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Abstract

:

Applications involving optical fibers have grown considerably in recent years with intense levels of research having been focused on the development of not only new generations of optical fiber materials and designs, but also on new processes for their preparation. In this paper, we review the latest developments in advanced materials for optical fibers ranging from silica, to semi-conductors, to particle-containing glasses, to chalcogenides and also in process-related innovations.
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1. Introduction


Because of their attributes (high reliability over long distances, low attenuation, low interference, high security, very high information capacity, longer life span and ease of maintenance), optical fibers have had a profound impact on telecommunication where they transport light pulses from one point to another. The first commercially-relevant fibers, made from silica (SiO2) glass, were developed in the 1960s. Shortly thereafter, the first low loss optical fibers were realized [1].



A half-century after the development of the first optical fibers, enabled by the ubiquity of telecommunication-grade glass fibers, optical fibers have found numerous other applications in laser-based manufacturing (e.g., precision cutting, drilling and welding) [2], illumination, sensing and imaging, to cite just a few. Optical fibers also are well suited to biomedical applications. They can be used to view inside the body without having to perform surgery, as the optical fiber can be easily inserted—due to their small size and flexibility—into veins, arteries, lungs and other accessible parts of the body. They can be used as physical sensors of temperature, pressure and radiation; and also as chemical sensors of pH, partial pressure of blood gases and glucose, as reviewed in [3]. Those many new applications have initiated a global search for new material- and process-oriented innovations, as the wavelength of the light used in the application dictates the selection of enabling materials and designs.



Presented here is an overview of the advanced materials and processing innovations employed for the preparation of next generation optical fibers. This overview is divided in five parts. The first section presents the recent progresses in the development of silica-based fibers. The latest developments in fibers with nanoparticles contained within the core and semiconductor core fibers are presented in Section 3 and Section 4, respectively. Chalcogenide fibers for use at mid-IR wavelength are discussed in Section 5. Finally, future opportunities of the new generation of fibers are summarized in Section 6.




2. Silica-Based Optical Fibers


Rare-earth (RE)-doped fiber-based lasers are a very active area of present research and development due to their compactness, excellent beam quality and handling capability. Accordingly, the fabrication of new RE-doped fibers has attracted considerable attention with improvements in lasing performance being a prime motivation. Silica glass remains the main glass host for fiber lasers due to its excellent transparency, high mechanical strength and thermal robustness. Silica generally exhibits a low solubility for RE ions, which leads to RE clustering and a deterioration in spectroscopic properties. In order to lessen such clustering, the core region of the fiber is co-doped with alumina (Al2O3) or phosphorus pentoxide (P2O5) [4]. In order to reduce RE clustering, 8–10 Al or 15 P atoms per RE ion should be added [5,6]. Co-doping silica glass with Al2O3 and P2O5 was found to lead to higher rare-earth doping levels than in binary P2O5-SiO2 or Al2O3-SiO2 glasses [7], prior to the onset of concentration quenching, and to the formation of AlPO4-type structural units, which actually leads to a glass with a lower refractive index (RI) than that of silica [8]. This codoping allows one to process glasses with large P2O5 and Al2O3 concentrations to further improve RE dissolution, while maintaining a practical refractive index. The focus here is to review different techniques used for the fabrication of silica fibers.



Rare-earth (RE)-doped fibers have often been fabricated using a combination of modified chemical vapor deposition (MCVD) and solution doping [9], given the simplicity and versatility of these processes in the manufacturing of single or low-moded fibers. Unfortunately, MCVD with solution doping is a multi-step procedure that produces a doped core made of 1–10 layers and, so, limits the accuracy and flexibility of dopant concentration and refractive index profiles (RIPs). Due to the low vapor pressure of RE halide precursors at room temperature, it is difficult to deposit rare-earth (RE) ions using conventional vapor delivery system, as is used for the main glass component precursors such as SiCl4, GeCl4, and POCl3 [10]. Similar problems are encountered when adding Al2O3, which is used to decrease RE ion clustering as discussed above [11]. In order to overcome these issues, alternative methods to fabricate active optical silica fibers have been developed. A summary of recent advances in these techniques will now be discussed.



Though more challenging, methods for the gas phase doping of rare-earth ions using MCVD have been developed [12]. Silica preforms exhibiting uniform dopant concentrations in both radial and longitudinal directions have been successfully prepared with good reproducibility [13]. For example, a Yb-doped silica fiber was prepared using this technique with a background loss at 25 dB·km−1 at 1200 nm, which showed lasing up to 200 W with a slope efficiency of about 80% [14]. These results were similar to fibers fabricated using conventional MCVD/solution doping methods. Although preforms with a core diameter larger than 5 mm can be easily prepared, this modified MCVD technique has not been widely reported; most likely due to the fact that only commercially available high temperature gas delivery systems and chelate raw materials can be used, limiting the development of new glass compositions.



Other novel approaches to the fabrication of rare-earth-doped silica fibers are as follows. The Optoelectronics Research Centre (ORC) at the University of Southampton (Southampton, England) has pioneered an MCVD in-situ doping technique and the “chemical-in-crucible” method. This doping technique allows one to deposit a greater number of doped layers, such that preforms with large core sizes and more complex RE doping profiles can be realized [15]. An aluminosilicate fiber, which was in-situ doped with Yb, was successfully fabricated and exhibited a slope efficiency of 79%. Using this MCVD chemical-in-crucible technique, it is possible to heat the rare-earth precursor directly within the MCVD glassware on the lathe in close proximity to the deposition zone, which increases versatility while maintaining high doping uniformity along the preform length [16]. Due to the reasonable volatility of lanthanide-based chelate complexes in conjunction with MCVD, preforms can be doped with a high concentration of REs in the gas-phase at crucible temperatures of ~200 °C. Because modifier ions (such as for example Al2O3 and/or P2O5) can be incorporated simultaneously during the incorporation of the RE and silica, less rare-earth clustering occurs during the core processing when compared with solution-doping for an equivalent doping level [17]. This innovative chemical-in-crucible preform fabrication technique allows one to dope silica glass using a wide range of precursors.



Another route of interest for the development of new silica-based optical fibers using MCVD consists of nanoparticle doping. Such fibers possess both the advantages of silica (i.e., transparency, cost, chemical and mechanical durability), and also some of those of the nanoparticles. It is therefore possible to control the RE optical response independent of the nanoparticle composition. Different techniques have been developed to process particle-containing silica fibers.



