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Abstract

:

Broadband supercontinuum (SC) generation requires host material attributes defined by both optical and physical properties and the material’s manufacturability. We review and define the trade-offs in these attributes as applied to fiber or planar film applications based on homogeneous glass property data, and provide a series of examples of how one might optimize such attributes through material compositional and morphology design. As an example, we highlight the role of varying composition, microstructure, and linear/nonlinear optical properties, such as transmittance, refractive index, and the multiphoton absorption coefficient, for a series of novel multicomponent chalcogenide glasses within a model GeSe2-As2Se3-PbSe (GAP-Se) system. We report key optical property variation as a function of composition and form, and discuss how such glasses, suitable for both fiber and planar film processing, could lend themselves as candidates for use in SC generation. We demonstrate the impact of starting glass composition and morphology and illustrate how tailoring composition and form (bulk versus film) leads to significant variation in linear, nonlinear, and dispersive optical property behavior within this system that enables design options that are attractive to optimization of desirable SC performance, based on optical composites.
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1. Introduction


Broadband infrared (IR) supercontinuum (SC) light sources have gained tremendous interest in the last decade, due to their potential use in a variety of telecommunication, sensing [1], lasing, and defense-related applications [2,3]. Most important for consideration of use in SC applications are material attributes related to the medium’s optical properties, including transmission window related to pump wavelength and spectral window of use, linear and nonlinear refractive indices, material dispersion, zero-dispersion wavelength, and single/multi-photon absorption behavior. As high intensity material response is also important, further consideration as to the likelihood of photo-structural modification, laser damage resistance, and other physical properties influenced by thermal effects (thermo-mechanical robustness, coefficient of thermal expansion (CTE), and environmental stability) is necessary. Lastly, the final form of the SC material requires attention to specific manufacturing-related material behavior to achieve the final form of the SC component/device (film deposition behavior and fiber drawing attributes such as viscosity temperature behavior and multi-material compatibility). As can be seen, such a material performance checklist extends beyond the typical optical property criteria that evaluates candidate materials only based on their linear and nonlinear refractive indices and low optical loss in the mid- and long-wave IR (MWIR and LWIR, respectively) [3]. The investigation of these properties has largely focused on candidate glass materials in bulk (three-dimensional, 3-D) and fiber (one-dimensional, 1-D) geometries [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. Additionally, intermediate geometries, such as bulk planar disks (two-and-a-half-dimensional, 2.5-D) and thin films (two-dimensional, 2-D), have been discussed as attractive for photonic device integration where on-chip sources are desired for multispectral sensing and detection applications [4,5,6]. Furthermore, the availability of candidate SC materials suitable for broadband use in such planar forms would enable expanded understanding of chemistry/structure/property/form behavior across a spectrum of material dimensions providing insight into ideal geometries, performance limitations, and optimal property potential, for specific applications.



To date, IR transparent candidates for SC have largely relied on existing, commercially available materials with known (finite and unoptimized for the application) physical property attributes. Operating in a regime of anomalous dispersion ensures that nonlinear effects including cascaded four wave mixing and soliton fission may occur. These effects are favorable for extending the supercontinuum bandwidth. Similarly, maximizing the optical nonlinearity of the medium ensures that a supercontinuum can be efficiently generated at lower powers. Strategies to maximize the optical nonlinearity while maintaining broadband operability include: (1) geometric engineering of the fiber/waveguide to maximize the nonlinear parameter, and (2) utilizing material platforms with large intrinsic nonlinearities. From a material standpoint, most efforts to date have focused on increasing the optical nonlinearity of homogeneous glasses, characterized in bulk, fiber, or waveguide form [29,30,31,32,33,34,35]. Non-oxide glasses’ transmission typically extend well beyond the intrinsic multi-phonon absorption edge of oxides (silicates, phosphates, and tellurites), and thus, are more suited for truly broadband IR (defined here as being near-IR, MWIR, and LWIR transmissive).



