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ABSTRACT 

Recent progress in combing multiple materials with distinct optical, electronic, and 

thermomechanical properties monolithically in a kilometer-long fiber drawn from a preform offers 

unique multifunctionality at a low cost.  A wide range of unique in-fiber devices have been 

developed in fiber form-factor using this strategy. Here, I summary my recent results in this 

nascent field of 'multimaterial fibers'. I will focus on my achievements in producing robust infrared 

optical fibers and in appropriating optical fiber production technology for applications in 

nanofabrication. 

The development of optical components suitable for the infrared (IR) is crucial for 

applications in this spectral range to reach the maturity level of their counterparts in the visible 

and near-infrared spectral regimes. A critical class of optical components that has yet to be fully 

developed is that of IR optical fibers. Here I will present several unique approaches that may result 

in low-cost, robust IR fibers that transmit light from 1.5 microns to 15 microns drawn from 

multimaterial preforms. These preforms are prepared exploiting the newly developed procedure of 

multimaterial coextrusion, which provides unprecedented flexibility in material choices and 

structure engineering in the extruded preform. I will present several different 'generations' of 

multimaterial extrusion that enable access to a variety of IR fibers. Examples of the IR fibers 

realized using this methodology include single mode IR fibers, large index-contrast IR fibers, IR 

imaging fiber bundles, IR photonic crystal and potentially photonic band-gap fibers. 

The complex structures produced in multimaterial fibers may also be used in the fabrication 

of micro- and nano-scale spherical particles by exploiting a recently discovered in-fiber Plateau-

Rayleigh capillary instability. Such multimaterial structured particles have promising application 
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in drug delivery, optical sensors, and nanobiotechnology. The benefits accrued from the 

multimaterial fiber methodology allow for the scalable fabrication of micro- and nano-scale 

particles having complex internal architectures, such as multi-shell particles, Janus-particles, and 

particles with combined control over the radial and azimuthal structure. 

Finally, I will summarize my views on the compatibility of a wide range of amorphous and 

crystalline materials with the traditional thermal fiber drawing process and with the more recent 

multimaterial fiber strategy.   
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CHAPTER 1 INTRODUCTION OF MULTIMATERIAL FIBERS 

1.1 Emergence of multimaterial fibers 

Optical fibers have improved the quality of life throughout the world and have 

fundamentally altered the human condition in both obvious and imperceptible ways. The internet, 

and most telecommunications, is delivered across the globe today through optical fibers [1] [2]. In 

addition, optical fibers are used in a multitude of applications ranging from noninvasive medical 

surgery [3] [4] to structural-integrity monitoring of bridges and oil pipelines [5] [6], and fiber lasers 

are finding applications in materials processing and manufacturing [7]. One of the most striking 

features of these advances is that optical fibers are remarkably simple devices from the perspective 

of materials composition. The majority of optical fibers in use today are fabricated from a single 

material: silica glass. While optical fibers made of other glasses or polymers have also been 

developed, silica glass remains the dominant material in producing optical fibers. 

The  mid 1990’s witnessed the development of new classes of optical fibers, photonic 

crystal fibers (PCF’s) and photonic band gap fibers [8], founded in new optical physics initiated 

with the concept of photonic band gaps (PBG’s) [9]. Unexpectedly, these advances were also eye-

opening with regards to the perceived limitations of the structures that may be produced by the 

traditional process of thermal fiber drawing. In fact, the initial proposal for fabricating silica PBG 

fibers was dismissed as unfeasible by seasoned practitioners [10] even though no new material 

was combined with silica, only air holes. Nevertheless, the rapid success of PBG fibers has had 

unexpected consequences for the process of fiber fabrication itself. One such consequence was the 

introduction of the concept of ‘multimaterial fibers’ over the past decade. This new class of fibers 
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leverages the capabilities of traditional fiber fabrication, but aims at developing new fiber 

structures, functionalities, and applications that stem from altering the materials composition of 

the fiber. It is difficult to provide a conclusive and all-encompassing definition of this nascent 

concept. For the first time, we define multimaterial fibers to be high-aspect-ratio structures that 

comprise multiple distinct materials, typically produced by thermal drawing from a macroscopic 

scaled-up model called a ‘preform’. Materials with different optical, electronic, thermo-

mechanical, and acoustic properties have now been incorporated into the fiber form-factor [11]. 

The set of fabrication approaches developed in this emerging field are introducing new 

functionalities that are not usually associated with optical fibers. Examples include fibers that 

produce an electrical signal when light is incident on the fiber external surface [12] [13] [14] or 

when the temperature of the ambient environment changes [15]; fibers that monitor their own 

performance and structural integrity [16]; flexible, lightweight fiber arrays that image the 

surrounding environment [14] [17]; and fibers that produce or detect sound or ultrasonic signals 

[18] [19]. Fiber drawing is therefore morphing into a fabrication route for producing electronic 

and optoelectronic fiber devices that may also be potentially incorporated or woven into fabrics, 

thereby endowing them with new and sophisticated functionalities [11]. 

New ways of thinking of the fiber drawing process itself are now emerging with the advent 

of multimaterial fibers. Through dimensional reduction, nanostructures such as nanowires with 

few-nanometer diameters and unprecedented lengths may be produced [20] [21] [22] [23]. The 

fiber cladding may be viewed as a crucible for chemical synthesis with the reactive agents placed 

in the core [24]. Multimaterial fibers are also a new playground for the controllable study of fluid 

dynamics in confined space and over a wide range of scales [25]. These developments have 
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recently led to a scalable, top-down, in-fiber fabrication process capable of producing complex 

structured particles over an unprecedented range of diameters spanning both micro- and nano-

scales [26]. 

There are two aspects of fiber production that have been appropriated by the emerging field 

of multimaterial fibers. First, the process typically starts by preparing a macroscopic preform. 

Since the preform diameter is on the centimeter scale, it is straightforward to create a complex 

transverse cross section with controllable placement of structures incorporating multiple materials. 

Second, thermal fiber drawing is inherently scalable, producing kilometers of fiber with accurate 

control over size and axial uniformity [27]. In order for the fiber to maintain the complex transverse 

structure of the multimaterial preform, restrictions are placed on the allowable materials 

combinations compatible with this fabrication process. There are some exceptions to this overall 

approach. For example, multimaterial fibers may be produced starting with a single-material fiber 

or wire used as a scaffold for additive manufacturing, such as dip coating on the outer surface of 

extended fiber lengths [28] or vapor deposition inside hollow enclaves in short lengths of a pre-

existing fiber [29]. 

1.2 Material constraints and fiber drawing 

Optical fibers are typically drawn thermally from a macroscopic preform in a fiber draw 

tower, such as that shown schematically in Fig. 1.1(a), known as the preform-to-fiber approach 

[30]. The preform is fed into a furnace that softens the material, after which gravity or an external 

force ‘pulls’ the molten gob at the preform tip until it stretches into a thin strand whose diameter 
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is monitored with a gauge. Figure 1.1(b) is the photograph of fiber tower at CREOL, The College 

of Optics & Photonics, University of Central Florida for multimaterial fiber drawing. If necessary, 

polymer coatings are added to the fiber surface for mechanical protection. This relatively simple 

fabrication process is behind the thousands of kilometers of optical fiber used in the 

communications networks that span the globe today [1][2]. Alternatively, the double-crucible 

method [31] has been used to produce optical fibers from glass melts of the core and cladding that 

are pushed through a nozzle. There have been no reports to date on multimaterial fibers produced 

by this method. 

 

                        (a)                                                                         (b) 

Figure 1.1 (a) Schematic of the thermal fiber drawing process in a draw tower. (b) Photograph of fiber tower at 

CREOL, UCF 
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When the preform consists of a single material, the viscosity at the drawing temperature 

dictates the parameters of the draw, such as the drawing speed. Multimaterial preforms, on the 

other hand, may contain materials that are incompatible with thermal drawing when each taken 

separately, such as crystalline semiconductors or metals. Using the thermal drawing process, 

therefore, imposes constraints on the materials combinations that are compatible with this 

fabrication approach. In order to gain insight into the feasibility of various materials combinations, 

we present in Fig. 1.2(a) the viscosity of silica glass, silicon, and gold as a function of temperature. 

These materials are chosen to represent three distinct materials classes from the electronic 

perspective: an amorphous insulator, a crystalline semiconductor, and a metal, respectively, in 

addition to their different optical and mechanical properties. The softening temperature of silica 

ranges from 1400 to 2350 °C, thereby offering a broad range of drawing conditions. Silicon and 

gold, on the other hand, are characterized by an abrupt drop in their viscosities above their melting 

temperature Tm, where a phase transition takes place. Nevertheless, silica may be used as a 

‘cladding’ in which a silicon or gold ‘core’ is embedded with the preform thermally drawn above 

the core Tm. In this scenario, the cladding acts as a scaffold to contain and restrict the flow of the 

low-viscosity core material.   

From this example we may outline the general constraints on the construction of 

multimaterial preforms and the drawing conditions. At least one material should be amorphous, 

typically a glass or polymer, and resist devitrification during thermal drawing. This ‘backbone’ 

material forms an outer cladding that supports the other materials during the draw and maintains 

the cross-sectional structure of the fiber. The amorphous material constituents must be chosen to 

have overlapping softening temperatures, while the crystalline constituents must have Tm below 
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the drawing temperature. The drawing temperature must be lower than the boiling temperature of 

the core material. Additionally, care must be taken to avoid fluid instabilities that may occur when 

the viscosity of the materials is lowered and the transverse dimensions reduced.  The materials 

must also have relatively similar thermal expansion coefficients in the temperature range extending 

to the drawing temperature in order to avoid mechanical fractures resulting from thermo-

mechanical mismatches. 

In Fig. 1.2(b) we present the viscosity of a wide range of amorphous materials. Some 

glasses (such as soda-lime-silica) have a broad temperature range suitable for thermal drawing, 

while others (such as fluorides, chalcogenides, and tellurites) have a relatively narrower 

temperature window. In Fig. 1.2(c) we plot the viscosity of some typical crystalline materials 

above their Tm. Using Fig. 1.2(b) and Fig. 1.2(c) together, it is possible to choose potential pairs 

of amorphous-crystalline materials that may be combined in a preform and co-drawn into a 

multimaterial fiber. For example, it is possible to draw Si, Ge, or gold clad with silica glass; InSb 

clad with soda-lime-silica glass glass; or Sn or Se clad with fluoride or chalcogenide glass, or even 

a polymer. For completeness, we identify in Fig. 1.2(d) the glass transition temperature Tg of the 

amorphous materials and the melting temperature Tm of crystalline materials used in Fig. 1.2(a)-

(c) versus the linear thermal expansion coefficient (TEC). While there are other critical aspects 

that must be considered in the materials selection to successfully draw a multimaterial fiber, Fig. 