One such technique consists of synthesizing the nanoparticles directly in-situ in the preform, as is illustrated in Figure 1.



A phase-separating agent, such as magnesium oxide, is added to induce the formation of nanoparticles [18]. The concentration of those phase separating agents was found to have a considerable impact not only on the composition, but also on the average dimension of the nanoparticles. Blanc, et al., found that nanoparticles grown during the fabrication of the preform can be preserved during fiber draw [19]. Another technique to process nanoparticle-containing silica glass consists of forming the particles directly in the fibers by heat treating the silica glass after drawing. For example, Yb-doped nano-crystalline yttrium Aluminum garnet (YAG) in a silica-based preform was fabricated using MCVD with solution doping followed by thermal annealing [20]. An alternative technique consists of adding the nanoparticles in the silica soot through conventional solution doping. In this approach, nanoparticles are first formed by solution chemistry and are then added in the silica soot, which is porous, by solution doping methods. The nanoparticles must have a proper size to limit scattering and must be durable during the core processing and fiber drawing. As reported in [21], doping using Er3+-doped Al2O3 nanoparticles in an MCVD-compatible process was found to lead to a homogenous glass and thus to improve the performances in terms of erbium homogeneity along the fiber length for standard doping levels. The advantage of this technique is that it is possible to realize a “conventional” silica optical fiber where the REs’ local environment is different from that of the host silica, affording enhanced spectroscopic properties [22,23].



Those two techniques have been used also for the fabrication of nanoparticles containing non-silica glasses and fibers. More details about the latest development of such fibers can be found in Section 3.



Another innovative method, the direct nanoparticles deposition (DND) process, also has been used as a technique that allows for homogeneous core glasses with unconventional properties. In this process, soot deposition consists of the combustion of gaseous and atomized liquid raw materials occurring in an atmospheric oxyhydrogen flame, as is illustrated in Figure 2.



This technique leads to the formation of particles with a 10–100-nm size, which are deposited on a mandrel. Following this deposition, the mandrel is removed and the soot body is dried, cleaned, sintered and collapsed into a furnace. The collapsed core is then processed into a dense preform and drawn to a fiber. The particle deposition process can be precisely monitored for each layer permitting accurate, automatic and simultaneous control of RIP and RE dopant concentration. The advantage of this process is the possibility to fabricate highly uniform and reproducible soot, which possesses hundreds of accurately controlled layers. By independently tailoring the RE doping and RIP, this technique allows one to manufacture fibers that possess a non-step-index profile or that have partially-doped cores. Recent improvements in this technology have focused on finer control over the dopant concentration in order to better control the RIP and on the microstructure of the doped glass. This has been realized through a deeper understanding of the thermal, chemical and microfluidic mechanisms occurring in the DND burner and flame during the soot deposition [24]. LMA (large-mode-area) fibers with a 20–30-µm core diameter and a core numerical aperture (NA) of 0.06–0.08 have been successfully fabricated using this process [25,26].



Another alternative to conventional methods for silica fiber preform fabrication is the surface-plasma chemical vapor deposition (SPCVD) process. Unlike MCVD, in SPCVD, the halide precursor’s conversion to an oxide takes place at a reduced pressure and at a lower temperature due to a microwave-induced plasma. In this process, an incomplete and partial oxidation of the metal species occurs in the gas phase during the formation of the oxide layer on the inner surface of a substrate tube. This technique offers significant opportunities in controlling the stoichiometry of the deposited oxides and allows for the synthesis of glasses under reducing conditions. The SPCVD technique was first applied to the fabrication of preforms with an Er-doped silica core and fluorine-doped silica cladding [27] and later for the fabrication of a Bi-activated aluminosilicate core/pure-silica-clad fiber [28]. Recently, Savel’ev, et al., reported the preparation of two- and three-layer light-guiding structures using SPCVD of doped SiO2 [29]. As explained in [30], it is possible to reduce the OH content in glass due to the true vapor phase deposition from hydrogen-free starting materials and so to process better fibers for signal amplification in the whole near-1.3-μm wavelength spectral range.



Yet another technique to fabricate novel silicate-based preforms is based on powder sintering [31]. In this technique, a tube containing silica is fused to create the core. The so-called REPUSIL (an acronym for “Reactive Powder Sintering of Silica”) process, which was based on this powder sintering method, was developed by Heraeus Quartzglass and the Leibniz Institute of Photonics Technology (IPHT, Jena, Germany) [32]. This technique, the schematic of which can be found in [33], can be considered as a modification of the solution doping process. Starting materials are high-purity gas phase-formed silica nanoparticles and water-soluble compounds. In this technique, the SiO2 particles are homogeneously dispersed in a liquid suspension. The powders are dried, purified and sintered into homogeneous bubble-free RE-doped silica rods that exhibit negligible variation in the radial/axial doping level or in the refractive index level. Using this technique, single-mode optical fibers have been successfully processed with reduced fabrication costs due to the replacement of the thick and expensive cladding silica tube of the fiber preform (fabricated by MCVD) by synthetic pure silica powder. With this technique, it is possible to prepare very large and homogeneously-doped active fiber cores. Fiber with a background attenuation of 20 dB/km and with a slope efficiency of 80% was reported in [34]. Fibers with similar laser efficiencies as fibers produced by the MCVD/solution doping technology were fabricated using the REPUSIL process [30].



Finally, a new technique was recently reported in [35] to process rare-earth doped fiber. This technique combines the atomic layer deposition (ALD) with conventional modified chemical vapor deposition (MCVD). ALD has been found to be an effective method to add Yb ions at the surface of the porous silica layer of an MCVD-soot. Homogeneous Yb doping along the fiber axis over a 1 km-long fiber with low background losses has been reported [36]. The ALD fiber, with a Yb slope efficiency of 80%, exhibited less photodarkening as compared to a fiber with similar doping fabricated by the MCVD-solution doping technique. This technique also was used to fabricate Bi/Al co-doped silica optical fibers, with a concentration of Bi and Al ions, respectively, of 150–180 and 350–750 ppm in the fiber preform core [37].