Chalcogenide (ChG) glasses are superb candidates for SC applications, due to their high linear refractive indices (between 2.2 and 2.6 for sulfide, 2.4 and 3.0 for selenide, and 2.6 and 3.5 for telluride glasses [24]), low phonon energies, and high optical nonlinearity (typically ~500 times more than traditional silica glasses [25]) attributable to the low vibrational energies of molecular bonds dictated by heavy, chalcogen atoms. The optical transparency of ChGs can extend from the visible up to 10 µm for sulfides, 12–13 µm for selenides, and 20 µm for tellurides [23,24,25], making them suitable as fibers and waveguides for use in a wide range of infrared optical applications. The first studies on chalcogenide fibers in the mid-1980s reported high optical losses due to impurity absorption, which was a major limiting factor [36,37]. With the development of low-loss chalcogenide fibers, SC sources that generate light in the MWIR (3–8 μm) and LWIR (8–14 μm) spectral regions gradually attracted further interest. In particular, experimental work on chalcogenide fibers for SC generation first focused on binary As2S3 fibers, where a spectrum from 2–4.6 μm was demonstrated in an As2S3 step-index fiber [38,39]. Since then, efforts to realize broad SC generation in MWIR using multi-component chalcogenide fibers have been also made. For example, different chalcogenide compositions such as Ge-As-Se, Ge-Sb-Se, and Ge-As exhibited ultra-broadband SC generation at 2–12 μm [15,40,41,42,43,44,45]. In addition to fibers, chalcogenide on-chip waveguides have also been established as a major platform for SC generation. Waveguides provide greater flexibility in dispersion engineering compared to fibers; the ability to engineer the zero-dispersion wavelength to be very close to the pump wavelength greatly facilitates the generation of supercontinuum [46]. One of the earliest demonstrations of broadband SC generation at the MWIR was reported to show transparency up to 8 µm [33], and a variety of compositions, such as Ge-Sb-S, Ge-Te-Sb, and As2S3, have since been developed as waveguides to show broadband SC generation [33,47,48,49]. Early demonstrations of chalcogenide waveguide-based SC generation were achieved using pumps located at the telecommunications wavelength [47,48,49]. Most recently, chalcogenide waveguides have been fully leveraged for their transparency far into the mid-long infrared wavelengths for SC generation [50]. Chalcogenide waveguides pumped at ~4 μm have been demonstrated to span from 2 μm to >10 μm [34], thus further leveraging the chalcogenide glass’ optical transparency into the far-infrared. As shown in these examples, such properties can be engineered through composition tailoring, as in the case of one well-studied bulk ChG glass system, where the nonlinear refractive index of Ge-Sb-Se has been correlated with composition, and shown to increase with the concentration of Sb [7] as well as Se [18]. Chalcogen substitution of Se by S in simple binary As40Se60 has been shown to lead to an increase in nonlinear refractive index of the glass at the expense of increased multiphoton absorption [22]. Furthermore, as one might expect, with the addition of highly polarizable glass constituents, an increase in the concentration of Te in Ge-As-Se-Te glasses has also been shown to increase glass’ nonlinearity [51].



Since properties of a glass are strongly dependent upon its thermal history during fabrication, glass in fiber and film form often has optical properties different from those of their bulk counterpart. This variation is caused by processing conditions (imparting variations in material thermal history) to the final component form, and requires consideration in the design and fabrication of SC structures in planar (thin bulk or films) or fiber form, as key properties may vary from those reported for bulk glasses. Most studies to date on this topic have been dedicated to measurement of the optical nonlinearity of fibers made of single ChG material [2,8,9,10], while other special geometries, such as micro-structured optical fibers [11,12,13] and refractive index-graded fibers [14,15], have been investigated more recently. Extensively studied are simple binary ChGs, such as As2S3 and As2Se3 fibers, reported to show high nonlinear refractive indices as characterized in the near-IR and MWIR spectral region [16,17,18,19]. These materials have potential to enable broad spectral emission suitable for use as a source; however, detailed optical material property data have largely not extended past the MWIR, where most labs routinely characterize such properties. While an optimal material would need to be transmissive over a broad spectral range and have tailorable linear and nonlinear refractive indices as well as composition-tailorable dispersion behavior, the extension of any generated SC to wavelengths needs to be close to the material’s band-edge, or more importantly, into the deep sub-bandgap region. This region is especially important for potential photo-induced material modification, as both linear and nonlinear absorption increases near the band edge. This, as reported for As2S3 and other glass systems [52,53], can lead to deleterious effects such as photo-structural modification where light is sufficiently energetic to cause bond re-arrangement thereby modifying or significantly altering desirable optical properties. As the mechanism of SC requires high pump intensities coupled with high host optical nonlinearity, broad spectral window, and suitable laser damage resistance at the high(er) powers needed to induce the optical nonlinearity, intensity-dependent performance combined with knowledge of fabrication flexibility and thermal stability is key to defining suitable SC candidate materials [2,20].



In addition to the optical property merits of ChG glasses, their high viscoelasticity enables easy shaping to reduced dimensions such as fiber and thin film geometries that can be integrated into photonic devices [14,20]. Ideally, these devices require a high nonlinear figure of merit (FOM = n2/(λIn−2αnPA), where n2 is the nonlinear refractive index, λ is the wavelength, I is the laser pump power, and αnPA is the multiphoton absorption coefficient, respectively) [26]. This FOM trades off wavelength-specific nonlinearities with undesirable nonlinear loss, providing a guide for expected material performance. As noted, this is often hard to calculate, as data is often only measured at a single wavelength, not across the spectrum enabled by the broadband material. Compositional tuning is one way to engineer the optical properties of ChGs; however, such engineering does not always include consideration of other physical properties important for manufacturability, and ultimately, the usage environment. In this paper, we review prior efforts to engineer optical properties via compositional tuning (only) in homogeneous glasses; we further extend these findings to present the potential for SC property enhancement through microstructural modification (i.e., selective conversion of a glass to a glass ceramic). Formation of such an optical composite offers parallel opportunities for both optical property-tailoring (linear and nonlinear refractive indices and optical dispersion) combined with improvements to thermal, mechanical [54,55], and chemical stability critical for optimizing in-use performance [56,57].