1.2 offers the basic groundwork for the potential materials pairings. Finally, we note that more 

than two materials chosen according to the above criteria may be incorporated in the same 

multimaterial fiber. This feature enables the construction of in-fiber electronic and optoelectronic 

devices. 
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Figure 1.2 Dynamic viscosity (logarithm of viscosity g in poise) of selected materials versus temperature. (a) 

Viscosity for silica [32] silicon [33] and gold [34]. The viscosity for silicon and gold are measured above their 

melting temperatures. (b) Same as (a), showing the viscosity for silica [32], soda-lime-silica glass [35], fluoride 

glass[36], tellurite glass[37], chalcogenide glass (As2S3) [38], Teflon® PTFE-6 polymer[39], polypropylene (PP) 

polymer[40], and amorphous selenium[41]. (c) Same as (a), showing the viscosity for silicon[33], germanium[42], 

indium antimonide[43], tellurium[42], indium arsenide[42], indium[44], tin[44], and gold[34]. (d) Linear thermal 

expansion coefficient (TEC) at room temperature for selected materials plotted against the melting temperature (Tm) 

for metals and semiconductors (solid stars) and the glass transition temperature (Tg) for the amorphous materials 

(solid dots). References: Ge: Tm[45], TEC[46]; Si: Tm [45], TEC[47]; Gold: Tm [48], TEC[47]; Sn: Tm [48], 

TEC[49]; InSb: Tm [50], TEC[51]; Teflon® PTFE: Tg [52]; TEC[53]; Fused quartz: Tg [53], TEC[54]; BK7 glass: 

Tg [53], TEC[53]; AMTIR-6: Tg [55], TEC[55]; Polycarbonates: Tg [56], TEC[54]; ZBLAN glass: Tg [53], 

TEC[54]. 

1.3 Fiber preform fabrication 

Four general classes of approaches to multimaterial preform preparation have been 

exploited thus far: (a) the rod-in-tube approach [57] [58] [59], (b) extrusion [60] [61] [62], (c) the 

stack-and-draw approach [8] [63], and (d) thin-film-rolling technology [11]. The choice is dictated 

by the materials used and the transverse structure targeted. 

1.3.1 Rod-in-tube approach 

Figure 1.3(a) depicts the rod-in-tube approach, which relies on inserting a rod of one 

material into a tube of another material to form a preform with a core-cladding structure. 

Alternatively, a powder may be placed in the tube and the preform sealed, which enables a wide 

range of materials to be incorporated into the core. If Tm of the core rod/powder is lower than the 
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drawing temperature, we designate the process molten-core-in-tube method. The recognition of 

the usefulness of this method for multimaterial fibers may be traced back to the pioneering work 

of E. Snitzer in 1989 [64], where selective volatization combined with the rod-in-tube method was 

used to produce a silica-clad fiber containing a soft-glass core. In this work, the drawing 

temperature was higher than Tm of a soft-glass core, and the high vapor pressure led to the 

volatilization of some compounds from the core, leaving a glass core with a different residual 

composition. 

1.3.2 Extrusion 

Extrusion is a process used to create objects with fixed cross-sectional profile by pushing 

a soft material through a die under pressure. J. Bramah patented the first extrusion process for 

producing lead pipes in 1797 [65], and E. Roeder [66] [67] [68] extended this approach to soda-

lime silica, lead silicate, calcium aluminate and boric oxide glass in the 1970’s.  Material in the 

form of a rod, typically called a billet, is placed inside a sleeve held in a furnace (a vertically 

stacked billet is shown in Fig. 1.3(b) for demonstration). The billet is heated to the softening 

temperature of the incorporated materials and pressure is applied to push the material through a 

die that imparts shape to the extruded preform rod, which is subsequently drawn into a fiber. Using 

a multimaterial billet consisting, for example, of vertically stacked discs, the transverse structure 

of the extruded rod may be engineered [60] [62]. The two main advantages of this process over 

other manufacturing processes are its ability to create very complex cross-sections and work 

materials that are brittle, because the material only encounters compressive and shear stresses. 

Extrusion is also used to produce single-material complex MOF preform. D. Furniss and A. B. 

Seddon [5-27] had made some core/cladding glass preform by extrusion. K.M Kiang et al. [5-28] 
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reported the first MOF fabrication by extrusion. H. Ebendorff-Heidepriem et al. [5-29] reported a 

significant advance in preform extrusion and die design for the fabrication of complex structured 

preform using soft glass and polymer billets. 

1.3.3 Stack-and-draw approach 

The stack-and-draw approach has been used extensively in preparing the preforms drawn 

into microstructured fibers, PCFs, and PBG fibers [8]. The first demonstration of the stack-and-

draw method to produce an optical fiber may be traced to Bell Labs in 1974 [73], at the dawn of 

the development of silica fibers, where a fiber containing a hanging core surrounded by air was 

produced.  Rods, tubes, and/or plates from a single or multiple materials may be assembled into a 

preform [Fig. 1.3(c)] with dimensions determined by the targeted fiber structure. Multiple stack-

and-draw steps may be applied recursively to reach the required dimensions and attain complex 

transverse structures. This approach is widely used for single-material MOFs [74]. However, 

Stacking is time-consuming and laborious, raises challenges for reproducibility, and is less suited 

to fragile soft glasses. 

1.3.4 Thin-film rolling  

Polymers may be incorporated into a fiber using any of the above three approaches. A 

unique process to incorporate a polymer in a preform is through rolling a thin polymer film 

followed by thermal consolidation under vacuum above the glass transition temperature of the 

constituent materials until the individual films fuse. An example of this process is shown 

schematically in Fig. 1.3(d), which details the fabrication approach towards making a 

multimaterial PBG fiber [75] [76] [77] [78] [79].  
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Figure 1.3 General methodologies for multimaterial fiber preform fabrication. (a) Rod-in-tube, (b) extrusion, (c) 

stack-and-draw methods, and (d) thin-film-rolling method. (Fig. 1.3.d is modified from [11])  
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The thin-film-rolling technique can also be performed recursively for realizing more 

complex cross-sections. For example, voids may be introduced into a post-consolidated structure. 

These voids may be filled by conductors and encapsulated in the preform by rolling additional thin 

films and reconsolidating. These multistep preform preparation processes form the basis for many 

photonic and optoelectronic multimaterial fiber devices [11] [80] [17] [81].  

1.4 Other approaches for multimaterial fibers 

We have described in the previous sections various multimaterial fibers that have been 

produced using the general methodology of preform-to-fiber fabrication. There are some 

interesting exceptions that we present briefly in this section. The first is an approach developed by 

Konarka, Inc., which starts from a long steel wire that is used in successive steps of dip-coating in 

organic solutions [28]. The result is a fiber with a multilayer coating along its whole length, 

forming an organic photovoltaic cell with ~ 3 % efficiency. The second approach uses a silica fiber 

with hollow enclaves (either a hollow-core fiber or a PCF) as a scaffold for vapor deposition of 

traditional crystalline semiconductors, a process typically called high-pressure microfluidic 

chemical deposition (HPMCD) [29] that extends the materials that may be incorporated into the 

fiber to single-crystal semiconductors [82] and polycrystalline elemental or compound 

semiconductors [83] [84]. High-pressure flow (2 ‒ 1000 MPa) is used in silica microstructured 

optical fibers (MOF’s) to overcome mass-transport constraints, resulting in uniform, dense, and 

conformal annular deposition onto hollow pore walls with uniformity on the order of 0.1 nm. Such 

an approach thus combines two well-developed fabrication methodologies, chemical vapor 
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deposition (CVD) [85] and silica fiber drawing. The basic idea is shown in Fig. 1.4(a), which 

involves heating small quantities of a high-pressure precursor within the interior of a MOF that 

decomposes upon heating to deposit on the walls in an amorphous state to ensure that it bonds 

smoothly, followed by annealing for crystallization. Figure 1.4(b) is an example of deposited 

doped semiconductor layers and metals [86]. As the annular deposited film grows thicker, the 

central holes from which depositions occurs becomes smaller until it is completely plugged and 

flow is extinguished. The empty pores in the MOFs are thus treated as micro- or nano-scale 

reaction chambers. A fiber-based device fabricated using this approach enabled all-optical 

modulation of 1.55-μm guided light via free-carrier absorption mediated by a 532-nm pump pulse 

[87]. Other examples include producing a ZnSe-core fiber [84], in-fiber Si and Ge wires and tubes 

used as field effect transistors [88], and in-fiber crystalline Si p–n homojunctions and Pt/n-type Si 

heterojunctions [86]. The HPCVD technique can accommodate different capillary core dimensions 

and may also be used to fill a large number of micro- and nano-scale pores in MOF’s. The main 

drawback of this technology is the limited lengths of fiber devices produced compared to those 

resulting from fiber drawing. 
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Figure 1.4 Integration of semiconductor junctions in MOFs. (a) Illustration of HPCVD in the MOF pores. (b) A 

Pt/n-Si Schottky junction formed by sequential deposition of phosphorous doped n+-Si, n--Si and platinum layers. 

[86]. 
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CHAPTER 2 ROBUST MULTIMATERIAL CHALCOGENIDE GLASS 
INFRARED FIBERS 

2.1 The importance of robust multimaterial infrared fibers 

The development of quantum cascade lasers that span mid-infrared (MIR) wavelengths 

necessitate developing new infrared (IR) fibers capable of transmitting light in the MIR range. The 

main material candidates for producing IR fibers that cover this spectral region are polycrystalline 

silver halides and glassy chalcogenide glasses (ChGs). The latter are more chemically stable, and 

thus represent a superior choice for infrared fibers. The fabrication of robust infrared ChG fibers 

has long been hampered by the unfavorable mechanical characteristics typical of such glasses. 