3. Nanoparticle-Doped Glasses and Fibers


Two types of fluorescent nanocrystals (NCs)—upconversion nanocrystals (UPNCs) and nanodiamond (ND)—have attracted particular interest for photonics applications in recent years [38]. Lanthanide ions doped into UPNCs enable emissions in the ultraviolet to visible spectral range due to the upconversion of two or more near-infrared excitation photons. Recently, highly concentrated active lanthanide ion-doped UPNCs were found to emit high brightness upconversion by excitation enhancement [39,40]. This new generation of UPNCs is particularly promising for various applications, such as, for example, biological sensing, anti-counterfeiting, photon energy management and volumetric displays [41,42]. Fluorescent NDs containing nitrogen-vacancy color centers show room-temperature single-photon emission, spin polarization and read-out in the visible spectral range, which enables optical detection of magnetic resonance and a range of other quantum sensing properties [43,44,45,46].



Many applications would benefit from the incorporation of NCs in a photonic platform, such as optical fibers. Incorporation of NCs into the core glass of optical fibers ensures efficient and robust excitation and collection of the fluorescence from NCs in a robust device. However, the addition of NCs that have tailored nanophotonic properties in glass is still a challenge.



To date, the almost exclusively used approach to integrate luminescent NCs into glass is the glass-ceramic method. This method relies on the in-situ growth of NCs in a glass matrix [47,48]. In this method, the crystals seeds that grow into NCs are formed by the ions that diffuse inside the glass by heat treating the glass containing precursor ions above the glass transition temperature of the host [49,50,51,52]. Remarkable progress in embedding a wide range of oxide-, fluoride-, chalcogenide- and metal-based NCs into glass using this technique has been achieved [53,54,55]. However, the majority of NCs that can be made via alternative synthesis methods cannot be grown in-situ in glass. For example, it is not possible to grow nanodiamond or heterogeneous nanostructures in glass, which limits the ability to engineering optical properties at the nanoscale [56,57,58,59,60]. For NCs that can be grown in-situ, it is still challenging to reach a high level of compositional and nanostructural control over the NCs. For example, it is difficult to incorporate lanthanide ions in in-situ-grown NCs, such as UPNCs with controlled concentrations and arrangement at specific sites. Additionally, the maximum Ln3+ concentration that can be obtained in these NCs is limited by the limited solubility of Ln3+ ions [61,62,63], their short-distance diffusion in glass [64,65,66] and the large volume fractions of 25%–35% of the in-situ grown NCs (NCs/glass vol/vol) [67,68]. Furthermore, the continued growth of in-situ-grown NCs, which could occur during a post-annealing or during a reheating process, such as fiber drawing, inhibits the application of glass ceramics [69]. The continued growth of NCs can increase the light scattering and so the optical loss in the resulting glass/fiber. Alternatively, controlled growth of NCs in the glass during fiber drawing is challenging and, thus, to date, has resulted in relatively high loss fibers [70,71].



The ever-advancing synthetic techniques of NCs using a wide range of techniques such as wet chemistry [72,73,74], laser ablation [75], ball milling [58,59] and detonation [60] have shown exceptional control over emitting center concentration, crystallite phase, size, shape, composition and nanostructure. The technique, which consists of the synthesis of the NCs and then of their addition in the glass, gives a clear advantage as compared to the glass-ceramic technique for the synthesis of hybrid material, as with this novel fabrication technique, one can control the composition and nanostructure of the as-prepared NCs and glasses, overcoming the limitation of the glass ceramics method. One approach is to prepare NCs, then to pre-mix them with the glass powder and, finally, to melt the batch into a hybrid glass. However, as explained in [76,77], an insufficient dispersion of the NCs had been obtained using this technique [76]. Dissolution of the nano-/micro-scale crystals or a decrease in the transmission of the resulting glass was reported in [78,79,80,81,82]. For example, a reduction of the crystal size from 18.3 down to 14 μm was reported when melting the batch at 520 °C for 10 min [79]. As explained in [83], an extremely high risk of completely dissolving the nanoscale crystals can occur during the melting. For example, melting of Er3+:Al2O3 nanoparticles containing borosilicate glass batches resulted in glasses that did not show any evidence that the nanoparticles remained in the glass after melting [83].



Recently, an alternative approach, the direct doping of NCs into tellurite-based glass melts, was developed [84,85,86,87]. This approach comprises a two-temperature melting procedure. First, the batch of crystalline raw materials without NCs is melted at a higher temperature to obtain a clear, homogenized glass melt; then, the temperature is decreased to a point where the glass melt has an optimum viscosity in terms of being able to disperse NCs and being able to be cast into a mold. At this doping temperature, the NCs are added and mixed into the glass melt and then dwell for a short time in the glass melt to allow dispersion before casting the NC-doped melt into a mold. To date, the success of the approach has been demonstrated for embedding ND and UPNCs in tellurite glasses and fibers.



The direct doping approach was, for the first time, employed to embed the nitrogen-vacancy (NV) center containing NDs in tellurite glass using a batch melting temperature of 900 °C, a doping temperature of 700 °C and an ND doping concentration of 9 and 280 ppm by weight [84]. Fibers were made from these glasses by first fabricating preforms using billet extrusion at 350 °C followed by fiber drawing at ~400 °C. Raman, photoluminescence and second order autocorrelation experiments confirmed the presence of NDs in the glass, preform and fiber samples. This result suggests that the use of glass processing temperatures well below the doping temperature did not affect the NDs embedded in the glass. These first fabricated glasses and fibers exhibited relatively high loss in the visible (>100 dB/m) [84]. NDs were found to act as a chemical reducing agent. They react with higher valence species in the melt, such as tellurium (IV) ions (constituent of the glass network), gold ions (dissolved in the melt via corrosion of the gold crucible) and oxygen (dissolved in the melt via interaction with the atmosphere), resulting in the formation of lower valence species, such as gold nanoparticles (GNPs) and reduced tellurium species, as well as in the oxidation (burning) of the NDs and also to the undesirable disappearance of the carbon atoms of the NDs, as they are consumed in all of these reactions. Additionally, the fibers exhibit high loss in the visible due to the formation of the GNPs and reduced tellurium species [85].