To illustrate the potential to leverage optical and physical property engineering where multi-spectral data is being compiled, we examined the property tailoring enabled in a model glass system recently investigated for the creation of optical nanocomposites, specifically multiple compositions within the multicomponent GeSe2-As2Se3-PbSe (GAP-Se) system. While not exclusive to the application of SC generation, this glass system illustrates how morphology and microstructural tailoring with a secondary phase of known chemistry, refractive index, size, and size distribution can result in composites with broadly tailorable linear and nonlinear optical and physical properties within a narrow composition space. GAP-Se materials have recently been shown to exhibit desirable transparency over a wide range of wavelengths from 1 to 12 µm, high linear/nonlinear refractive indices, and expansive property tunability via composition alloying and microstructural tailoring [56,57,58,59,60,61,62,63,64,65,66]. However, like most covalently-bonded ChG made from large ions, weak(er) bonding (as compared to oxides) can lead to reduced thermal/mechanical properties, photosensitivity when pumped with near bandgap light, and low(er) laser damage resistance at the benefit of broad IR transparency [19,27].



Following a short review of the state-of-the-art understanding of key optical properties requisite for SC applications, we present examples highlighting the novelty and scalability of our approach based upon planar bulk and film forms of GAP-Se glasses. We discuss where our model system stands in terms of their attributes compared to other material systems as an example to exploit performance optimization for potential use in planar SC applications.




2. Optical and Physical Properties and Composition: Glasses


SC generation requires candidate materials to possess high linear and nonlinear refractive indices without appreciable optical degradation such as scattering and absorption losses [3]. Traditional homogeneous glasses have fixed values of properties that usually vary systematically with composition, with heavier, more polarizable species leading to higher linear and nonlinear properties. Losses are often caused by impurities in the parent host; however, these can also be related to nanoscale crystallization and interfacial defects, such as those seen in core/clad fibers of dissimilar refractive index, trapped inclusions or bubbles, or sidewall roughness such as that seen in planar waveguides or resonators [67], which can lead to scattering losses. While SC spectral width is typically defined by the host’s transmission window, refractive index, and dispersion, broadband materials can suffer from laser damage induced by high intensity pump radiation in lossy structures [19,51,68,69,70,71,72,73]. This damage can surface in nature in fibers (at end-faces or cleaved interfaces) or intrinsic within the bulk material due to impurities, inhomogeneities, or other defects. Homogeneous glass refractive index data and surface/bulk laser damage thresholds and mechanisms in ChGs are not widely reported in the MWIR and LWIR regions; where reported, typically measurements have been made in the band-edge region of most ChGs, near 1 μm with CW or long-pulse (low intensity) regimes. Representative literature data useful for assessing suitability of glass composition for SC applications is summarized for a diverse range of IR transparent glasses in Table 1 [7,19,20,21,26,28,51,54,56,58,59,60,74,75,76,77].



Included for comparison in Table 1 is data on glass(es), where reported, in bulk and film form measured at various IR wavelengths. As can be seen, the thermal history associated with the processing method used to create the film (or fiber) into its final form can impart a unique and variable structure to the resulting material. This structural variation for a constant composition has been shown to impact linear and nonlinear properties, and was first highlighted in [28]. Such structural variations are attributable to subtle variation in composition, bonding, and thus density, and polarizability, imparting refractive indices that can be processing method-specific. Additionally, since full dispersion data across the IR spectral window of SC generation is often difficult to measure, the properties available to model component behavior is often limited to data at a single wavelength. Hence, complete dispersion behavior is a desirable knob for optimization of material choice, and should be quantified [20]. For comparison to previously reported data in Table 1, the linear refractive index collected from GAP-Se bulk and films are noticeably greater than those reported for more simple binary or ternary compositions, impacted by the addition of Pb. Furthermore, Ge, which has been often used for nonlinear optical applications, has a nonlinear refractive index of 4.57 × 10−5 cm2/GW and a three-photon absorption coefficient of 1.027 cm3/GW2 at 4.5 µm [78], which are greater than those of GAP-Se glasses. However, the high nonlinear absorption for Ge could be a limitation on the purpose of all optical switching. Therefore, a trade-off between high n2 and low nonlinear absorption is strongly desired and requires the development of new candidate materials, such as GAP-Se glasses reported in this study. It should be noted that full broadband nonlinear property characterization of GAP-Se films in both their as-deposited amorphous and converted glass ceramic form, is ongoing.