Furthermore, the usual pathways to producing such fibers necessitate large-scale synthesis of high-

purity glass, which represents a challenge in an academic environment, and thus presents an 

obstacle to the transfer of research results from academia to industry. In this chapter, I summary 

our progress on low-cost, robust MIR fibers with a broad transmission windows and low loss, 

which are thermally drawn from multimaterial preforms produced by several methodologies, 

including one-step multimaterial stacked coextrusion, high-efficiency multimaterial ‘disc-to-fiber’ 

coextrusion, and multimaterial ‘rod-in-tube’ coextrusion approaches. By combining our thin-film 

rolling technique, our robust IR fiber is thermally drawn in an ambient atmosphere into continuous 

lengths of fiber with desired core and diameters, desired core/cladding dimensional ratio and 

desired numerical apertures. These approaches offer alternative methodologies that overcome 

many of the traditional obstacles technology with reduced production cost. 
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Mid-wave and long-wave infrared or MIR wavelengths cover the important atmospheric 

windows of 3 – 5 μm and 8 – 12 μm, which hold important applications for the military, homeland 

security, and remote sensing. Furthermore, the MIR also covers the molecular fingerprints of 

numerous gases, liquids, and solids, which exhibit fundamental vibrational absorption bands with 

large extinction coefficients in the MIR (Figure 2.1). Recently, MIR sources (such as quantum 

cascade lasers, QCLs) have made possible real-time MIR spectroscopy [87]. However, there has 

not been a commensurate development of MIR delivery fibers, which limits the potential 

applications of such sources. To exploit the MIR spectral region effectively, it is essential to 

develop a host of accompanying MIR optical and photonic technologies, especially for MIR fibers. 

Optical fibers present a unique optical transmission modality that is particularly important for IR 

(non-visible), providing a mechanically flexible conduit that interfaces easily with other photonic 

devices. 

In assessing the materials that are suitable for MIR transmission, we first consider the 

transparency range of common optical materials. Single crystals, such as silicon (Si), germanium 

(Ge), zinc selenide (ZnSe), and zinc sulfide (ZnS) are widely in infrared optical components. 

Polycrystalline halide material, such as AgBrCl, CsI, CdTe, BaF2, GaAs, KBr, and KCl are also 

good candidates for MIR devices. Although several crystalline materials (whether single-crystal 

or polycrystalline) are transparent throughout this whole range, they present difficulties to fiber 

drawing, some lack chemical stability, typically have unfavorable mechanical characteristics, and 

cannot produce fibers with long lengths [88]. Nevertheless, both single-crystal and polycrystalline 

materials cannot be thermally drawn into a continuous fiber. This results from the abrupt phase 

transition above melting temperature, where these materials transition to a very low viscosity state 
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[89]. Non-glassy materials can also be drawn into fibers when provided with a glassy cladding. 

For example, germanium (Ge) was drawn into a fiber by J. Ballato et al. [57]. Nevertheless, such 

fibers typically do not demonstrate the same transmission window in their bulk counterparts due 

to irregularities along the fiber, micro-cracks which come from the mismatch of thermal expansion 

coefficients of the single-crystal core and the glassy cladding, and the last – but most important 

issue – is the current lack of available thermally compatible IR glassy materials that can serve as 

cladding. Recently developed silica-based microstructured hollow-core fibers may also become a 

candidate for IR beam delivery, but currently require a complex fabrication process and 

susceptibility to additional bending losses [90].  

 

Figure. 2. 1 Atmospheric transmission spectrum from the visible to the infrared. Overlaid on this spectrum, we identify the location 
of molecular primary absorption lines for a wide range of molecules of interest. 

Glasses are more amenable to thermal fiber drawing. In particular, chalcogenide glasses 

(ChGs) have the broadest transmission range among all amorphous materials and can be thermally 
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drawn into a fiber directly from the bulk material. Commercially available ChG fibers transmit 

MIR light and are predominantly produced by double-crucible method [91]. However, this 

manufacturing approach is complex and also limits the attainable fiber structures. Subsequent 

coating of the all-glass fiber with a polymer adds mechanical protection, but does not solve the 

perennial issue of ChG fragile nature. The limitations of current MIR fabrication approaches call 

for new strategies to produce low-cost, green, robust MIR fibers that provide flexibility in the 

materials choices and the transverse structures achievable. Chalcogenide glasses (ChGs) are well-

known for their IR transparency and amenability to thermal fiber drawing, which makes them 

attractive candidates for IR optical applications up to 12 µm wavelength in the case of for sulfide-

based ChGs, to 16 µm for selenium-based ChGs, and 20 µm for Te-based ChGs. However, the 

transmission range of meter-long fibers is typically narrower than centimeter-thick bulk samples. 

Table 2.1 lists the typical transmission region of selected IR fibers. 

Table 2. 1 The typical transmission range of selected IR fibers 

Fiber material Transmission range (μm) Reference(s) 

Fluoride glasses 0.5 − 4.5 [91] [92] 

Sulfide-based ChGs 1 − 6 [93] [94] [95] 

Selenium-based ChGs 2 − 8 [96] 

Tellurium-based ChGs 3 − 12 [97] 

AgX-based crystals 4 − 16 [98] 
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2.2 The history of ChG IR fiber and the concept of multimaterial robust IR fibers 

The systematic study of ChGs as IR materials started at the middle of the 20th century. In 

1950, Frerichs investigated the As2S3 glass [99]. Subsequently, As-S ChG fibers with core-

cladding structure were fabricated in 1965 by Kapany and Simms [100], who demonstrated a 

relatively high transmission loss of 20 dB/m at 5.5 µm.  

Several Japanese corporations and research agencies [101] [101] [103] [104] [105] [106] 

[107] [108] [109] [110] (1980s-1990s) continued the early exploration of ChG IR fibers. Several 

ChG systems [Ge-P-S, As-S, As-Ge-Se, Ge-S, Ge-As-Se-Te-(Tl)] were drawn into fibers with 

unclad and core-cladding structures [103] [1111] [112] [113]. A UV curable polymer was coated 

to provide mechanical protection. In addition, fiber bundles [114] [115] [110] consisting of ChG 

core, Teflon cladding strands were produced that transmit light along short length. The attempt of 

using Teflon FEP as cladding in the fiber preform level but not add polymer coating after fiber 

was drawn leave a hint to later scientists in multimaterial fiber field who can bring multiple distinct 

material in one fiber to offer multifunctionalities. Other than IR light delivery, they also studied 

the nonlinearity of ChG fibers [116] [117] [118] [119], rear-earth doped ChG fibers for fiber 

amplifiers applications [109]. Even with such these achievements about ChG IR fiber from 1980s-

1990s in Japan, all these companies still did not find an efficient way to produce low-cost, low-

loss, robust ChG fiber even with simplest core-cladding structure. However, these pioneering 

achievements established a good base for coming boom period.  

Amorphous Material, Inc. started to manufacture ChGs since 1977, while their ChG fiber 

was reported in late 1980s [120]. They have extensive studies on ChG from fundamental material 
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properties to glass production, characterization, lens molding, fibers, and fiber bundles on several 

important compositions, such as GeAsSe, AsSe, AsS, and As-Se-Te systems. In their history, two 

systems of glasses were successfully drawn into fiber: AsSeTe and As2S3 glass. However, their 

fiber still suffer from its fragility which results from material properties, even with thin polymer 

coating. Their broadband As-Se-Te glass fibers have low attenuation at 2 – 11 µm, while As2S3 

based fibers cover the range from the visible to 8 µm. These fibers can transmit watt-level (< 5W) 

of CO and CO2 CW laser light and have been used for chemical analysis. IR image bundles based 

on As2S3 fibers were produced by winding inside a plastic channel glued to the surface of a 10-

m-diameter drum [120], followed by thermally shrinking of additional plastic tube around the 

bundle as a container protecting the fragile fiber from breakage. However, there is no glass 

cladding in the single fibers while epoxy was served as cladding which limit the IR transmission 

spectra [120]. Subsequent efforts by The Institute of Chemistry of High-Purity Substances of the 

Russian Academy of Sciences (1980s-), Université de Rennes 1 (1990s-), Navel Research Labs 

(1990s-), University of Southampton (1990s-), and University of Nottingham (1990s-) led to the 

maturation of the ChG fiber field.  

Russian researchers have conducted extensive investigations over the last several decades 

to determine the nature and origin of impurities in ChGs and their effect on glass and fibers optical 

properties since the 1980s [121] [122] [123] [124] [125] [126] [127] [128]. An initial report by 

Dianov et al. demonstrated the production of MIR fibers in the As-S, As-Se and As-S-Se systems 

with optical losses lower than 0.1 dB/m, except for several IR absorption bands caused by stubborn 

impurities [129]. As-S based fibers with core-cladding structure were fabricated in the early 1990s 

[130]. Using the double-crucible method, Churbanov et al. fabricated core/clad As-Se-Te and As-
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S-Se glass fibers with minimal optical losses of 0.15 dB/m at 6.6 μm and 0.06 dB/m at 4.8 μm, 

respectively [131]. To date, the lowest loss for ChG-based optical fibers have been achieved in 

multi-mode As2S3 optical fibers, with losses of 0.012 and 0.014 dB/m at 3.0 and 4.8 µm, 

respectively [132].  

Start from late 1980s, scientists at Université de Rennes 1 continuously reported their 

progress about Te-ChG studies, especially for tellurium halides (TeX, X=Cl, Br, I) [133] [134] 

[135] systems, for fibers. Later on, mono-index and core-clad fibers [136] [137] [138] [139] were 

produced by both rod-in-tube (directly at the Université de Rennes 1) and double-crucible methods 

(indirectly from their coworkers). These TeX fibers presents wider transmission widows than S- 

and Se-ChG, typically up to 9 — 9.5 µm [136] [137] [138] [139]. 2.6 Watts output power is 

obtained from 1-m-long, 600-µm-diameter unclad TeX fiber with antireflection coating from 7 

Watts input power at 9.3 µm wavelength [139]. In additional to energy delivery, TeX fibers are 

also used for remote chemical analysis and remote temperature sensing [140]. Furthermore, 

GaSbGeSe-based fibers are also studied since these fibers have higher work temperature than TeX 

system and better mechanical properties, even they have smaller transmission window [141] [142]. 

The minimum optical loss of unclad Te-ChG fibers based on TeAsSe system were less than 0.1 

dB/m at certain wavelength in the region of 6.7 – 7.3 µm based on TeAsSe glass system [143]. 

