast 

laser is tightly focused inside a transparent material (Figure 3.0.1). Localized index changes can 

be formed around the focal volume through multi-photon processes. 3-D lightwave circuits can 

thus be written by translating the samples along desired routes.  

Since its inception, it has been widely recognized that the ultrafast laser fabrication 

technology has potential to become a game changer for 3-D lightwave circuit fabrication. It 

enables a simple and cross-platform laser manufacturing technique to build 3-D waveguides in a 

wide array of optical substrates. The advantages include: 

¶ No thin-film deposition: The ultrafast laser writing technique can completely remove 

challenges associated with thin-film based device processing by directly fabricating 

lightwave circuits in bulk optical substrates with proven optical qualities. This is an 

intrinsic advantage for flexible photonics using flexible glass materials over the polymer 

materials.  
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¶ Cross-Platform Processing Scheme: The universal photosensitivity responses enable 

fabrication of 3-D photonic circuits in a wide array of optical substrates in both glasses and 

crystalline optical substrates.  

¶ True 3-D architecture: The ultrafast laser direct writing can easily produce optical circuits 

at various depths below substrate surfaces, which will drastically increase device densities 

and routing flexibilities.    

As promising as it presents, however, the transition from elegant designs to useful devices for 

photonic applications is far from trivial. The success of the ultrafast laser fabrication 

technique really depends on the device quality and the fabrication control. The devices 

traditionally produced by the ultrafast lasers are plagued by high optical loss, highly 

unsymmetrical guided mode profiles, and high birefringence. Figure 3.0.2 shows ultrafast laser 

written waveguides in optical substrates which highlight these challenges. These either only 

produce weak guiding (Figure 3.0.2(a) in sapphire), or highly un-symmetric guided structures 

(e.g. Figure 3.0.2(b) in LiTaO3, Figure 3.0.2(c) in chalcogenide glasses).  

Over the years, laser fabrication researchers have attempted to optimize and to perfect the 

ñprocessing windowò in hope of yielding better results. These approaches typically involve 

tuning of several processing parameters including laser repetition rate, wavelength, writing speed, 

and pulse energy of the processing laser. In many situations, however, tuning of these parameters 

is not sufficient to produce high-quality optical devices.  

This is largely due to the inherent optical nonlinearity at high laser intensity and/or the 

anisotropic nature of optical materials. The propagation of intense laser pulses is determined by 

interplays between strong optical nonlinearity and laser-plasma interactions such as self-focusing, 

beam filamentation, and pre-focal depletion [30-33]. These coupled physical processes, which 
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occur at fs-ps time scales, distort ultrafast laser pulse propagation and laser energy distribution 

around the focal volume. This together with subsequent thermal relaxation will lead to over-size, 

highly asymmetric features, and weak index changes (Dn).  

 

 

 

 

 

 

 

 

 

 

3.1 EMBEDDED WAVEGUIDES IN FLEXIBLE GLASS  

As mentioned previously, flexible glass can be an effective media useful for laser and active 

photonic devices. This is enabled by the long history of active glass material developments using 

rare-earth dopants (i.e. Er, Yr, Tm, Pm-, and etc).  

 

 

 

 

 

 

 

Figure 3.0.2: Microscope cross-section and near-field guided mode images of 

optical waveguides fabricated by the ultrafast laser in (a) sapphire, (b) LiTaO3, 

and (c) Chalcogenide glass (Gallium Lanthanum Sulphide).  