Literature data on laser damage behavior of ChGs is important for broadband IR SC applications, though it is often limited, and does not always include details of measurement protocols, where pulsed, or single shot exposure performance differences, which can vastly impact the resulting material’s behavior. Surface laser damage data as compared to bulk damage is often not distinguished, and lab-scale materials as compared to commercial glasses typically exhibit higher absorption characteristics or more surface defects due to limitations in optical fabrication capabilities. Hence, it is imperative when designing a material system for SC applications that this understanding of both processing and wavelength-specific properties and performance is noted. A short summary of pertinent laser damage data reported for ChGs is shown in Table 2, exhibiting quite clearly the typical reduction in damage resistance for bulk materials upon fiberization.



As stated, there have been limited studies on optical properties of ChG glasses with planar geometries, especially candidate ChG glasses, which have been tailored for nonlinear photonic device applications at mid-infrared wavelengths and beyond. However, the planar, on-chip platform offers advantages such as integrating multi-signal processing functionalities onto a chip. Therefore, it is important to assess values measured from our GAP-Se film glasses with respect to a few reported values in literatures [20,67]. As a candidate glass for SC applications is (primarily) defined by its optical properties and damage resistance, its compatibility with the planned manufacturing method to final form (planar films or fiber) must be considered. Films made from simple binary glasses tend to be compatible with thermal evaporation methods, and some more complicated (ternary) glasses are amenable to solution derived processing methods either as glass [77] or organic/inorganic hybrids [79], with [80] or without [81] dopants. As noted for bulk materials above, variations in the deposition methods of thin films with identical composition can lead to concomitant variations in optical properties; thus, proper design of the processing method is also an important consideration for SC material fabrication [68]. Co-evaporation methods have been shown to be useful for the deposition of complex (>3) constituent glasses. However, deposition methodologies must be optimized and be compatible with both the processing method (avoiding preferential evaporation that leads to stoichiometric variation) and the underlying substrates (minimization of thermal expansion mismatch), as well as for their co-existence with other on-chip materials and their optical function.



Similar challenges exist for material selection of SC candidates for use in fiber form. A glass’ viscosity (η)-temperature (T) behavior dictates an optimal draw temperature range as well as the materials’ upper use temperature if the candidate SC material is to be used in fiber form. The steepness of such a η-T curve for a given glass can vary dramatically across composition space, such as the As-Se system [see Figure 1a] that impacts (along with the glass’ crystallization stability) the ease by which long lengths of low loss fiber can be processed [82,83]. Observe, for a small variation in As content (10–40 mol%), how the fiber draw temperature (typically shown to be in the 104–106 Pa∙S range [83]) can vary by more than 100 K; additionally, note the subtle change in the d η/dT slope, which defines the temperature control needed over the possible drawing range (ΔT) that enables high quality fiber formation. Similarly, the composition and average bond strength of the glass’ constituents defines the absolute position in temperature space for the η-T curve. As an example of the breadth of glass property variation, Figure 1b illustrates the variation of η-T curve for five commercially available SCHOTT glasses (IRG22–26) [84]. Shown are how each η-T curve (as measured via the probe penetration technique) varies with the network constituent (element) and their respective glass transition temperature, Tg, as both are defined by the glass’ average bond strength. Hence, the definition of a glass with attractive optical properties may or may not have suitable manufacturability into fiber or film form.




3. Composition, Morphology, and Optical Properties: Glasses Towards Glass Ceramics


Optical (nano)composites in the context of the present discussion are not homogeneous glasses; rather, they are multi-phase glass ceramics where a glass matrix contains embedded (nano)crystallites of desired refractive index, size, and size distribution throughout the composite’s volume. The most commonly known optical composite is Zerodur [85], engineered for its transparency and superior (low) CTE. Zerodur is a lithia-alumino-silicate glass where nanocrystals with a small (~75 nm) size, narrow size distribution, and positive and negative CTE crystal phases are dispersed to realize the ‘effective’ physical property of interest, here, a near-zero CTE. The ‘effective’ aspect of the property of interest, CTE, can be approximated by the individual properties of the parent glass phase following the precipitation of the resulting crystal phases and the respective volume factions of each of the constituent phases (glass and crystallites). The refractive index mismatch between the crystal phase(s) and parent glass is small, leading to low loss in the spectral regime of interest. Similar efforts at making IR glass ceramics (composites) have been extensively studied by the researchers at the University of Rennes [23,86,87,88,89] and others, as part of efforts to create low expansion substrates for optics suitable for use in applications in space as mirror substrates [25,90,91]. However, these composites were largely optimized for thermal and mechanical properties and not for their transmissive characteristics. There are few optical nanocomposites for use as transmissive bulk, film, or fiber components, such as those required for SC applications in the IR. This includes suitable MWIR and LWIR materials based on oxides or non-oxides. In this discussion, we do not consider tellurite glass materials, as they are not truly broadband. However, their high intensity performance as bulk and fiber may be attractive to SC application where MWIR performance is desired [92,93].