Typical single mode TeAsSe fibers with core-clad structure have the minimum losses ~ 0.33 dB/m 

at 7.5µm [144]. Broadband step-index Te-ChG fibers possess higher loss (7 — 40 dB/m at 4.0 – 

15.0 µm region) are produced by rod-in-tube approach for Darwin mission [145] [146] [147] [148]. 

U.S. Naval Research Laboratory (NRL) started to report their results about IR ChG fibers 

on several glass systems [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] 
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[161], such as AsS, AsSeS, AsSeTe, and GeASSeTe, from unclad fibers to core-clad fibers, 

microstructure fibers since 1990s. Followed by early Japanese exploration on ChG-core, Teflon-

cladding fibers, rod-in-tube approach is initially chosen to produce core-cladding fibers. Attempt 

to remove the interfacial gap (< 100 µm) between rod and tube, a shrinkable Teflon tube was 

subsequently used as jacket in the preform level under vacuum at ~100 °C [161]. The fiber core, 

cladding and Teflon jacket diameters were 200, 330, and 370 µm, respectively with minimum loss 

less than 1 dB/m at 4.8 µm wavelength. Unfortunately, this single drawing process cannot produce 

a small core fiber for single-mode confinement and the thin Teflon is not strong enough to offer 

superior mechanical protection. The core-cladding dimensional ratio is limited by the fabrication 

methodology of glass tube, which is produced by rotation where only relative thin-wall tube can 

be obtained. A 1-m-long piece of the same fiber was tested with 6.2 W of CW input power at 5.4 

µm from a CO laser. Fiber core diameter was 200 µm, cladding diameter was 330 µm, and peak 

input-power density was 126 kW/cm2. Transmission efficiency was 60%, although after a few 

minutes at peak power the epoxy surrounding the input end face in the connector began to melt 

[162]. Single-mode ChG fibers were fabricated by a double-crucible technique with 12 µm-core, 

125 µm-cladding and ~ 250 µm-UV curable acrylate, as the double-crucible process enables 

adjustments to be made in the core/clad diameter ratio during fiber drawing by independent 

pressure control above each melt. The typical loss in this work is about 0.9 dB/m at 2.7 µm 

wavelength [150]. Rare-earth doped ChGs and fibers for active application in NIR and MIR are 

also studied extensively at NRL since 1998 [163] [164] [151] [152] [165] [166] [167] [168]. They 

are also recognized for their commercialization of ChG fibers.   

Polymers/plastics/resins generally have been used as coatings (typically UV Acylate) to 
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offer mechanical protection to fragile glass fibers for several decades [30]. Such protection is 

critical for ChGs fiber, which only possess 1/10 the tensile strength of silica glass fibers [169]. To 

overcome this drawback, several approaches have been explored, including the coating with a 

combination of multiple polymer layers [170], providing a jacket by heat-shrink, and more recently 

thick built-in jacket through multimaterial coextrusion [62] [171-Te-ChG] on the surface of ChG 

core and cladding structure, all of which result in better mechanical support compared to single 

material coating.  

The idea of combining glasses with polymers in an optical fiber has been investigated since 

the 1980s [172] [173] [174] in order to appropriate the favorable mechanical properties of 

polymers to compensate for the less-favorable mechanical properties of fluoride and chalcogenide 

glasses. Thermal co-drawing of these glasses with polymer jacket, such as Teflon, greatly 

improves the mechanical properties of the fiber. In 1981, Shibata and Manabe reported the 

fabrication of fluoride-glass-core polymer-cladding fibers [175] from a rod-in-tube preform. In 

1984, NTT scientists [176] reported similar research using ChGs. Infrared fiber bundles were 

fabricated using the stack-and-draw approach by Horiba Ltd [177] [178] in the 2 – 6 µm spectral 

window; see also Refs. [179] [180]. The Naval Research Laboratory (NRL) [181] also developed 

glass/polymer multimaterial-fiber fabrication technology using the rod-in-tube method in the 

1990s. The ability to combine different optical glasses in a fiber and exploiting the contrast in their 

optical properties can be beneficial in dispersion control and engineering the fiber optical 

nonlinearities. A fiber consisting of a chalcogenide  glass core in a tellurite glass cladding 

(produced by the stack-and-draw method) [63] [182] [183] was shown to have flattened chromatic 

dispersion and a zero-dispersion wavelength shifted to the near infrared, enabling supercontinuum 
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generation covering 800 – 2400 nm. Additionally, all-solid PBG-guiding PCF’s consisting of a 

hexagonal lattice of high-index soft-glass strands embedded in a low-index soft glass [184] 

(produced by the stack-and-draw method) have been investigated. In practice, this approach is 

limited by the availability of pairs of glasses with overlapping softening temperatures and thermal 

expansion coefficients. More research is needed to fully exploit the opportunities enabled by these 

multimaterial optical fiber structures.  

The material processing of bulk material to fiber preform and the fiber drawing process 

can rarely further improve the purity of material but likely introduce more extrinsic impurities. For 

example, drilling of glass tube that used as preform cladding usually introduce micron-scale cracks 

and impurities in the material. Thermal-based preform fabrication and fiber drawing process will 

also possibly introduce oxidation, therefore, increase the fiber loss. Non-perfection of fiber 

structure, such as imperfection defects and deformations in core-cladding structure fiber [181], 

solid-core photonic crystal fiber [182] [183], and 1D [184] and 2D [185] photonic bandgap fibers 

result from construction of fiber preform and fiber thermal drawing process. Fortunately, for short-

haul applications, the mechanical robustness, thermal and chemical stabilities of ChG IR fiber are 

not far away from practical fiber applications.  

The microstructure optical fiber (MOF) technology offers a great controllability of fiber 

structure design, typically from just a single material (e.g. Silica), where there is no need of two 

or multiple thermally, chemically, and optically compatible materials to form core and cladding to 

guide light as conventional fibers. Silica glass have limited adjustment of refractive index by 

doping, therefore, structure engineering of fiber cross-section provides multiple unique 

functionalities over simple core/cladding silica fiber. As to ChG, material itself has a huge range 
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of refractive indices from 2.1 to 3.5 in MIR region, it is not absolute necessary to produce labor 

consuming microstructure fibers, unless hollow core bandgap ChG fibers which can be used for 

single mode confinement. Generally, structure engineering of core/cladding fiber, such as thermal 

tapering process, can easily control the dispersion of fibers. Here in my dissertation, I would not 

discuss more details about microstructured chalcogenide glass fibers but focus on simple core-

cladding structure ChG fibers.  

 

Figure. 2. 2 Viscosity curves of silica glass (green line), chalcogenide glass As2S3 (red line) and Polyethylenimine 
(PEI) polymer (blue line). 

Viscosity is the most important parameter in the thermal fiber drawing process. Figure 2.2 

is the viscosity curves of three materials: silica (green), ChG As2S3 (red) and PEI polymer (blue). 

Compared with silica, the viscosity of ChG is much more sensitive with temperature, which means 

difficulties in the thermal drawing process. Fortunately, PEI polymer has similar viscosity curve 

as ChG in the fiber drawing viscosity region. What if we combine PEI polymer with ChG in the 
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preform level and then co-draw them together to take the advantage of polymer as scaffold of ChG? 

This is the initial idea of our multimaterial robust ChG IR fibers. Based on this strategy, we 

recently developed several novel fabrication techniques that rely on multimaterial coextrusion of 

specially designed billets combining a thermally compatible polymer with ChG discs to produce a 

preforms which are subsequently drawn into a robust IR fibers incorporating a thick built-in 

polymer jacket. The jacket does not participate in the optical functionality but instead offers 

superior mechanical protection.  

2.3 High-purity chalcogenide glass production and preform extrusion 

Bulk ChG glasses are mostly prepared by the conventional melt-quenching technique. To 

get high-quality ChGs without impurities, the melting process must be carried out in the absence 

of any oxygen or water. ChGs are normally prepared from elements and compounds that have 

incongruent melting points, exhibit high partial vapor pressure during melting and are susceptible 

to oxidation and hydrolysis. Therefore, the synthesis must be carried out in sealed evacuated quartz 

ampoules. High-purity (99.999%-99.9999%) raw materials must be used for the major constituents. 

ChGs need to be agitated to promote mixing and homogeneity during the melt-based processing. 

This typically involves the use of a rocking furnace to agitate the melt as the elemental constituents 

react to form a glass liquid. The primary contaminants ([O], [H], [C] and dissolved compounds) 

may largely be attributed to trace-level constituents in starting raw materials. These impurities 

have a noticeable impact on the properties of the drawing of optical fibers. Despite the wide range 

of ChGs available, only a subset of thermally stable glasses are useful for thermal fiber drawing. 

27 

 



 

Figure. 2. 3 High-purity, large-scale ChG production ability at CREOL, The College of Optics & Photonics. (a) — 
(b) Photographs of 30-mm-diameter As2S3 and As2Se3 ChG discs.  (c) The homogeneity of As2Se3 glass disc with 
10-mm thickness and 30-mm diameter. (d) The comparison of FTIR transmission spectra for unpurified (black line) 
and purified (red line) As2Se3 glass in the form of 10-mm-thick diss. High-purity, large-scale ChG production. (a) A 
photograph of the rocking furnace used for ChG synthesis. (b) Schematics depiction of the dynamic glass distillation 
process to produce high-purity ChG. 

Bulk quantities of ChGs are usually prepared by cooling of melts. In order to obtain high-

quality ChG without any [O] and [H] impurities, the melting process must be carried out in absence 

of oxygen and water. In general, ChGs are formed by combining elements that have incongruent 

melting points, may exhibit high partial vapor pressures during melting, and are susceptible to 
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oxidation and hydrolysis. Therefore, the synthesis must be carried out in sealed evacuated quartz 

ampoules. The synthesis conditions are widely varied and depend on the glass composition, glass-

forming region, and glass-forming ability. High purity (5N – 6N) raw materials are used as initial 

materials for major elemental constituents. Oxygen [O] is by far the most detrimental contaminant. 

Elements that are easily oxidized, such as arsenic (As), should be packaged in argon when supplied. 

Before loading the raw materials into quartz tubes, they should be carefully cleaned.. Next, the 

temperature of the elements-mixture is raised to form the glass, which must be agitated to promote 

mixing and homogeneity during the melt-based processing. This typically involves the use of a 

rocking furnace. Additional steps (such as glass distillation) are usually required to further improve 

the purity of the glass. 