The change of the glass composition from a Na-Zn-La-tellurite (TZNL) glass to a Na-Zn-tellurite (TZN) glass with lower melting temperature combined with fine-tuning of the glass fabrication conditions prevented the formation of undesired species (GNP, reduced tellurium), leading to ND-doped fibers with low loss (≤10 dB/m at the emission wavelength range (600–800 nm) of NV centers in ND) (Figure 3a) [86].



The loss of these improved ND-doped fibers is dominated by scattering from agglomerated NDs, indicating the need to further improve the dispersion of NDs in the glass during the doping step. The presence of NV emitters (and thus, survival of ND in the glass) was demonstrated by their single photon dip (Figure 3b) and fluorescence spectral behavior (Figure 3c,d). For fiber samples doped with 12–20 ppm ND, the ND survival ratio was found to be 1%–6% which is sufficient to fabricate a practical fiber length required for single photon quantum applications and magnetic field sensing.



Building on the success in doping ND into TZN glass, LiYF4:Yb,Er UPNCs were successfully doped into TZN glass and fiber [87]. As for the ND doping, fine-tuning of the doping temperature and time was critical to balance NC dissolution and dispersion (Figure 4a).



The comparison of Er3+ upconversion spectra of NC-doped glass and fiber with the spectra of NC powder and Er3+-doped glass (Figure 4b) validated the survival of the UPNCs in the glass while also indicating partial dissolution (30–60 vol%) of the NCs. Using upconversion scanning confocal microscopy, the 3D in-situ visualization of UPNC dispersion in glass was achieved for the first time (Figure 4c). All glasses show high optical transmittance similar to the maximum transmittance of undoped TZN glass (Figure 4b). Similarly, at a 1.3-µm wavelength (where Er3+ and Yb3+ ions do not absorb), the light attenuation loss of the NC-doped fiber is within the range of undoped and Er3+-doped fiber (0.1–0.3 dB/m) (Figure 4d). Simulations of the glass transmission at 500 nm and fiber loss at 1.3 µm based on the Rayleigh–Gans–Mie theory indicate that the negligible light scattering of the NC-doped glass and fiber samples is caused by low NC doping concentration (<170 ppm), reduced NC size due to partial dissolution (from 60 down to 46 nm diameter, i.e., ~50% dissolution volume fraction) and the absence of agglomeration.



To summarize, in the direct doping approach, the separation of the glass fabrication procedure into a batch melting step and a subsequent NC doping step allows the use of lower temperatures and shorter times for doping NCs into glass, which is crucial to ensure the survival of NCs in the glass melt and glass quality preservation. In addition, the direct doping step allows the control of the NC concentration down to low concentrations, e.g., as required for ND-doped glass. Another advantage of the direct doping approach is the ability to select the NC and glass composition that does not undergo nucleation and crystal growth during fiber drawing, enabling the fabrication of low-loss fiber with embedded NCs at well-defined concentrations. These features make the direct doping method a suitable technique to add luminescent NCs in glass. Processing of glasses below the doping temperature, such as extrusion and fiber drawing, did not affect the NC dispersion and dissolution, highlighting the outstanding potential of the direct doping approach for NC-doped fiber fabrication.



The main challenges of the direct doping approach are ensuring the survival and dispersion of the NCs in the high temperature glass melt. These two challenges pose contrasting requirements to the doping temperature, and thus, viscosity and dwell time of the NCs in the batch melt, and therefore, demand careful optimization of these glass doping conditions. The example of the preparation of ND and UCNP-doped TZN glasses in this section provides a new and feasible method to develop nanocrystals-based hybrid glasses and fibers. The protocols illustrated here are very useful to greatly expand the combination of different glass matrices and a variety of NCs with photonic, electronic and magnetic properties of interest. Although tellurium is potentially disruptive to the tellurite glass network in a corrosive environment and poses safety concerns in widely using tellurite-based glass, the tellurium toxicity due to such possible leakage is beyond the scope of the review. In addition, it is believed that the safety concerns could be significantly relaxed by further coating a robust and protective polymer cladding around the fiber.



While the direct doping approach enables embedding of NCs in low concentrations into glass, this poses the challenge of the characterization of the NCs in the glass. Transmission electron microscopy (TEM) is a widely-used method to image NC in glass. However, for the low doping concentrations used to date for the direct doping approach (<200 ppm in weight, which equals the occurrence of less than five NCs of 50 nm in diameter in 1 µm3), the small sampling volume of a glass particle being sufficiently thin for TEM (<0.01 µm3) requires sampling more than 20 thin glass particles to find an NC, which is impractical in terms of sample preparation time. The use of luminescent NC allows for the use of confocal microscopy to characterize the properties of NC in glass and thereby to determine the survival and dissolution of NC in glass.




4. Semiconductor Core Optical Fibers


Another significant area of optical fiber materials’ development involves the fabrication, optimization and application of glass-clad fibers comprising semiconductor cores. Semiconductors, the work-horse of the optoelectronics industry, enable all modern electronic conveniences, as well as a growing number of photonic devices; i.e., silicon photonics [88,89]. The potential to bring together silicon photonics with the enhanced nonlinearities and infrared (IR) transparency of semiconductors in a fiber format has generated considerable global attention to this new field. A number of papers reviewing the advances on this topic have been published to which the reader is referred [90,91,92,93,94,95,96]. The focus here is a summary of the materials’ development, optimization and utilization of semiconductor optical fibers.



Crystalline silicon (Si) fibers were first reported in 1996 and were grown by the micro-pull-down method [97]. Perhaps ahead of their time, such fibers did not generate much attention until a decade later when high-pressure chemical vapor deposition (HP-CVD) was employed to realize silicon inside the open capillaries of a silica (SiO2) photonic crystal fiber [98]. The advantages of the HP-CVD approach is that both amorphous and crystalline silicon fibers are possible, and the semiconductor core is inherently clad in glass. However, both micro-pull-down and HP-CVD processes are slow, which limits scalability.



In order to address this short-coming, the molten core method was employed to realize long glass-clad silicon optical fibers [99]. In the molten core method (MCM), it is crucial to select the core phase, such that it is molten at the temperature where the cladding glass draws into fiber. Given the significant cooling rate of the fiber draw process, the MCM was originally developed to fabricate fibers from unstable glasses prone to crystallize [100]. Accordingly, it was entirely unexpected that a highly crystalline core would result. Presently, HP-CVD and MCM are the two approaches employed to process semiconductor optical fiber, with the latter being practiced globally.