Exploitation of microstructural engineering in ChGs can enhance the thermal, mechanical, and optical properties for SC generation, and such tailoring presents vast opportunities for new optical function including as hosts for SC generation. In optical composites for SC generation, both the parent glass and the crystal phases impact the resulting linear/nonlinear optical, thermal, and mechanical properties; if composition, refractive index, crystallite type, size, and distribution are all carefully controlled and optimized, low loss transmissive components can be realized. Depending on the volume fraction and IR absorption characteristics of crystallites combined with their thermal (conductivity) characteristics, one could envision that laser damage behavior could also be enhanced by a secondary phase. Such thermal property engineering is being used with index matching strategies to create novel nanocrystal doped glasses for fiber laser applications [94,95,96,97,98,99]. As an example of composition, morphology, and eventual microstructure engineering possibilities for candidate SC material development, we discuss a model system based on a multi-component ChG system initially developed by the University of Rennes [23,86,87,88,89], where controlled nucleation and growth of secondary phase(s) were used to modify physical and optical properties. In the GAP-Se system where PbSe concentrations have been varied from 0 to 50 mol%, we have investigated base (homogeneous) glass as well as glasses following controlled nucleation and growth protocols to microstructurally vary physical and optical properties [54,59,63,65,66]. The optical performance of these GAP-Se glasses depends on the parent glass’ morphology and post-heat treatment microstructure; specifically, each composition and fraction of co-existing phases. Based on examination of optical properties (bulk and film) evaluated to date, we explorde how such composite materials and the understanding of these factors could be further exploited to find desirable candidate materials for SC.



As a key first step to establish a process-structure-property relationship, Figure 2a shows the morphology phase diagram of GAP-Se glass with PbSe concentrations from 0 to 50 mol% [54,56,58,66], illustrating an immiscibility dome across a wide range of Pb concentrations from ~5–10 to ~45% at room temperature. Within these composition ranges, glasses melt-quenched from a temperature above a melting point to room temperature exhibit unstable liquid-liquid phase separation, yielding a homogeneous glass containing two amorphous phases. For lower PbSe content from 5–10 to 25–30 mol%, Pb-rich secondary phases have been shown to emerge within a Pb-deficient matrix while the morphology is inverted, becoming Pb-deficient secondary phases within a Pb-rich matrix as PbSe content increases beyond 25–30 up to 40–45 mol%. These regions are illustrated by two schematics in the diagram. Figure 2b,c show dark field (DF) transmission electron microscope (TEM) images collected from the glasses with 20 and 40 mol% of PbSe and linear profiles of atomic percentages for four constituents along the lines drawn in the DF TEM images. Specifically, the DF TEM image collected from the glass with 20 mol% PbSe includes bright, circular phases in a dark matrix, as shown in Figure 2b. The contrast in brightness between the secondary phases and the matrix in the DF TEM image suggests that the atomic percentage of heavy constituents in the secondary phases was greater than that in the matrix. The difference in weights of the secondary phase and the matrix is consistent with linear profiles where the atomic percentage of Pb, which is the heaviest constituent, was relatively high and low in the secondary phase and the matrix, respectively. In contrast, the DF TEM image and linear composition profiles collected from the glass with 20 mol% PbSe indicated an inverse microstructure with Pb-deficient secondary phases and a Pb-rich matrix, as shown in Figure 2c.



Here, we discuss the potential opportunity to extend the range of available SC materials that could be optimized for use through consideration of how, for example, two glass compositions within this composition space could be modified to form optical nanocomposites suitable for use in SC applications. Specifically, we consider these two glasses with 20 and 40 mol% PbSe, for two reasons: firstly, it is desirable that candidate materials have high linear and nonlinear refractive indices, which in general increase with the concentration of PbSe; here, such an increase must occur while maintaining the glass’ transparency in the MWIR [58]. The refractive index-transparency criteria suggest that the concentration of PbSe needs to be high to increase linear and nonlinear refractive indices of the glasses, though below a certain point (~50–55 mol% PbSe), at which the entire volume of the material starts to become crystalline upon quenching, leading to optical losses [61,62]. Secondly, the phase-separated morphology observed within the immiscibility dome leads to a unique nucleation behavior of crystalline phases upon a heat treatment. Due to an energetically unstable state, Pb-rich phases can be transformed into crystals upon heat treatment while Pb-deficient phases remain amorphous [54,58,60,63,64,65,66]. These Pb-rich crystals have refractive indices far greater than those of their amorphous counterparts, making the effective linear and nonlinear refractive indices of glass-ceramic nanocomposites far greater than those of the parent glasses [56,59,60,66]. Furthermore, we have shown that the size of resulting crystalline phases typically range from 50 to 200 nm, making the nanocomposites effective media with respect to incident electromagnetic wave in the MWIR and LWIR. This enables the nanocomposite to maintain its transparency throughout the IR. In these prior studies, secondary phases have been induced by thermal and/or laser plus thermal heating.