Figure 2.3 shows an example of the high-purity, large-scale ChG production ability at 

CREOL, The College of Optics & Photonics. Using the approach just described, two 30-mm-

diameter discs from well-studied ChGs – As2S3 and As2Se3 were produced and are shown in Fig. 

2.3(a-b). The homogeneity of the glasses is confirmed in Fig. 2.3(c) by near IR light transmission. 

Figure 2.3(d) compares FTIR transmission spectra of unpurified (black line) and purified (red line) 

As2Se3 glass in the form of 10-mm-thick discs. Based on our self-developed purification 

techniques for both the raw materials and the synthesized glass [unpublished], we have been able 

to remove the most stubborn impurities in ChGs.  

ChG fibers with core/cladding structure are typically produced by the double-crucible 

method or the rod-in-tube method. The double-crucible approach is an operationally complex 

process (and thus out of reach of academia) but typically produces low-loss fibers. However, it 

produces a limited range of fiber structures and is amenable to a limited choice of materials 
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pairings for the core and cladding. The rod-in-tube method is a straightforward approach to 

producing core/cladding fibers. However, such fibers usually exhibit a relatively higher optical 

loss than those produced by the double-crucible method due to imperfections at the core/cladding 

interface.  

Extrusion can be used to create extended objects with complex cross-sectional profiles by 

pushing a softened material through a die at suitable temperature under pressure. As shown in Fig. 

2.4(b), bulk material, typically called a billet, is placed inside a sleeve and heated to the material’s 

softening temperature. Pressure is used to push the material through a die that imparts shape to the 

extruded preform rod. Figure 2.4(a) is a photograph of a Ge-Sb-Se ChG rod having a 50-mm 

diameter and ~75-mm length. Such a ChG rod may be used as an extrusion billet, resulting in a 

~1.3-m-long 12-mm-diameter extended ChG rod as shown in Fig. 2.4 (c). The die was a circle of 

12-mm-diameter. This is the first demonstration of meter-long extruded ChG rods. This process 

can be used to reshape large-scale bulk glass into smaller-sized rods with desired cross-sections 

and extended lengths. Such lengths cannot be produced directly by melt-quenching. Applications 

in soft-glass lens molding or the fabrication of other IR optical components may benefit from the 

availability of such extended rods. When compared to the extrusion of polymers and other soft 

glasses, there have been very few published reports on the extrusion of ChGs. Figure 2.4(d) shows 

several examples of extruded rods and tubes from GaSbSe, AsS, AsSe glass systems. The hollow 

tubes are prepared by modifying the die structure by adding a suspended needle in the center of 

the die13. Extrusion may be also used to produce uni-material complex microstructure optical fiber 

preforms, as shown in Fig. 2.4(d).  
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Figure. 2. 4 . Large-scale ChG billet extrusion for meter-long rod. (a) Photograph of a ChG bulk cylinder of 50-mm 
diameter and ~75-mm length that may be used as an extrusion billet. (b) Schematic of rod extrusion from a single 
material. (c) Photograph of extruded ChG rod with ~1.3 meter length and ~12 mm diameter produyced from the 
billet in (a). (d) Examples of extruded structures and materials. From left to right: hollow GeSbSe tube, hollow 
As2S3 tube, and six-hole As2Se3 PCF preform 

Combining multiple materials in a fiber may be used to improve the mechanical properties 

lacking in a fiber that has favorable optical properties. As mentioned above, while chalcogenide 

glasses have high optical nonlinearity and are transparent in the mid-infrared, the adoption of 

chalcogenide fibers has been limited due, in large part, to their unfavorable mechanical properties. 

This drawback has been recently addressed through the use of one-step multimaterial coextrusion 

of a fiber preforms containing chalcogenide glasses and thermoplastic polymers. A composite 

preform consisting of a Chalcogenide glass core, a chalcogenide glass cladding, and a built-in 
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polymer jacket is extruded from a vertically stacked billet into a preform that is subsequently 

drawn into a fiber. The polymer provides protection to the fibers during drawing and mechanical 

handling after drawing. Furthermore, since the chalcogenide glass and the polymer are thermally 

compatible, the fiber may be tapered without removing the polymer, resulting in robust, all-solid, 

and high-index-contrast tapers with sub-micron core diameters. These tapers have been used to 

produce octave-spanning infrared supercontinuum spectra. 

2.4 Multimaterial stacked coextrusion for robust ChG IR fiber production 

In this Section, I summarize our multimaterial stacked coextrusion technique, which 

produces composite ChG/polymer preforms that are then drawn into robust fibers. A billet 

consisting of thermally compatible thermoplastic polymer and ChG is extruded into a preform 

provided with a built-in polymer jacket. The polymer does not participate in the optical 

functionality of the fiber, which is dictated by the ChG alone. We also produce robust, high-index-

contrast, sub-micrometer core-diameter tapers suitable for nonlinear optical applications without 

removing the polymer. 

Our extrusion system consists of a sleeve (diameter 30–46 mm) inside a tube furnace. A 

billet is heated in the sleeve to allow viscous flow and is then extruded by a piston through a 

circular die [diameter 6–20 mm; Fig. 2.5(a)]. The billet is kept at slightly higher than the softening 

temperature, and ≈500 lbs of force is applied to extrude the billet at ∼0.3–0.7 mm∕ min. Extrusion 

under pressure allows the use of lower temperatures and higher viscosities compared to fiber 

drawing, thereby reducing glass crystallization. 
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Figure. 2. 5 (a) Extrusion system. P, piston; S, sleeve; B, billet; D, die. (b) A hybrid polymer (P: PES) and ChG (G : 
As2Se3) billet. A section of the polymer was removed to reveal the structure. (c) Section of the extruded preform. 
(d) A disk (diameter 17.4 mm) cut from the extruded preform in (c). (e) Reflection optical micrograph of the fiber 
cross section and (f) the core. (g) Photograph of extruder in CREOL, UCF 

ChG rods were prepared from commercial glass (AMI, Inc.) by melt quenching, and 

polymer rods were prepared by thin-film processing. The glasses used are G1:As2Se3, G2: 

As2Se1.5S1.5, and G3:As2S3, with measured indices 2.904, 2.743, and 2.472 at 1.55 μm, 

respectively; the polymers used are polyethersulfone (PES) and polyetherimide (PEI). The large 

index contrast between the ChGs was chosen to test the limits of the extrusion process and to 

produce the high-index-contrast nanotapers described below. As a first example, we extrude a 

ChG-core (G1), polymer-jacket (PES) preform [Figs. 2.5(c) and 1(d)] using a nested billet 

consisting of a ChG rod (11 mm diameter, 60 mm length) in a polymer tube [46 mm outer diameter, 

140 mm length; Fig. 2.5(b)]. We refer to this structure as GP.  

We next extrude a preform with a ChG cladding surrounding the ChG core. We use a 

vertically stacked billet comprising polished disks placed atop each other with the bottom (top) 

disk corresponding to the outermost (innermost) layer in the extruded preform [Fig. 2.6(a)]. The 

(g) 
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extruded preform consists of nested shells with the top-billet layer forming the core. We refer to 

this structure hereafter as GGP. The polymer protects the ChG from coming in contact with the 

die during extrusion or subsequently with the ambient environment. We do not observe any 

separation between the layers in the preforms (or in the subsequently drawn fibers). The larger 

thermal expansion coefficient of the polymer compared to the ChG eliminates in the preform the 

small gaps that inevitably exist at interfaces in the billet. 

 

Figure. 2. 6 (a) Vertically stacked billet to produce a GGP preform. (b) Drawn GGP fiber. (c), (e) Transmission 
optical micrographs of the fiber cross sections, and (d), (f) reflection micrographs of the core. P, polymer; 
G1:As2Se3, G2:As2Se1.5S1.5, and G3:As2S3. 

We draw each preform into a cane, and a 10-cm-long section of it is inserted into a polymer 

tube, which in turn is drawn into ≈100 m of continuous, robust, 1-mm-outerdiameter, 10-μm-core-

diameter fiber [Fig. 2.6(b)]. Cross section of the GP fiber is shown in Figs. 2.5(e) and 2.5(f), and 

cross sections of two GGP fibers, G1–G3–PEI and G2–G3–PES, are shown in Figs. 2.6(c) and 

2.6(d) and Figs. 2.6(e) and 2.6(f), respectively. The ChG in the latter two represents less than 0.1% 

of the fiber volume: 10 km of this fiber contains ∼30 g of glass. The core-to-cladding diameter 

ratio here is ≈1∕3. This ratio is controlled by changing the thicknesses of the disks in the billet and 
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the pressure applied during extrusion. Reducing this ratio, however, reduces the yield of the useful 

preform length. The built-in polymer jacket facilitates the fiber drawing compared to bare-glass-

fiber drawing and helps avoid oxidation of the ChG. The fiber transmission losses (for a GGP fiber 

with As2Se3 core) evaluated by cutback measurements are ≈10:9 dB∕m at 1.55 μm (using a laser 

diode) and ≈7.8 dB∕m at 2 μm (using a Tm-doped fiber laser). The loss at the moment is limited 

by the purity of the glass. 

 

Figure. 2. 7  (a) A 1-mm-diameterfiber tied in a 1-in.-diameter knot. (b) Transmission over time for 10 fibers after 
bending the fiber with D ~ 0.5 in: bend diameter. The black curve is the average of all the measurements. (c) A 2 kg 
weight hanging from a 5-cm-long fiber. The inset shows the hanging mechanism. The fiber is attached to 
microscope slides using epoxy while keeping the ends free for optical measurements. (d) A robust multimaterial 
taper. The inset is a micrograph of the taper center. 

The robustness of these composite ChG fibers is illustrated in Fig. 2.7.We measured the 

transmission over time (at 1.55 μm) after bending a GP fiber for 10 min intervals. There was no 

change for 1 in. bend diameters and larger, and we find no plastic memory in knots with diameters 
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larger than 1 in. [Fig. 2.7(a)]. Results for a 0.5 in. bend diameter are plotted in Fig. 2.7(b). The 

transmission did not decrease after an hour by more than 10% (5% on average). We also 

investigated the effect of axial stress on optical transmission. We hang a 2 kg weight from multiple 

5-cm-long GP fiber sections [Fig. 2.7(c)] for 18 h each and then measure the transmission (at 1.55 

μm): it was unaffected in this experiment. The fiber thus withstands 14.6 Kpsi (≈25.5 MPa) with 

no change in its performance over this extended period of time. This sets a lower limit on the fiber 

strength. Although the ChG diameter here is only 10 μm, the polymer jacket nevertheless allows 

for convenient handling and reduced ageing of the fibers. Therefore, the optical properties of the 

fiber are determined by the ChG, while the mechanical properties are determined by the polymer. 