With these two principal tools in place to fabricate glass-clad semiconductor core fibers, a number of other unary and binary systems were developed, including doped-silicon [101], germanium (amorphous [102] and crystalline [102,103,104]), selenium [105], tellurium [106], silicon-germanium alloys [107], selenium-tellurium alloys [108], indium antimonide [109] and zinc selenide [110,111]. In addition to new core phases, efforts also were undertaken to develop cladding glasses that were more closely matched in their thermo-physical properties to those of the semiconductors they encapsulate [106,112]. Examples of glass-clad crystalline semiconductor core optical fibers are shown in Figure 5a,b; respectively, these are a polymer-coated, borosilicate glass-clad germanium (Ge) core fiber and an uncoated silica glass-clad silicon (Si) core fiber.



It is also important to note that, unlike traditional glass fibers, additional solid-state and liquid-phase chemistry not only can take place during the fabrication of these fibers, but can be strategically employed. Two excellent examples are the fabrication of zinc selenide (ZnSe) fibers using Zn and Se compounds [111,113] and silicon fibers realized from aluminum [114]; in both cases, reactions occur in-situ during the draw, opening the door to an even richer range of materials and chemical/process routes to intriguing new fibers not possible using conventional methods.



Though considerable progress has been made over the past decade [95], glass-clad semiconductor core optical fibers generally perform on par with their planar waveguide analogs; at least in terms of optical attenuation with losses on the order of dB/cm levels; for a comparison of loss values, see [95]. While the exact loss mechanisms that dominate are still a source of debate and investigation, a number of studies have begun to narrow down the most critical. For example, in planar waveguides, loss is often dominantly controlled by surface roughness. However, in these glass-clad semiconductor core optical fibers, the semiconductor/glass (i.e., core/clad) interface is exceedingly smooth, and so, roughness should not play as significant a role in the measured loss values [115,116]. In both the HP-CVD and MCM approaches, the resultant core is polycrystalline (though, as noted, the HP-CVD process can produce amorphous semiconductors, as well). Accordingly, scattering of light from impurities or defects that aggregate at the grain boundaries has been observed and can lead to loss even in crystallographically cubic materials (e.g., silicon, germanium, indium antimonide) that are optically isotropic [116]. Stress-optic effects may also play a role. The effect of core size and fiber processing on grain size has been systematically studied and, when normalized to the silicon core diameter, was found to increase with diameter and decrease with cooling rate, though no preferential grain orientation was observed relative to the fiber axes [117].



Less of an issue in HP-CVD than the MCM, oxide contaminations from the dissolution of the cladding glass, typically SiO2, into the core melt can lead to scattering and loss [95]. More recently, though, such issues of oxide contamination have been mitigated through in-situ reactive chemistry, and silicon fibers with negligible oxygen levels have been produced. This is quite remarkable given that the fiber is drawn inside an oxide glass cladding tube at a temperature in excess of 500 K above the semiconductor’s melting point [118,119]. Lastly, loss also will be dependent on the doping of the semiconductor employed, though a systematic study of dopant species and concentration has not been undertaken as yet.



In addition to the aforementioned efforts to develop semiconductor core fibers from a wider range of core materials and cladding compositions, significant work has also gone into the processing of the fibers in order to both understand the science of the crystal formation and to optimize its single crystallinity.



Following the first in-depth analysis of the longitudinal single-crystallinity in these fibers [120], methods investigated to either refine or recrystallize the crystalline semiconductor core include thermal annealing [121], core geometry (circular versus square cross-section) [122], core size [117], tapering [123] and laser recrystallization [124,125]. These processes do indeed influence the single crystallinity of the semiconductor core and have led to longer single crystalline lengths and slightly lower losses [95]. However, loss does remain a limitation for the use of these fibers in photonic applications where a fiber geometry is generally beneficial.



It did not take long after the first HP-CVD silicon fibers were fabricated for efforts to assess their practical utility to begin [126]. Not surprisingly, from the perspective of applications, the most attention has related to nonlinear optics. Initial activities focused on all-optical modulation in amorphous silicon of a fairly small core size [126]. Subsequently, the nonlinear transmission [127], two-photon absorption (TPA) [128], cross-phase modulation (XPM) [129], four-wave mixing (FWM) and super-continuum generation (SC) [130] all have been investigated. As nonlinear effects generally are enhanced at small core sizes, tapering of the fiber also has been employed and has yielded soliton generation [131] and the first observation of nonlinear transmission within a polycrystalline silicon waveguide of any type [132].



Semiconductor fibers have also been used for the production of microspheres [133]. Such micro-spheres and analogous micro-cylinders have proven useful for a variety of high-Q resonators [134,135], including tunable ones based on thermal and Kerr-related nonlinearities [136,137,138]. Additionally, the high refractive index, Raman gain and strong photoconductivity have permitted the realization of fiber-based anti-resonant reflecting optical waveguides (ARROW) [139], mid-infrared (MIR) light sources [140] and RF antennas [141].



Perhaps possessing the greatest future potential are novel fiber-based devices that take advantage of electronic transport and junction effects in doped semiconductors. In these cases, the devices benefit from the fiber geometry and core size for light absorption and efficient charge transport while without concern for the relatively high optical attenuations measured to date. To date, such devices include p-i-n [142] and p-n [143] in-fiber junctions, which can operate at GHz bandwidths [144], as well as a series of microwire radial solar cells [145,146,147].




5. Innovative Chalcogenide Glasses and Optical Fibers


This section discusses important advances in chalcogenide glasses and fibers. In recent years, applications have increased for fibers operating in the mid-infrared (mid-IR) region, which can be defined as the 2–20-µm electromagnetic spectral range. Indeed, this spectral region covers the atmospheric transmission windows (3–5 µm) and (8–12 µm) in which thermal imagery (military and civilian) is routinely employed. Furthermore, the mid-IR window corresponds with the molecular fingerprint region where molecules have strong absorption bands. In this context, the development of mid-IR transparent materials and optical fibers is essential. Consequently, numerous research activities for developing innovative mid-IR optical fibers and, more particularly, chalcogenide optical fibers have been reported. In this section, the transmission window of different chalcogenide fibers will be presented and discussed depending on the composition and purification process as will be ordinary and original fiber designs. Finally, applications in mid-infrared spectroscopy based on passive or active chalcogenide fibers will be discussed.