How such material attributes would be impacted during film deposition or fiber drawing, for example, requires further consideration. Film studies in GAP-Se are ongoing for applications as gradient refractive index materials and other applications. To date, high quality (stoichiometric), low loss films of select GAP-Se glasses have been successfully made to thicknesses of 40 μm and have shown induced index and dispersion modification following crystallization as optical composites. Fiber drawing of GAP-Se has not, to date, been carried out. Here, additional scattering loss (due to crystal growth during reheat/fiberization) would need to be optimized so as to enhance optical properties, but not scatter loss. Such reheating of bulk preforms to make fiber would need to be optimized since the control of nucleation and growth near the fiber draw temperature could result in unwanted crystallization that leads to increase in loss.




4. Linear Optical Property Variation


The desirable linear optical properties of the glasses with specific compositions and corresponding microstructures are pre-requisites for a variety of optical applications. Figure 3a shows Fresnel loss corrected transmittance spectra for bulk GAP-Se glasses with 20 mol% and 40 mol% PbSe at wavelengths up to 10 µm. As can be seen, there is a clear difference in position of the glass’ band edge, high energy tail states, and scatter can be observed, followed by near-100%, saturated transmittance at wavelengths from 2 to 10 µm. The spectral shift in band-edge energy is likely to be associated with the addition of highly-polarizing Pb elements where their interaction with other constituents in the glass creates additional energy bands within a bandgap which leads to a decrease in band-edge energy [65]. The tail near the band-edge originates from both band tail electronic states and light scattering which is highly dependent upon a combined effect from the size, volume fraction, and composition of secondary phases present in the phase separated glass. Here, the inverse secondary phase/matrix morphology and compositions of the glasses with 20 and 40 mol% PbSe give rise to such a difference, where the Pb-deficient phase dictates the edge position and the scattering is dictated by the refractive index contrast between the two phases [54,59]. The broad, high transparency window of these base glasses (no crystalline phase) across wavelengths from 2 to 10 µm strongly suggests that the material systems shown are effective media with low optical losses in both the MWIR and LWIR for SC applications. Figure 3b shows linear refractive indices and extinction coefficients of the planar disks of bulk glass with 20 and 40 mol% PbSe. The magnitude of refractive indices for both glasses was distinctively greater than those of other ChG glasses due to the existence of PbSe in the material matrix [65]. As the concentration of PbSe increases from 20 to 40 mol%, the refractive indices of the glasses correspondingly increased. A transition from a planar bulk disks to a film geometry (both with 40 mol% PbSe) resulted in a minor shift in band-edge energy and tail states, though it still maintains their maximum, near-100% intensity at wavelengths from 2 to 10 µm, as shown in Figure 3c. This is due to the fact that thin films of GAP-Se materials, regardless of composition, show no evidence of phase separation, and hence, reduced scatter loss. Meanwhile, Figure 3d shows that the refractive index of the film glass was greater than that of the planar bulk glass. This illustrates the impact of variation of thermal history and the more rapid cooling rate associated with film deposition and the resulting variation in bonding and density. As discussed earlier, the nature of materials with reduced geometries such as films was typically different from their bulk counterpart. This is due to a fact that source materials were condensed into an amorphous film with a relatively higher concentration of strained bonds on a room temperature or cold substrate, and therefore, vapor-deposited thin films were further from equilibrium compared to bulk counterparts [60].



In studies to date, some properties of GAP-Se in bulk and film have been quantified across the broad spectral region where these materials operate. For optical designers, these attributes are critical to assessing and predicting optical performance. Using data presented in previous work and new to this work we summarized many of these optical property performance metrics for these glasses as a function of composition, form, and spectral region. Comparing the linear and nonlinear property variation (discussed in the next section) along with the dispersion variation of these glasses (see Table 3), one can see that both composition and form (bulk versus film) provides a ‘knob’ which allows a designer to modify their choice in material and form for desired application. Additionally, the promising nature of the base glass’ FOM suggests further optimization through selected conversion to a glass ceramic, which may further enhance such properties.




5. Nonlinear Optical Property Variation


In addition to high transparency and tailorable linear refractive index of the parent glass, the optical properties in a nonlinear regime are key attributes to SC materials, since self-phase modulation of incident light source scales with optical nonlinearity of a target material [3]. Figure 4a,b show Z-scan data for bulk glasses with 20 and 40 mol% PbSe, respectively. Each set of data includes two types of Z-scan measurements in closed and open modes where nonlinear refractive indices and multiphoton absorption coefficients are extracted from the closed and open modes, respectively. The Z-scan data in the closed mode are fitted with the following equation:
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where TCA, ∆φ0, z, and z0 correspond to normalized transmittance in a closed-aperture mode, phase change of the laser beam due to nonlinear refraction, sample position, and Rayleigh length, respectively [78,100,101,102,103]. Values of ∆φ0 extracted from the fitting are inserted in the following equation to extract values of nonlinear refractive indices:


     n 2  =   Δ  φ 0  λ   2 π  I  00    L  e f f        








where n2, λ, I00, and Leff correspond to nonlinear refractive index, laser wavelength, peak intensity, and effective path length for multiphoton absorption, respectively [78,100,101,102,103]. The Z-scan data in the open mode are fitted with the following equation to extract multiphoton absorption coefficients:
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where TOA(nPA), n, αn correspond to normalized transmittance in an open-aperture mode, integer, and multiphoton absorption coefficient, respectively [78,100,101,102,103].