Separating the functionalities in this way allows for them to be optimized independently. 

A unique advantage of the thermally compatible builtin polymer jacket is in providing a 

mechanical scaffold for producing robust tapers without first removing the polymer. ChG 

nanotapers combine high optical nonlinearities with dispersion control but are hampered by their 

extreme fragility. The robustness of our multimaterial tapers is highlighted in Fig. 2.7(d), where 

we show a taper with core diameter 25 nm (outer diameter 3 μm). 
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Figure. 2. 8 (a)–(c) Characterization of GGP and (d)–(f) GP tapers both having core dmin =1.4 μm. (a), (d) SEM 
micrographs of the cross sections; (b), (e) white-light and (c), (f) 1.55 μm laser light near-field intensity images. 
Scale bars are 2 μm. Dashed white circles corresponding to the interfaces are guides for the eye. 

We characterize GP and GGP tapers in three ways after cutting the taper at its center where 

the diameter is smallest (dmin=1.4 μm for the core in both tapers). (1) The structure is determined 

using scanning electron microscope (SEM) imaging, confirming that size reduction occurs at the 

same rate throughout the cross section during tapering [Figs. 2.8(a) and 2.8(d)]. (2) The ChG-

polymer interface is determined by transmitting white light (coupled from the untapered end, do _ 

10 μm), since the polymer We characterize GP and GGP tapers in three ways after cutting the taper 

at its center where the diameter is smallest (dmin=1.4 μm for the core in both tapers). (1) The 

structure is determined using scanning electron microscope (SEM) imaging, confirming that size 

reduction occurs at the same rate throughout the cross section during tapering [Figs. 2.8(a) and 

2.8(d)]. (2) The ChG-polymer interface is determined by transmitting white light (coupled from 

the untapered end, do = 10 μm), since the polymer is transparent in the visible and the ChG is not 
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[Figs. 2.8(b) and 2.8(e)]. (3) The modal structure is determined by transmitting 1.55 μm CW light 

(from a laser diode) through the core [Figs. 2.8(c) and 2.8(f)]. The mode is confined to the glass 

in the GGP taper owing to the high core/ cladding index contrast (and extends into the polymer in 

the GP taper). We thus harness the mechanical strength of the polymer jacket without 

compromising the optical functionality of the taper. 

In conclusion, we have described a novel one-step multimaterial preform extrusion process 

that produces hybrid ChG/polymer preforms that we draw into robust infrared fibers and tapers. 

The process helps obviate the mechanical limitations of ChG fibers and enables optimizing the 

optical properties for nonlinear applications. 

2.5 Multimaterial coextrusion of preforms for ‘disc-to-fiber’ production  

The billet in Fig. 2.6(a) requires the use of 30-mm-diameter ChG discs, which requires 

large-scale synthesis of high-purity glass. Such a task is not easy in an academic setting, and thus 

limits access to other research groups from attempting such a process. Furthermore, the extruded 

preform is characterized by an internally tapered structure, and thus only a small percentage (~ 5 

– 10%) of the materials used is converted into the desired transverse geometry. In this Section, we 

bring forth a modification of the previously reported multimaterial coextrusion strategy that offers 

a two-fold improvement. First, only a very small quantity of glass is required in preparing the 

extrusion billet. Indeed, we demonstrate that using two glass discs with 10-mm diameter and 3-

mm thickness (~ 2 g total mass) is required to produce a preform that is drawn into ~ 50 m of 

continuous fiber. Furthermore, a higher percentage (~ 25%) of the material is utilized in the drawn 
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fiber. The result is an efficient methodology that in effect converts glass discs to step-index fibers 

(that we call a ‘disc-to-fiber’ approach) with core diameters in the range of tens of microns. The 

small quantity of glass requires helps simplify the demands on large-scale glass production and 

expedites the evaluation of candidate glasses as potentially viable fiber materials. The combined 

capabilities of producing high-purity, large-scale ChGs discs with our multimaterial fiber 

fabrication strategy2 lead to the production of robust, low-loss IR ChG fibers with the desired 

dimensions and refractive index contrast between core and cladding. 

Using a vertically stacked billet constructed of discs from the desired materials, the 

horizontal interfaces are converted during extrusion to vertically nested interfaces. The extruded 

rod therefore form nested concentric structure, such as core-cladding structures or one-dimensional 

(1D) multilayered structured preforms. In 1994, K. Itoh et. al. reported the use of extrusion to 

produce a core/cladding fluoride preform directly by stacking two discs in a billet [186]. After this 

pioneering result, A. B. Seddon’s group at Nottingham University[187] [188], J. A. Harrington’s 

group at Rutgers University[60], and D. J. Richardson’s group at Southampton University [61] 

used a similar approach to use multiple discs to produce step-index or 1D microstructured fiber 

preforms. 
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Figure. 2. 9 (a) Schematic of efficient ‘disc-to-fiber’ coextrusion. (b) Photograph of part of the extruded rod 
resulting from the billet with the structure shown in (a). (c) Drawn fiber produced from the preform in (b). (d) Ratio 
of core-to-cladding in the fiber versus the location of measured point along the fiber. (e) Optical reflection 
micrographs of fiber cross-sections showing different core-to-cladding diameter ratios dcore/dcladding: (i) 5.92/65.2 
μm; (ii) 11.3/52.8 μm; (iii) 20.5/50.2 μm; (iv) 27.6/41.9 μm. 

We recently reported a modification of this strategy that allows for combining 

heterogeneous materials in the billet – a multimaterial stacked coextrusion strategy5.  We used a 

multimaterial billet consisting of vertically stacked discs, which allows for engineering the 

transverse architecture of the extruded rod that contains a core-cladding structure combined with 

a built-in jacket. This rod constitutes a preform structure in which the ChGs are protected by the 
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thermoplastic polymer, which dramatically simplifies the subsequent thermal drawing into a fiber. 

The main advantage of this process is its ability to create preforms with complex transverse 

structures from brittle material that may then be drawn into a robust fiber. Several fibers have been 

drawn from these extruded multimaterial preforms and have led to the fabrication of robust nano-

tapers that enable optical dispersion engineering and nonlinear optical applications in coherent 

supercontinuum generation. 

Since the multimaterial preforms were produced from a stacked billet by converting the 

horizontal interfaces to vertically nested structure, the extruded preform has an internal tapered 

ratio of core/cladding diameters, as showed schematically in Fig. 2.9(a). Only a small percentage 

(5%-10%) of the initial materials is converted into a preform with step-index ChG structure that is 

useful for fiber drawing. Furthermore, large-diameter discs (30-mm-diameter) were needed in the 

billet. Here we report on a second generation of multimaterial extrusion that requires significantly 

less glass (only ~ 2 gm) to produce a robust IR fiber. We call this procedure multimaterial ‘disc-

to-fiber’ coextrusion. 

We address these two challenges (the large material quantity needed and the low utilization 

efficiency) by redesigning the hybrid ChG-polymer extrusion billet structure [Fig. 2.9(a)]. 

Similarly with multimaterial stacked coextrusion, we produce preforms with step-index ChG 

preform provided with a built-in polymer jacket. The optical functionality of the drawn fiber is 

dictated by the ChG, while the mechanical properties stem from the polymer. The billet here was 

constructed using two 10-mm-diameter 3-mm-thick glass discs, corresponding to only a few grams 

of glass.ChG discs were prepared by melt-quenching23 from high-purity elements, As, S, and Se 

(99.999%). The glasses used are G1: As40Se60 and G2: As40S60 with measured indices 2.904 and 
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2.472 at 1.55 μm wavelength, respectively. The samples (typically 10 g in weight) were prepared 

by melting batches in evacuated (10-4 Pa) and flame-sealed silica ampoules in a rocking furnace at 

900 – 950 ◦C for 12 h, quenching them in cold water to obtain solid ChG for further glass 

distillation. After distillation, high-purity glass is remelt again for 4 – 6 h, followed by quenching 

and annealing. Finally, the annealed glasses were cut and polished to mirror smoothness into slices 

for extrusion. The weight of each glass disc is around 2.5 g. The polymer used is polyethersulfone 

(PES). The polymer rod used for extrusion was produced by the thin-film rolling technique. The 

polymer component is now produced in a different form with respect to the first-generation of 

coextrusion (that is, not the solid disc used previously). Instead, a stepped hole is made with a 

polymer cylinder in which the two glass discs are fitted. The outer diameter of the polymer rod is 

30 mm to fit into a 30-mm-diameter metal sleeve. The billet assembly is heated in the sleeve to 

the softening temperature of both glass and polymer materials, and is then pushed through a 

circular die with 4-mm diameter under 300 − 500 lbs of force at ~0.3 − 0.7 mm/min piston 

downfeed speed. The resulting extruded multimaterial rod is shown in Fig. 2.9(b). An additional 

advantage of this billet structure is that contact between the glass disc and the metal walls of the 

extrusion sleeve is eliminated. Therefore, we expect that any contamination of the glass due to 

such contact at elevated temperatures is reduced. 

The extruded multimaterial rod [Fig. 2.9(b)] is then used to produce a preform by 

increasing its diameter via a thin-film-rolling approach. Thermal drawing of the resulting preform 

in an ambient environment produces ChG fibers [Fig. 2.9(c)] with tens of microns core diameter, 

1-mm outer diameter and ~ 50 m of length fiber containing a step-index ChG structure and built-

in jacket [Fig. 2.9(c)], which is a greatly improved production efficiency. In addition, the 
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thickness-to-diameter dimensional ratio of each glass disc is only 0.3, which is much smaller than 

that of the first generation extrusion which is around 1. Hence, much more material could be 

converted into vertical structure, 40 − 50% in this work. Figure 2.9(d) presents the core-to-cladding 

ratio in the fiber as a function of the distance from the measured position to the beginning of fiber. 

From these measurements we conclude that useful robust infrared fibers are produced here with 

0.09-0.68 ratio of core-to-cladding diameters starting from less than 2 g of glass materials. These 

fibers have the same excellent mechanical properties as the fibers reported in our previous work 

in Ref [62]. Figure 2.9(e) depicts optical micrographs of several fiber cross sections taken at 

different positions along the drawn fiber showing the change in the core-to-cladding diameter ratio.  