Chalcogenide glasses (ChGs) contain at least one chalcogenide element, such as S, Se and Te [148]. Depending on the composition, ChG fibers can be transparent, for example from 1 µm–6.5 µm for an As-S glass fiber [149] and from 1.5–10 µm for an As-Se fiber [150]. As is illustrated in Figure 6a, short wave and long wave absorption edges are shifted to the mid-IR with substitution of S for Se and/or Te, which is related to an increase of the average glass component molar mass.



For example, when all sulfur and selenium atoms are substituted by tellurium atoms, the chalcogenide fiber can be transparent to 13–14 µm [151]. The attenuation curve of a chalcogenide fiber is also strongly linked to the optical quality of the glass. Indeed, without any purification treatment, strong absorption bands, due to the presence of impurity chemical bonds, can be observed. Table 1 defines the mid-IR absorption signatures of different impurities that can be observed in chalcogenide glasses and fibers [150,152,153].



In Figure 6b, the attenuation curves of an As2Se3 fiber with and without purification treatments are compared. The commercial products (even high purity products) contain different impurities, oxygen, hydrogen, carbon and transition metals, and the raw materials are very sensitive to oxygen and moisture. For these reasons, chalcogenide glass matrices have to be synthesized under neutral atmosphere (vacuum) and have to be purified. Without treatment, strong absorption bands can be observed due to the presence of O–H, Se–H and As–O chemical bonds and due to the presence of CO2 and H2O molecules, in the glass matrix (Figure 6b).



Several purification methods have been reported: by purification of the raw elements before the synthesis [154] or by using microwave treatment before the synthesis [155]. The lower attenuation losses reported for chalcogenide fibers have been obtained by purifications of the raw materials, before the synthesis, followed by distillations of the glass with the addition of chemical getters, such as, for example, TeCl4 and Al or Mg metal. Those physical and chemical treatments permit the removal and/or reduction of impurities, hence attenuation. In addition, the distillation processes permit the removal of refractory impurities, such as carbon particles, SiO2 particles (from the synthesis crucible) and Al2O3 particles that can induce strong scattering effects. The minimum of attenuation of chalcogenide fiber reported reaches 12 dB/km at 3 µm and 14 dB/km at 4.8 µm in an As2S3-based fiber [149]. In a selenium-based fiber, optical losses less than 50 dB/km at 3.7 µm have been reported in [156]. Concerning tellurium-based fibers (without Se and S), the minimum of attenuation reported is 2.9 dB/m at 10.2 µm. Recently, a promising method using plasma-enhanced chemical vapor deposition (PE-CVD) has been reported in a sulfur glass matrix [157]. However, this method has to be improved further in order to obtain lower optical losses. Indeed, this method has not yet achieved attenuation levels obtained for distillated glasses with chemical getters.



The common geometry of the chalcogenide fibers is the classical step index design (Figure 7a). Two methods can be used to fabricate such fibers: the rod-in-tube technique and the double crucible method [158,159,160]. The double crucible method is well adapted for drawing soft glass materials, such as chalcogenide glasses. This technique yields a high quality core-clad interface. One can note that the double crucible method is used for the fabrication of commercial step index chalcogenide fibers [161,162]. Because the fiber is drawn from the melt, this drawing method can be only used for glass compositions that exhibit a low tendency to crystallize. Chalcogenide fibers can also be drawn from a preform. This technique, called rod-in-tube, permits the realization of step index fibers [163,164]. In this case, a small rod of the core composition is placed into a clad tube and drawn together while applying a small negative pressure between the core and the clad in order to collapse any gap between the two glasses. With the rod-in-tube, method it is easier to control the size of the fiber-core and more particularly the core-clad ratio. However, with the rod-in-tube technique, any defects located at the core-clad interface induce additional optical losses due to scattering. As an example, the minimum of attenuation obtained with the double crucible technique is 12 dB/km, where the minimum of attenuation obtained with the rod in tube technique is more than 5 dB/m [165]. In order to improve the quality of interface between the core and the clad, chalcogenide preforms made by extrusion have been investigated that can permit reducing the scattering loss to around 1–2 dB/m [94,166]. However, the optical losses are still higher than the optical loss obtained by the double crucible method.



In the 1990s, a new type of fiber, the microstructured optical fiber (MOF), attracted much interest [167,168]. Since then, this new fiber design has been made using many glasses and, since 2000, has been extended to chalcogenide glasses [169,170]. Here, the interest is to combine the properties of microstructured fibers with those of chalcogenide glasses (mid-infrared transmission and high nonlinear properties). In most cases, only one material is required to guarantee the light propagation in the core. The inclusions surrounding the core are generally filled with air. Contrary to the fabrication of standard fiber, there is no need to control precisely the index of refraction difference between core and cladding. This point is important because it offers the possibility to make MOFs based on glasses for which the control of refractive index is difficult to achieve. The guiding regime depends only on the geometric parameters of the hole diameter, d, and the distance between the holes, Λ. When the d/Λ ratio is smaller than 0.42, the fiber is single-mode regardless of wavelength and this guiding regime is often called the “endlessly single-mode” regime [171,172]. A small-core diameter can be achieved, which is an advantage for enhancing the nonlinear effects. Furthermore, the zero-dispersion wavelength (ZDW) can be controlled over a wider range of wavelengths. On the contrary, large-core diameters can be obtained to reduce thermal and nonlinear effects. Consequently, the transmitted power can be significantly increased. Figure 7b,c,d shows examples of original designs obtained with chalcogenide glass compositions. The fiber illustrated in Figure 7b is an example of the three rings of a hole fiber with a d/Λ ratio lower than 0.42 and then exhibiting an endlessly single-mode behavior [165]. The fiber presented in Figure 7c is an exposed core fiber, which is very sensitive to the environment and can be used as an infrared sensor [173]. The last fiber presented in Figure 7d is a hollow core fiber. This design permits light to propagate in the air core of the fiber, such that the mid-infrared wavelength can be carried at wavelengths that are beyond the multiphonon cutting edge of a classical solid core fiber [174]. The common method for the fabrication of microstructured fibers is the stack and draw method [167]. The drilling method, where the preform is obtained by drilling several holes in a glass rod, or the molding method, where the chalcogenide glass is flown down in a silica mold, is an original process that can permit obtaining monolithic preforms and after drawing microstructured optical fibers [175,176,177].