Figure 4c shows nonlinear refractive indices collected from four different locations of 20 and 40 mol% PbSe bulk glasses at 4.5 µm. The horizontal dotted lines, corresponding to average values, indicate that the nonlinear refractive index of the glasses increases from ~7.14 × 10−6 to ~11.17 × 10−6 cm2/GW as the concentration of PbSe increases from 20 to 40 mol%. This corresponds to a change in the Pb-rich phase, changing from the secondary phase (in the 20% samples) to the matrix phase (40%) and a corresponding increase of absolute Pb content from (5.0 to 11.4 at%). While the magnitudes of the measured four-photon absorption coefficient are low for the glasses, the values likewise increase from ~ 4.50 × 10−3 to ~ 11.05 × 10−3 cm5/GW3 with increasing PbSe concentration, as shown in Figure 4d. Miller’s rule dictates that an increase in optical linearity induces an increase in nonlinearity (n2) and reduced optical band gap energy (Eg) [20]. The relationship is consistent with our experimental data where an increase in PbSe concentration from 20 to 40 mol% induces a red-shift of band-edge energy (dominated in part by scatter loss), an increase in linear refractive index, and an increase in nonlinear refractive index. These data are included for comparison in Table 3, along with a calculation of the two bulk glass’ FOMs which are the same order of magnitude with that of Ge with high nonlinearity in MWIR [78]. As one can see, optical property tuning with the parent bulk glasses (prior to any further conversion to a glass ceramic) offers a variety of tailorable options for SC material design. Characterization of these same attributes in bulk glasses that have been partially converted to transparent optical nanocomposites are ongoing. Parallel studies to quantify other thermal and mechanical properties [55] in identical bulk glass samples are also in progress.



To assess how GAP-Se thin film glasses behave differently compared to their bulk counterpart in nonlinear regime, endeavors to explore and quantify the nonlinearity of films are expected to exhibit similar trends; however, we expect the magnitude of such changes and variation are likely different. These experiments, currently in progress, will help to define where further insight into the influence of material dimension on optical properties can be found. It is envisioned, as seen in planar base GAP-Se films, that similar tailoring of the resulting effective refractive index (while maintain low loss) and dispersion in a post-processed glass ceramic (dependent on volume fraction of phases formed) will enable effective nonlinear property modification as well. These enhancements, with a corresponding attention to the loss induced by a secondary phase will need to be evaluated, as a trade-off in assessing whether or not GAP-Se materials can be seriously considered as viable options for SC media.




6. Conclusions


This paper reviews and summarizes the key optical and physical property attributes needed for materials being evaluated as candidates for SC generation. Following a summary of the key optical property criteria and those other physical properties which are impacted in the optical manufacturing of a component, we presented state-of-the art literature data for bulk glass, thin films, and fibers across the desired broadband spectral range of use. Employing a model broadband IR ChG system where extensive linear and initial nonlinear optical property data was collected, we have shown that novel multicomponent bulk GAP-Se ChG glasses exhibit high values of linear and nonlinear refractive indices which increase directly with Pb(Se) concentration, while maintaining high, broadband transparency, and low optical losses throughout the IR. Dispersion data has been calculated for bulk GAP-Se material and compared to thin films of the same composition, highlighting the variation of identical compositions and deposition-induced morphology variation (homogeneous films versus phase separated bulk glasses). The magnitudes of these optical parameters are found to be competitive with respect to those of commonly-used homogeneous ChG glasses in both linear and nonlinear optical regimes, as quantified by their nonlinear FOM. Further efforts to extend our understanding of this system, both as bulk glasses and in thin film or fiber form, will allow us to assess the glass’ viability as potential SC hosts.
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Figure 1. (a) Variation in η-T behavior as a function of composition within the binary As-Se system. The colored box is shown as a guide to the eye to illustrate the typical viscosity range for fiber drawing. Figure reproduced with permission from [83], © 2011 American Institute of Physics. (b) Viscosity data compilation (probe penetration method) for commercial reference materials over temperature range suitable for precision glass molding including relative position of glass transition temperature, Tg, as reported from the product data sheets. All curves are based on Sellmeir-paramaterization. (Curves for IRG23 and IRG25 show non-physical curvature over a broad temperature range and are only shown to illustrate the variation in temperature position and slope as a function of composition). 
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Figure 2. (a) An approximated phase diagram of GeSe2-As2Se3-PbSe (GAP-Se) with an immiscibility dome illustrating two distinctly different inverse morphologies consisting of Pb-rich and Pb-deficient phases. (b,c) Linear profiles of atomic percentages for four constituents in glasses with 20 mol% and 40 mol% PbSe, respectively. 