1550 nm 

15 mm 

(b) (a) 

632 nm 

20 mm 

20 mm 

  Sapphire                       LiTaO 3                        Chalcongnide 

(c) 

633 nm 
1550 nm 

Figure 3.1.1: Optical Microscope photo of (a) Waveguides written in GLS glasses by 

240-fs pulses at 400-nJ on the left and 200-nJ on the right, and (b) waveguide fabricated 

in flexible glasses using 300-nJ pulse.  
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However, the aforementioned laser fabrication challenges are also significant problems for 

flexible glass materials, especially due to nonlinear beam distortion. To test the quality of 

waveguides written by ultrafast lasers, we selected two glass materials with different 3
rd

-order 

optical nonlinearity n2 to perform laser-matter interaction studies. These included silica-based 

flexible Corning® Willow® Glass and Gallium Lanthanum Sulphide glass (GLS). Figure 3.1.1 

shows waveguides written by the ultrafast laser in an GLS glass (Figure 3.1.1(a)) and in 100mm 

thick Willow Glass (Figure 3.1.1(b)). The writing beam used a 40x objective to produce 

transform-limited chirp-free pulses at 180-fs from a Coherent Ti: Sapphire laser. The influences 

of strong nonlinearity in the laser processing are clearly evident. Strong nonlinear self-focusing 

and pre-focal depletion produced elongated damage sites in both glasses. They are particularly 

pronounced in the GLS glass due to its much stronger nonlinearity (n2=2.5×10
-13

 cm
2
/W) than 

that of silica glass (n2=3.4×10
-16

 cm
2
/W). The asymmetric laser-modified zone and strong 

material damage around focal points induce strong birefringence and high optical loss. The size 

of the visible laser modified region in the flexible glass (Figure 3.1.1(b)) is >20-mm. The poor 

control of laser energy distribution into the focal volume will lead to surface damage (no 

waveguide formation) in thinner glass substrate (e.g. <50-mm).  

 

 

 

 

 

 

 

 

 Figure 3.1.2: Schematic of ultrafast laser writing setup using a telescope laser beam shaping 

tool.  
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To address the unique challenges of flexible glass (thickness < 50 mm) laser waveguide 

writing, laser spatial beam shaping techniques have been used. A pair of cylindrical lenses is 

used to introduce beam stigmatic distortion along the laser writing direction. A Coherent RegA 

9000 laser system produces laser pulses (300 fs) at 800nm at a repetition rate of 250 kHz. The 

writing beam is then focused below the sample surface by an 80X aberration-corrected 

microscope objective (NA = 0.75). During the writing, the flexible glass samples are mounted on 

a three-axis motion stage (Aerotech ABL2002) and translated in the direction perpendicular to 

the writing beam and in parallel with the laser polarization. A range of pulse energies from 1000 

to 1200 nJ and writing velocities from 2 to 50 mm/s are investigated to optimize the writing 

parameters for waveguide fabrication in the Willow Glass. 

The laser beam shaping is equivalent to introducing a rectangular aperture into the laser beam 

path as depicted in Figure 3.1.2. If we focus a circular Gaussian laser beam into a transparent 

material, the energy distribution of the laser beam around the focus point can be expressed as: 

          
2 2

2 2 2

0 0 0

1 2( )
exp[ ]

[1 ( / ) ] (1 ( / ) )
c

x y
I

z z w z z

+
=
+ +

    (3.1.1) 

Where w0 is the size of the beam waist and z0=k w0
2
/2 is the depth of focus (Rayleigh range). The 

energy distribution of a perfect circular Gaussian beam is not symmetric since the depth of focus 

is much longer than the waist size. This is confirmed by a beam propagation simulation shown in 

Figure 3.1.3(b).   
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This asymmetric energy profile will produce an asymmetric index change profile for the 

buried waveguide. To produce an index profile of any desired shape in glass, we can place an 

aperture in the optical path shown in Figure 3.1.3(a) which will produce an astigmatic focused 

beam. Since the aperture along the y-direction is longer, the beam will be focused tighter along 

the y-direction than that along x-direction around the focus point. Therefore, the depth of focus 

(Rayleigh range) of the beam along y-direction is also shorter than that along x-direction. If we 

scan the laser beam along the y-direction to write a waveguide, the waveguide cross-section will 

be determined by the waist size along the less-focused x-direction and the depth of focus along 

the tight-focused y-direction. By choosing the proper aspect ratio of the aperture, we can create a 

symmetric waveguide. This is demonstrated in a simulation shown in Figure 3.1.3(c) where we 

use a 6:1 aspect ratio aperture. This creates an astigmatic beam and leads to a symmetric energy 

distribution along x-z direction (waveguide cross-section). 