Due to their mid-IR optical transparency, chalcogenide glasses and, more particularly, chalcogenide fibers are good candidates for the development of optical sensors. Indeed, chalcogenide fibers are suitable for mid-IR sensors based on the fiber evanescent wave spectroscopy (FEWS) method [178] (Figure 8).



The principle of the FEWS method can be compared to the attenuated total reflection (ATR) spectroscopy. In an optical fiber, the light propagates by total internal reflection. When a sensate is in contact with the surface of a chalcogenide fiber, the evanescent wave can be partially absorbed. The optical signature of the sensate will be observed at the output of the fiber (Figure 8). The first experiments using chalcogenide fibers have reported the detection of different chemical substances, such as butanone, acetone and ethanol [178]. Later, the chalcogenide fiber has been used in more complex media, in order to achieve environmental and biomedical purposes. Often used with liquids, the FEWS method can be also used for tissue analysis [179] and gas analysis [180]. Before 2014, all of the fibers used were selenide based. With selenide fibers, the longer wavelengths that can be detected are around 11–12 µm. Indeed, as illustrated in Figure 6, the attenuation losses of selenide-based fibers such as As40Se60 fiber or As20Te30Se50 fiber are too strong for wavelengths longer than 11 µm.



In order to detect IR signatures beyond 12 µm, tellurium-based chalcogenide fibers were developed. As an example, FEWS experiments performed using a Ga-Te-AgI fiber permit the observation of the mid-IR signature of CCl4 at 16 µm, which is not possible in a classical selenide-based chalcogenide fiber [151].



As discussed, the main applications of chalcogenide fibers are mid-IR spectroscopy and analysis. Recently, the chalcogenide fibers used for such applications were found to be also biocompatible [181]. Despite their low glass transition temperatures, the chalcogenide glasses were found to be chemically stable: they are not soluble in water, but slightly soluble in alkaline and acid solutions [182]. The optical properties of these fibers were found to be unaltered after extended storage or even after immersion in water despite surface oxidation or surface pitting. The oxidation process was found to progress slowly and to be limited to a few nanometers.



However, one can note that broadband and/or high intensity sources and lasers are missing the mid-IR region. Finally, the classical mid-IR sources are black-body radiation sources, which are for example the infrared sources of the FTIR spectrometers (Fourier transform infrared spectrometers). IR lasers in the 2–12 µm are not so common. However, several solid state lasers and gas lasers can emit in the mid-infrared. Rare-earth-doped lasers, quantum cascade lasers (QCL) and optical parametric sources are examples that can be achieved in the mid-infrared range [183]. None of these examples are fiber based, and there are not presently any fiber lasers that emits at wavelengths beyond 4.5 µm [184]. In this context, strong interest for compact and intense mid-IR fiber laser are emerging. Again, due to their mid-IR transparency, the chalcogenide fibers are good candidates for the development of a new generation of mid-IR sources. Two different approaches being investigated include: rare-earth doping and nonlinear supercontinuum generation.



Mid-IR fluorescence can be obtained by doping and/or codoping a chalcogenide glass with luminescent rare-earth (RE) ions, such as Er3+, Pr3+, Nd3+,Tb3+, Dy3+ and Ho3+ [185,186,187,188,189]. The low phonon energy exhibited by the chalcogenide glass matrix permits mid-IR transmission beyond 10 µm. Furthermore, the low phonon energy of the network formers enhances the rare-earth emission efficiency and provides emission properties that typically are quenched in oxide glasses. The first chalcogenide used for hosting rare-earths was As2S3 glass [185]. In order to increase the RE concentration that can be added into a chalcogenide glass, the glass network has to be modified. For this reason, new compositions with the addition of gallium (or indium) have been developed and investigated. Ga-La-S [188] and Ge-Ge-Sb-S (Se) [186,190] are examples of glass matrices that can host several thousand ppm of RE doping. Among the different RE ions, the most studied ions are Dy3+ and Pr3+. The Dy3+ ion exhibits two mid-IR emissions centered at 2.9 µm and 4.3 µm [190]. With Pr3+ ions, broad IR emissions from 3.5 µm–5 µm, with a maximum at 4.7 µm, have been studied [186]. In [190], the broad fluorescence from 3.5 µm–4.7 µm of Dy3+ chalcogenide-doped fibers has been used for detection on CO2 gas, which has a strong absorption band at 4.26 µm. In that study, the mid-IR fluorescence source obtained permits one to detect a concentration of CO2 down to a concentration of about 500 ppm.



A second approach to obtain new mid-IR sources is supercontinuum generation. A supercontinuum is a strong spectral broadening induced by successive nonlinear effects. The light propagation properties in fibers are well adapted to yield strong nonlinear effects. First observed in silica fibers [191], several studies have reported mid-IR supercontinuum generation in chalcogenide fibers [192,193,194,195,196,197,198]. Table 2 presents several supercontinuum results obtained in step index chalcogenide fibers or microstructured optical fibers.



The first supercontinua have been obtained as observed in sulfide-based fibers [193,194]. Later, in order to obtain supercontinuum beyond 5 µm, selenide-based fibers have been investigated. With selenide-based fibers, the supercontinuum can reach more than 12 µm. Mainly obtained in step index fibers, supercontinua generated in chalcogenide MOFs have been also reported [194,196]. As example, in [196], a spectral broadening from 1.7–7.5 with an average power of 15 mW has been obtained in suspended core As-Se fiber by pumping at 4.4 µm.




6. Conclusions and Future Opportunities


Over the past decade, considerable progress has been achieved in the development of glasses and processes for the manufacture of advanced optical fibers. Given the material attributes, existing manufacturing infrastructure and commercial success of optical fibers, it is without question that work will continue to further improve fiber compositional and design flexibility, process simplicity, and the spectroscopic efficiencies of active fibers. Fabrication technologies for optical fibers are constantly evolving, driven by economic motives, and will favor the most cost-effective technologies for larger scale preforms.