An efficient disc-to-fiber coextrusion methodology has been described that may help 

alleviate the challenges of producing high-purity, large-scale chalcogenide glass synthesis, which 

are obstacles to the development of infrared chalcogenide fibers. Our multimaterial coextrusion 

approach produces robust infrared fibers using extremely small quantities of glass. We thus expect 

this process to have substantial impact on the development of a new generation of infrared fibers 

by providing an efficient route to rapid prototyping of fibers from new materials.  

2.6 Multimaterial rod-in-tube coextrusion 

The rod-in-tube approach is a straightforward method that is used to produce core-cladding 

step-index fiber structures from a wide range of materials. Unfortunately, it typically results in 

fibers with higher transmission loss due to imperfections at the core-cladding interface.  

Amorphous Te-ChGs not only have broad transmission spectrum cross this range, but also can be 
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thermally drawn into a fiber directly from a preform. Here we use Te-ChG to produce a robust IR 

fiber that can transmit radiation in the 3 – 12 μm spectral range. 

Table 2. 2 Optical properties Te-based chalcogenide core/cladding fibers 

Glass composition Spectral range (μm) Lowest loss (dB/m) Wavelength (μm) Reference 

As3Se4.5Te2.5/As3Se5Te2 2 − 12 1.7 6.5 − 9.5 [190] 

Ge21Se3Te76/Ge21Se8Te71 4 − 15 20 4 − 15 [191] 

Ge20As20Se16Te44/Ge20As20Se18Te

42 
5 − 12 3 − 4 6 − 10 [192] 

Te-X (X = Cl, Br or I) 3 − 13 1 − 2 7 − 10 [193] 

Se3.9As3.1Te2I/Se4As3Te2I 3 − 13 1 5-9 [194] 

 

Since then, several ChG fibers have been developed, including Te-ChG fiber. Unclad Ge-

Se-Te glass fibers were reported in the 1980's[189]. More recently, Te-ChGs were drawn into 

unclad and core-cladding fibers, including As-Se-Te[190], Ge-Se-Te[191], Ge-As-Se-Te[192], 

Te-X (X=Cl, Br, I)[193], and Se-As-Te-I[194] glass systems. Table 3.1 summarizes the 

characteristics of the Te-ChG fibers reported to date along with the core-cladding structure, 

transmission spectral range, and the lowest transmission loss within the MIR. 

Many soft glasses useful for IR fibers have unfavorable mechanical properties. For 

example, while ChGs have high optical nonlinearities and are transparent in the MIR, the adoption 

of ChG fibers has nevertheless been limited in large part due to their unfavorable mechanical 

properties. This drawback has been recently addressed through the use of one-step multimaterial 

coextrusion of a fiber preform containing ChGs and thermoplastic polymers. A composite preform 

consisting of a ChG core, a ChG cladding, and a built-in polymer jacket is extruded from a 

vertically stacked billet into a preform that is subsequently drawn into a fiber. The polymer 
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provides protection to the fibers during drawing and mechanical handling after drawing. 

Furthermore, since the ChG and the polymer are thermally compatible, the fiber may be tapered 

without removing the polymer, resulting in robust, all-solid, and high-index-contrast tapers with 

sub-micron core diameters. These tapers have been used to produce octave-spanning infrared 

supercontinuum. However, this stacked extrusion procedure results in a tapered core/cladding 

preform structure, and thus has a low utilization efficiency of the materials. Here we report a new 

multimaterial coextrusion technique, multimaterial rod-in-tube coextrusion, which combines 

elements from the traditional rod-in-tube method with our co-extrusion approach to produce robust 

MIR fibers. 

ChG cylinder rods were prepared by the melt-quenching method; core: Ge20As20Te45Se15, 

cladding: Ge20As20Te42Se18. Figure 2.10(a) shows a schematic of our procedure. To prepare the 

extrusion billet, a cylinder of the core glass G1 (diameter is intentionally tapered in the range 7.92 

– 7.95 mm, height = 19.0 mm) was obtained by sectioning and polishing a longer cylinder, while 

a cylindrical tube (outer diameter = 15.0 mm, inner diameter tapered in the range 7.95 – 8.00 mm, 

height = 22.0 mm) of the cladding class G2 was obtained by sectioning, mechanical drilling, and 

polishing the inner tube surface. To reduce the potential gap between rod and tube, both the outer 

dimension of rod and inner dimension of tube were polished with a slightly tapered structure, as 

shown in the schematic drawings in Fig. 2.10(a). The rod is inserted into the tube to form a rod-

in-tube assembly, followed by inserting it into a polymer cylinder with a stepped hole. The 

polyethersulfone (PES) polymer rod with a stepped hole (outer diameter = 30 mm, inner diameter 

= 15.2 mm, depth = 23.0 mm) that fits the rod-in-tube assembly was prepared by the thin-film-

rolling technique3 and mechanical machining. The billet was loaded into an extrusion sleeve with 
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30 mm inner diameter and heated to the materials’ softening temperature. The billet was forced 

through a circular die with inner diameter of 6 mm under 300 − 500 lbs of force at ~ 0.3 − 0.7 

mm/min speed to obtain a multimaterial preform with glass core, glass cladding, and polymer 

built-in jacket structure [Fig. 2.10(b)]. Figure 2.10(c) is a photograph of a section of extruded 

preform, a section of which is subsequently rolled with additional PES polymer by thin-film-

rolling approach to form a large-scale preform with outer dimension ~ 25 mm. A 1-mm-diameter 

fiber is drawn from the well-consolidated preform in a home-built fiber tower. Figure 2.10(d) 

shows a 7-m-long section of the drawn fiber. We have thus demonstrated that combining 

multimaterial coextrusion with the rod-in-tube methodology enables us to approach full-utilization 

of the materials used, thereby maximizing the yield – without compromising the fiber robustness.  
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Figure. 2. 10 Fabrication of robust multimaterial Te-ChG fiber. (a) Fabrication steps to produce the extrusion billet via a 
modified rod-in-tube process, culminating in a hybrid ChG/polymer extrusion billet. G1 (rod) and G2 (tube) are the core and 
cladding glasses, respectively, and P is the polymer jacket. (b) Schematic of the extrusion process. (c) Photograph of the extruded 
preform with ChG core/cladding structure and built-in polymer jacket structure. (d) A 7-m-long drawn fiber. A transmission 
optical micrograph of the fiber cross section. (b) A reflection optical micrograph of the core/cladding region corresponding to the 
dashed square in (a). (c) White light transmission of core/cladding region. The core/cladding interface is not visible due to the 
small index contrast. (d) A mechanically robust Te-ChG taper. The black-colored core and cladding are visible inside the 
transparent polymer jacket. 
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We carried out optical characterization of our fiber using multiple MIR sources throughout 

the spectral range of interest. The FTIR transmission spectrum for a 3-cm-long fiber sample shows 

a broad transmission window in the 3 – 12 μm spectral range that is within 6 dB from the peak 

transmission. Since one of the main applications of such a fiber is in QCL transmission, we 

measured the fiber loss by the cutback technique using two QCLs at wavelengths 6.1 and 9.4 μm 

using 1-m-long fiber samples. These measurements yielded estimated losses of 6.1 dB/m and 4 

dB/m at these two wavelengths, respectively. The mode profile was determined using a He-Ne 

laser at 3.39 μm. The measured divergence of the mode emerging from a 20-cm-long fiber 

corresponds to NA of 0.26 at 6.1 µm. 

Uniquely, the thermo-compatible polymer jacket allows for fiber tapering without first 

removing the jacket. As a result, these fibers may be used to prepare mechanically robust tapers 

for nonlinear fiber applications in the long-wave MIR spectrum. While there are available 

chalcogenide fiber tapers for mid-wave wavelengths, the tapers shown here are the first 

demonstrated for long-wave MIR applications. The fiber taper shows a drop in transmission of 

less than 50% after reducing the outer diameter from 1 mm to 320 μm over a 10-cm-long sample. 

In conclusion, we have demonstrated a novel fabrication approach for producing robust 

mid-wave and long-wave MIR fibers that makes use of tellurium-based chalcogenide glasses. The 

multimaterial fiber is drawn continuously from a preform obtained by extruding a rod-in-tube billet 

assembly. The resulting fiber is robust yet flexible and maintains low loss across the 3 – 12 μm 

spectral window, thereby making it an attractive prospect for QCLs. 
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CHAPTER 3 IN-FIBER SYNTHESIS AND IN-FIBER FLUID 
INSTABILITIES 

3.1 In-fiber synthesis 

The high-temperatures associated with thermal fiber drawing and the potential of using 

core and cladding materials with very different chemical reactivity suggests the possibility of 

exploiting fiber drawing in chemical synthesis. In this context, the preform cladding is viewed as 

a crucible in which a chemical synthesis process is confined. During fiber drawing, physical 

changes first take place, such as a reduction in the core and cladding viscosity, and potentially 

melting or volatization of the core. In the in-fiber synthesis approach, these physical changes are 

then followed by chemical changes where new compounds are produced in the core, either by 

reactions between pre-existing core compounds, or through diffusion of elements or compounds 

from the cladding into the core. This is an example of a re-imagining of the fiber drawing process 

itself, where the elongation at high temperature of multimaterial fibers is used to achieve a new 

goal: controlled chemical reactions along an extended length in confined space. 

The multimaterial in-fiber synthesis concept may be traced to work by E. Snitzer and R. 

Tumminelli in 1989 [64]. The drawing temperature of the fiber was higher than the core soft-glass 

Tm and its higher vapor pressure in the liquid phase led to the volatization of some compounds in 

the hot neck-down region resulting in a different residual core composition. This pioneering work 

can also be viewed as the first instance of drawing two families of materials having incompatible 

thermal properties. 

More recently, low-temperature materials (Se97S3 and Sn85Zn15) were co-drawn and a 

ZnSe compound was produced in the drawn fiber [24]. A surprising feature is that the produced 
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compound (ZnSe here) has a much higher melting temperature than that of the drawing process. J. 