After the writing process, the waveguides are characterized by (1) observation of index 

change profile by optical microscopy; (2) observation of guiding mode profile; (3) measurement 

of insertion loss; and (4) measurement of propagation loss. For the observation of the guiding 

mode profile and measurement of propagation loss, the experimental setup shown in Figure 3.1.4 

is used. CW laser at 1550nm is launched into the waveguide under test by butt-coupling to a 

  (a)            (b)                           (c) 

Figure 3.1.3: (a) Schematic diagram of waveguide writing using an amplitude mask. Computer 

simulations of energy distributions around the focal point produced by (a) a symmetric beam and 

(b) an aperture with aspect ratio of 6. The black scale bar is the laser wavelength (800 nm), f
 
 was 

set as 0.4 (20x objective), the aperture was set as 0.5 mm x 3 mm. 
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single mode fiber (SMF-28). The output from the waveguide is collected and collimated with a 

microscope objective (NA = 0.55, f = 180 mm). The collected output is then sent to an 

integrating sphere to estimate the insertion loss or imaged by a lens on an IR camera to observe 

its guiding mode profile. 

 

 

 

 

 

 

 

3.2 EMBEDDED WAVEGUIDE MODE PROFILES  

Figure 3.2.1(a) shows the cross-section of a waveguide written under the condition of ñperfect 

focusingò by an 80× aberration-corrected microscope objective without the laser beam shaping. 

The focal volume is elongated inside the sample, thus the laser-induced plasma forms highly 

asymmetric stress regions. This results in an asymmetric guiding region. Laser-induced damage 

(dark region in Figure 3.2.1(a) [35, 36]) is also found in the vicinity of the guide region and leads 

to significant propagation loss. Furthermore, it is not possible to write waveguides inside thinner 

glass (thickness < 35 µm) when the elongated guiding region is more than 25 µm. Such an 

asymmetric waveguide profile is a major limitation of the ultrafast laser writing technique. Poor 

insertion loss with telecom fibers and high waveguide birefringence could arise from this 

Figure 3.1.4: Schematic and photograph of the experiment setup for sample characterization. 
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asymmetry. In contrast, Figure 3.2.1(b) shows the cross-section of a waveguide using a spatially 

shaped ultrafast laser beam [34]. A much more symmetric guiding profile is generated, and the 

dark laser damage region has been completely eliminated. Under an optimized laser writing 

condition (i.e. temporal pulse shaping, spatial beam shaping, writing speed, and pulse energy), 

highly symmetric waveguides have been successfully inscribed in 25µm, 35µm, 50µm and 

100µm flexible glass substrates (Figure 3.2.1(c)).  

Writing parameters for ultrafast laser processing in the flexible glass are optimized with the 

beam shaping setup. The pulse width of the writing beam is fixed at 300 fs, the repetition rate is 

kept at 250 kHz, and various pulse energies and writing speeds are tested. Samples written using 

1.8ps pulse width was also tested, however, the MFDs are 20% larger than those with 300fs 

pulse width. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1: (a) Waveguide formed using an 80X aberration-corrected objective under 

óperfect focusingô (Top: image of the waveguide cross section; Bottom: Guided mode 

profile at 1550nm); (b) Waveguide formed by spatially shaped laser beam to introduce 

strong astigmatism to control the focal volume (Top: image of the waveguide cross 

section; Bottom: Guided mode profile at 1550nm); (c) From top to bottom, waveguides 

formed in 100µm (top), 50µm, 35µm, and 25µm (bottom) flexible glass substrates.  
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Using a 300-fs laser pulse, the laser processing window was explored in 100mm thick flexible 

glass. Waveguides were written with the pulse energy set at 1000, 1100, and 1200 nJ, and the 

writing speed set at 2 ï 18 mm/s. A 2.0 cm long and 100 µm thick flexible glass substrate was 

used in the experiment. Mode field diameter (MFD) as a function of pulse energy and writing 

speed is shown in Figure 3.2.2. Within the entire processing window, MFD at 1550nm 

perpendicular to the laser beam writing direction (x-axis in Figure 3.2.1) is less than 7mm. This is 

similar to the size of the visible laser modified area shown in Figure 3.2.1(c). Comparing this 

with the MFD of standard telecommunication fiber (Corning® SMF-28®), we can estimate that 

the refractive index contrast induced by the ultrafast laser is ~5×10
-3

.   