Continued research into ND-doped and UPNC-doped tellurite glasses and fibers to date suggests that the direct doping method is a powerful technique to add NCs in a glass matrix. Future work is anticipated to comprise the use of other NCs and glasses to advance the understanding of the interaction of NCs with the glass matrix during the doping step to reveal the impact of NC and glass composition on the dissolution and dispersion of the NCs in a glass. Future NC-doped glasses and fibers with improved dispersion and enhanced control of dissolution are expected to pave the way for practical applications ranging from photonic sensor, photonic memory, single photon sources, to microcavity lasers, as well as full-color display systems. The direct doping method can be further investigated so that other NCs with photonic, electronic and magnetic properties of interest could be added, leveraging the performance and functions of the new NC-doped glasses and fibers enabled by the direct doping approach.



Areas of note for future research and development include continued efforts to realize fibers from new/different compositions (e.g., GaAs and other binary and ternary semiconductors; particularly ones exhibiting χ(2) nonlinearities), tailoring of cladding glasses in order to better match semiconductor thermomechanical properties and IR transparency, single-mode fibers, possibly based on tapering, which exhibit enhanced nonlinearities, and novel in-fiber junction and photovoltaic devices. These seem particularly to be where the greatest value arises from the marriage of semiconductor physics and fiber optics. Lastly, the growing interest for the mid-IR wavelengths and mid-IR spectroscopy analysis will motivate and enhance the development of new mid-IR materials and fibers, such as chalcogenide glasses and fibers.
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Figure 1. SEM images of particle-containing silica core. Particles were obtained by adding MgCl2 in the core (figure courtesy of Dr. Wilfried Blanc, University of Nice Sophia Antipolis, France). 
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Figure 2. Schematic of the direct nanoparticles deposition (DND) process. 
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Figure 3. (a) Light attenuation spectra of nanodiamond (ND)-doped and undoped Na-Zn-tellurite (TZN) fibers; (b) background-corrected second order autocorrelation function g(2) of nitrogen-vacancy (NV) emitters in ND-doped Na-Zn-La-tellurite (TZNL) fiber; (c,d) confocal microscope images and fluorescence spectra of emitters in ND powder and ND-doped TZN tellurite fiber samples and of gold nanoparticles (GNPs) in TZN tellurite glass. The legends indicate crucible material/batch melting temperature in °C/doping temperature in °C/ND doping concentration. 
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Figure 4. (a) Schematic showing SEM image and Differential Thermal Analysis (DTA) plot of upconversion nanocrystals (UPNCs), as well as batch temperature and doping temperature window; (b) Normalized upconversion spectra of NC suspension, NC-doped TZN glass and fiber, Er3+-doped TZN glass and simulated spectrum of 50% NCs and 50% Er3+ ions in TZN glass; (c) 3D reconstruction of emitters in NC-doped TZN glass by stacking confocal microscopy images; (d) Transmittance spectra and photographs of NC-doped TZN glasses; (e) Optical attenuation spectra of NC-doped and undoped (blank) TZN glass fibers. 
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Figure 5. (a) Optical micrograph of a polymer-coated, glass-clad germanium (Ge) core optical fiber and (b) An electron micrograph of an uncoated glass-clad silicon core optical fiber. 
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Figure 6. Mid-infrared transmission of chalcogenide optical fiber: (a) Depending on the chemical composition and (b) Role of the purification processes. 
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Figure 7. Chalcogenide fiber designs: (a) Step index fiber (courtesy of IRflex); (b) Single-mode microstructured fiber (courtesy of SelenOptics); (c) Exposed core fiber, reproduced with permission from [173], copyright Elsevier, 2013; (d) Hollow core fiber, reproduced with permission from [174], copyright OSA, 2016. 






Figure 7. Chalcogenide fiber designs: (a) Step index fiber (courtesy of IRflex); (b) Single-mode microstructured fiber (courtesy of SelenOptics); (c) Exposed core fiber, reproduced with permission from [173], copyright Elsevier, 2013; (d) Hollow core fiber, reproduced with permission from [174], copyright OSA, 2016.



[image: Fibers 05 00011 g007]







[image: Fibers 05 00011 g008 550] 





Figure 8. Principle of the fiber evanescent wave spectroscopy. The infrared light is focused at the input of the fiber and collected by the detector. The infrared signature of the analyzed specimen is recorded by applying it on the surface of the fiber. 
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Table 1. Mid-infrared signatures of the impurity absorption bands in chalcogenide fibers [150,152,153].
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Impurity

	
O–H

	
S–H

	
Se–H

	
Te–H

	
CO2

	
C–S

	
H2O

	
As–O

	
Se–O

	
Ge–O






	
Position(s) λ (µm)

	
1.44

	
2.5

	
2.30

	
5.0

	
4.26

	
4.94

	
2.29

	
7.5

	
10.4

	
7.5




	
1.92

	
3.1

	
3.45

	

	

	

	
2.32

	
7.9

	
13.9

	
7.9–8.1




	
2.92

	
3.7

	
3.55

	

	

	

	
2.83

	
8.6–8.9

	

	




	

	
4.0

	
4.55

	

	

	

	
6.32

	

	

	




	

	

	

	

	

	

	
7.5
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Table 2. Examples of supercontinuum broadening obtained in chalcogenide optical fibers.
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Fiber

	
Spectral Broadening

	
λpump (Pulse Duration)

	
Average Power (mW)

	
Reference






	
As-S MOF **

	
1–4 µm

	
2.5 µm (200 fs)

	
-

	
[194]




	
As-S SIF

	
1.9–4,8 µm

	
2–2.4 µm (>100 ps)

	
565

	
[193]




	
As-Se MOF

	
1.7–7.5 µm

	
4.4 µm (320 fs)

	
15

	
[196]




	
Ge-As-Se SIF

	
1.8–10 µm

	
4 µm (330 fs)

	
-

	
[195]




	
Ge-Sb-Se SIF

	
2.2–12 µm

	
4.5 µm (320 fs)

	
17

	
[198]




	
Ge-As-Se SIF *

	
1.4–13.3 µm

	
4–7 µm (100 fs)

	
0,7

	
[192]




	
As-Se SIF

	
2–15 µm

	
9.8 µm (170 fs)

	
-

	
[197]








* SIF: step index fiber; ** MOF: microstructured optical fibers.
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