Ballato et al. [195] used as-purchased crystalline Bi2O3-rich (Bi2O3 + GeO2) and Bi12GeO20 

powders (core) placed in borosilicate glass tube (cladding) to produce fibers where an in situ 

reactive chemical synthesis takes place during the drawing process in both amorphous and 

crystalline cores. This processing route can be used potentially for core materials that are difficult 

to fabricate or machine into a rod using conventional methods. Furthermore, in an attempt to 

reduce the diffusion of oxygen from the silica cladding to the Si core, silicon carbide (SiC) was 

introduced into the core to provide an in situ reactive oxygen getter during the drawing process 

[196] through the reactive-molten-core method. 

3.2 In-fiber fluid instabilities 

During thermal drawing, the viscosity of the drawn materials is reduced. A multimaterial 

fiber preform is thus a complex fluid-dynamical system. In the neckdown region where the 

diameter of the large preform is reduced to that of the drawn fiber, the constricted flow of the 

materials may be compared to the flow of a jet out of a nozzle. The controllable reduction in feature 

sizes within a multimaterial fiber therefore potentially allows fluid instabilities to develop at the 

heterogeneous interfaces. Although such phenomena are universal and ubiquitous, they lay 

dormant during the development of traditional silica fibers for several reasons. First, since the core 

and cladding are very similar materials (usually the same glass with different dopants), there is 

very little surface energy at the interface. Second, the high viscosity of silica glass helps arrest the 

development of fluid instabilities. Third, the high drawing speed results in a small dwelling time 

in the low-viscosity state, which is typically much shorter than instability growth times. Finally, 

the core diameter is relatively large (hence the curvature is small), which reduces surface energy. 
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Nevertheless, some applications that demand extremely high axial uniformity, such as phase-

matching for four-wave mixing across a wide bandwidth, are limited by the nanoscale fluctuations 

along the fiber [197]. In PBG fibers, it has been realized that capillary waves frozen at the free 

silica/air interfaces cause optical scattering that increases optical transmission losses [198]. In 

multimaterial fibers, it is expected that such instabilities will be even more significant since high 

surface energy may exist at the heterogeneous interfaces and the nanoscale features result in high 

surface curvature that increases the surface energy. We review here two such instabilities that have 

been studied recently in multimaterial fibers. 

The wavelength of light confined in a hollow fiber core lined with a 1D cylindrical 

multimaterial periodic structure is determined by the refractive indices and the length of the period 

[199]. Guiding visible or UV light therefore necessitates reducing the thicknesses of the layers to 

a few tens of nanometers. An obvious question is the following: what is the thinnest such layer 

that may be produced stably via thermal drawing from a multimaterial preform? This question was 

investigated in Ref. [20] by drawing amorphous As2Se3 and Se thin films of various thicknesses 

embedded in polyethersulfone (PES) and polysulfone (PSU) polymer claddings, respectively. It 

was observed that the initially intact cylindrical thin film breaks up along the azimuthal direction 

into an array of wires that are axially continuous. The film thickness at which this breakup process 

occurs, which consequently determines the diameter of the resulting wires, depends on the 

materials combination. For As2Se3/PES, this breakup occurred below 10-nm film thickness, while 

for Se/PSU it occurred at 100 nm. The fluid dynamical origin of this striking phenomenon has 

been investigated from a theoretical standpoint [200], but firm conclusions have not yet been 

reached. 
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A second fluid instability occurring along the axis of a multimaterial fiber has been recently 

reported [25] [26]. In this case, a drawn multimaterial fiber consisting of a cylindrical core 

embedded in a cladding (Fig. 3.1a-c) is thermally treated. It was observed that heating the fiber for 

a sufficient period of time results in the initially intact core breaking up into a necklace of 

uniformly sized spheres along the fiber axis. This is a manifestation of the classical Plateau-

Rayleigh capillary instability (PRI), the general tendency of fluid threads to break up into spherical 

droplets. As temperature increases, the viscosity of the fiber materials drop and surface tension at 

the heterogeneous interfaces dominates. Thermodynamically driven fluctuations arise at the 

interfaces, and certain fluctuation wavelengths, determined by the relative viscosity of the two 

materials and their surface energy, grow without bound. These wavelengths are observed as a 

sinusoidal modulation that develops at the core/cladding interface. The modulation depth at this 

instability wavelength increases until the cylindrical intact core breaks up into an array of spherical 

droplets. Using the classical Tomotika model [201] of the PRI, excellent agreement has been found 

between measurements and calculations [25] [26]. 

From the above we see that multimaterial fibers may be used to explore fluid dynamical 

problems at a wide range of length scales, and in ranges of parameters and classes of materials 

inaccessible to traditional micro- and nano-fluidic approaches. We anticipate that this line of 

research will witness considerable growth in the next few years [26].    
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Figure 3.1 Fluid capillary instabilities in multimaterial fibers as a route to size-tunable particle fabrication. (a) A 

macroscopic preform is thermally drawn into a fiber. Subsequent thermal processing of the fiber induces the PRI, 

which results in the breakup of the intact core into spherical droplets that are frozen in situ upon cooling. (b) 

Photograph of a preform cross section. The core is the amorphous semiconducting chalcogenide glass As2Se3 and 

the cladding is the thermoplastic polymer PES. (c) Reflection optical micrograph of a fiber cross-section with 20-

m-diameter core; inset shows the core (scale bar, 20 μm). The fiber consists of an As2Se3 glass core G, encased in 

a PES polymer cladding P. (d) SEM images of particles with diameters: i. 1.4 mm, ii. 18 μm, iii. 62 nm, and iv. 20 

nm. Adapted from Ref. [26]. (e) SEM images of Si spheres created by inducing a fluidic instability in Si-core/silica 

clad fibers [331]. 

3.3 In-fiber micron- and nano-fabrication 

The ability to reduce the transverse dimensions of complex features and structures from a 

multimaterial preform to a fiber suggests fiber drawing as a route to nanofabrication. A multitude 

of potential structures may be produced in this fashion, and we will describe two here in order to 

give a flavor of this research direction.  
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3.3.1 Nanowire Fabrication by thermal fiber drawing process 

Nanowires from a variety of materials have been produced using the fiber drawing process 

at length scales inaccessible to traditional vapor-liquid-solid processes typically used in producing 

nanowires. Recent work has demonstrated that amorphous and post-drawing-crystallized 

nanowires may be produced down to a few-nm diameter. Nanowires of amorphous Se and As2Se3 

were produced starting from a thin film [20]. In Ref. [23], single-material and core-shell nanowires 

were produced, and color-control was demonstrated using a two-component nanowire in Ref. 

[202]. J. J. Kaufman and I investigated the lower limit of nanowire diameters stably produced by 

the process of thermal fiber drawing and fiber tapering. We have demonstrated that thermal fiber 

drawing and fiber tapering may be used to draw amorphous semiconducting nanowires to sub-5-

nm diameters while maintaining axial continuity during TFD or subsequent tapering processes. 

Extremely long lengths of high-density, globally oriented and ordered arrays of these nanowires 

are combined in a single fiber. Such nanowire arrays are expected to find applications in 

nanosensing, nanoimaging using nanowire tips, and energy harvesting. The robustness of the 

nanowire bundles and their encasement in a polymer matrix scaffold further suggest important 

applications in live cell bioprobing. 

3.3.2 Micro- and nano-particle generation  

As we saw in the previous section, capillary instabilities (such as the PRI) may be 

controllably excited in multimaterial fibers via thermal treatment. While such fluid instabilities 

may be viewed as an obstacle to size reduction, they may also be viewed as an opportunity both to 

study fluid dynamics in new geometries, and also as a fabrication methodology to produce micro- 

and nanostructures, such as spherical structured nanoparticles. There is a wide range of 
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applications of micro- and nanoparticles, ranging from drug delivery to cosmetics that require 

efficient scalable pathways to producing particles over a wide range of sizes, from a variety of 

materials, and in a multitude of different structures. It has been recently demonstrated that an in-

fiber PRI, coupled with the inherent scalability of fiber production, enables the fabrication of 

uniformly sized, structured spherical particles spanning an exceptionally wide range of sizes: from 

2 mm down to 20 nm (Fig. 3.1d) [26]. The particles resulting from the PRI initiated by thermal 

treatment of the fiber are frozen in situ upon cooling the fiber, after which the particles are released 

when needed (see Fig. 3.1d). By judiciously designing the preform, the fabrication of composite, 

structured, spherical particles, such as core–shell particles, bi-compartmentalized ‘Janus’ particles, 

and multi-sectioned ‘beach ball’ particles were produced. Moreover, the process is made scalable 

by producing fibers with a high density of cores, which allows for an unprecedented level of 

parallelization [26]. Research efforts are also underway for inducing capillary breakup of Si cores 

in silica-clad fibers into periodic arrays of nanoscale Si spheres, which may be released from the 

cladding (see Fig. 3.1e) [203].  
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CHAPTER 4 FUTURE PROSPECTS OF MULTIMATERIAL FIBERS 
AND ITS APPLICATIONS 

We hope to have presented an overview of the wide range of exciting ideas currently 

investigated in the nascent field of multimaterial fibers. The field has grown dramatically over the 

past decade and it is impossible to cover all the ideas being explored in this brief review. One such 

omission is recent work on producing multimaterial-fiber metamaterials [204] [205] [206] [207] 

[208]. Metamaterials are synthetic photonic structures that enable exotic optical phenomena such 

as cloaking [209]. By drawing arrays of metallic structures in a polymer fiber, it has been possible 

to demonstrate control over the electrical and magnetic resonances experienced by THz radiation 

transmitted through the transverse fiber cross sections. Extending this approach to optical 

wavelengths will require further reduction of the feature sizes in the multimaterial fibers while 

avoiding in-fiber fluid instabilities. Other examples include the use of gold in silica fibers for 

plasmonic studies and the use of soft glasses inside silica fibers for mid-infrared nonlinear 

applications [210] [211] [212] [213] [214] [215] [216] [217]. 

Further research is needed to increase the density of optical, electronic and optoelectronic 

devices incorporated in a multimaterial fiber. Producing fibers endowed with such functionalities 

in a form that may be directly woven into fabrics would be a milestone for this field, leading to a 

marriage of optics, electronics, and textiles. Using in-fiber capillary instabilities to produce three-

dimensional macroscopic synthetic photonic structures with nanoscale control over the material 

distribution will enable unprecedented control over the behavior of light and sound. No doubt, 

further surprises lie ahead.  It is safe to say that the progress in multimaterial fibers reviewed here 

is pointing to a renaissance in fiber fabrication that promises to continue for a long time to come. 
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