3.3 EMBEDDED WAVEGU IDE PROPAGATION LOSS  

 Measurements of the propagation loss are based on optical frequency domain reflectometry 

(OFDR), and are carried out on the ultrafast laser written waveguides by an optical backscatter 

reflectometer (OBR) (LUNA OBR4600). Either a Tunable laser output centered at 1550nm or a 

broadband source is butt-coupled to the waveguide under test via a single mode fiber (SMF-28) 

Figure 3.2.2: MFD as functions of pulse energy and laser writing speed in 100mm glass. 
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mounted on a 3-axis translation nanostage. Index matching gel was applied to both ends of the 

waveguide to reduce the impact of the reflection peaks from the two the substrate facets.  

Figure 3.3.1(a) shows a measurement trace of a 11.4cm-long waveguide written in a 100um-

thick flexible glass substrate with optimized writing conditions (i.e. 300fs pulse width, 1000nJ 

pulse energy, and 10mm/s translation speed). The peaks in the trace denote the front and back 

facets of the substrate, respectively. By linear fitting the trace between the two reflection peaks, 

the propagation loss of the waveguide is indicated by the slope of the fitted line. With the 

optimized writing parameters, the propagation loss of the waveguide written in the flexible glass 

is 0.11 dB/cm. The measurement is repeated on 10 different waveguides in the same sample with 

the same writing parameters. All waveguides yield similar guiding performances with low 

propagation loss ranging from 0.1 dB/cm to 0.25 dB/cm as shown in Figure 3.3.1(b). These 

results are among the best loss performances of waveguide structures made by ultrafast laser 

processing. The processing speed can be increased to 50 mm/s to form waveguides with the same 

low loss. 

 

 

 

 

 

 

 

 

 

Figure 3.3.1: (a) Propagation loss measurement by OFDR. Propagation loss of a waveguide in an 

11.4cm-long flexible glass substrate is indicated by the slope of the fitted data between the two facets. (b) 

Waveguide propagation losses measured on 10 waveguides (WG) written using the same processing 

conditions as in (a).   

 



31 
 

Although it is still in the very early experimental stages, waveguide performance in terms of 

optical loss (Figure 3.3.1) are already significantly better than state-of-the-art of flexible polymer 

waveguides of Ó0.3-DB/cm at l=1550nm (Table 1). Both the optimized laser processing 

parameters and better bulk optical qualities shown in Figure 2.4.3(b) contribute to superior 

guiding properties. It is also important to note that glass materials used for our experiments are 

not significantly different from other existing glass substrates except being thinner. Thus, the 

flexible glass substrates retain superior optical/mechanical properties associated with glass 

materials. 
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3.4 EMBEDDED WAVEGUIDE BENDING LOSS  

The ultrafast laser written waveguides in flexible glass are also characterized for bending losses. 

Figure 3.4.1 shows photographs of waveguides in 35µm, 50µm and 100µm thick flexible glass 

with bending radii of 13.5cm (Figure 3.4.1(a)), 2.1cm (Figure 3.4.1(b)), and 1cm (Figure 

3.4.1(c)-(d)), respectively. As shown in Figure 3.4.1, guiding functionality is maintained for all 

cases, where 532nm Green laser coupled into the waveguides is used in the photographs for 

visualization purposes.  
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Figure 3.4.1: Flexible glass waveguides written in (a) 100 mm thick substrate with 

13.5cm bending radius; (b) 50mm thick substrate with 2.1cm bending radius. (c) 35µm 

thick substrate with 1.0cm bending radius; (d) The same 35µm thick substrate with 1.0cm 

bending radius.  

 










































































































