Figure 2. (a) An approximated phase diagram of GeSe2-As2Se3-PbSe (GAP-Se) with an immiscibility dome illustrating two distinctly different inverse morphologies consisting of Pb-rich and Pb-deficient phases. (b,c) Linear profiles of atomic percentages for four constituents in glasses with 20 mol% and 40 mol% PbSe, respectively.



[image: Applsci 08 02082 g002]







[image: Applsci 08 02082 g003 550] 





Figure 3. (a) Transmittance spectra of bulk GAP-Se glasses (t = 2 mm, polished disks) with 20 and 40 mol% PbSe. (b) Linear refractive indices (solid) and extinction coefficients (dashed) of bulk glasses with 20 mol% and 40 mol% PbSe measured by spectroscopic ellipsometry. (c) Transmittance spectra of bulk (t = 2 mm) and thin film (t ~20 µm) glasses with 40 mol% PbSe. (d) Linear refractive indices (solid) and extinction coefficients (dasged) of bulk and film glasses with 40 mol% PbSe measured by spectroscopic ellipsometry. 
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Figure 4. (a) Closed- and open-modes Z-scan profiles of a glass with 20 mol% PbSe (bulk coupons with t = 2 mm performed at a wavelength of 4.5 μm. (b) Closed- and open-mode Z-scan profiles of a glass with 40 mol% PbSe (bulk coupons with t = 2 mm). (c) Measured nonlinear refractive indices of glasses with 20 and 40 mol% PbSe at four different locations of the bulk samples. (d) Measured four-photon absorption coefficients for glasses with 20 and 40 mol% PbSe. The dashed lines represent the average of the measurements. The measurement error is estimated to be ~10%. 
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Table 1. Linear and nonlinear optical parameters of bulk and film chalcogenide (ChG) glasses measured at the wavelengths shown.
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Form

	
Composition (mol%)

	
n1 at (λ)

	
λ = 1.06 µm

	
λ = 1.55 µm

	
Ref




	
n2 (×10−15 cm2/W)

	
α2 (cm/GW)

	
n2 (×10−15 cm2/W)

	
α2 (cm/GW)






	
Bulk

	
As40Se60

	
2.38 (1.33 µm)

	

	

	
4

	

	
28




	
As40S40Se20

	
2.47 (1.33 µm)

	

	

	
8

	
<0.01

	
28




	
As24S38Se38

	
2.32 (1.33 µm)

	
15 (1.3 µm)

	
0.06

	
17.5

	
<0.05

	
28




	
Ge30As11Se49Te10

	
2.50 (1.33 µm)

	
14 (1.3 µm)

	
0.4

	
11

	
0.16

	
28




	
As30Se63Sb4Sn3

	
2.80 (1.33 µm)

	

	
0.52

	
10

	
0.17

	
28




	
Ge20Se80

	

	

	

	
0.372

	
6.01 × 10−6

	
7




	
Ge20Sb5Se75

	

	

	

	
0.429

	
3.14 × 10−6

	
7




	
Ge20Sb10Se70

	

	

	

	
0.622

	
4.78 × 10−6

	
7




	
As40Se60

	

	

	

	
1

	
16 × 10−6

	
7




	
As40S60

	
2.430 (1.55 µm)

	
35 (1.35 µm)

	

	
28.5

	

	
26,51




	
Ge11.5As24Se64.5

	
2.634 (1.55 µm)

	
88.3 (1.35 µm)

	

	
79

	

	
26




	
Ge15Sb10Se75

	
2.598 (1.55 µm)

	
76.7 (1.35 µm)

	

	
7.5

	

	
26




	
Ge15Sb15Se70

	
2.690 (1.55 µm)

	
137 (1.35 µm)

	

	
10

	

	
26




	
Ge20Se80

	

	
1.3

	

	

	

	
74




	
GeSe6

	

	
1.7

	

	

	

	
74




	
Ge11As11Se78

	

	
2.2

	

	

	

	
51,74




	
Ge10As10Se70Te10

	

	
1.9

	

	

	

	
51




	
Ge10As10Se60Te20

	

	
2.0

	

	

	

	
51




	
(GeSe2)90(Sb2Se3)10

	
2.51 (1.064 µm)

	
8.9

	
10.7

	

	

	
21




	
(GeSe2)60(Sb2Se3)40

	
2.85 (1.064 µm)

	
14.8

	
12.4

	

	

	
21




	
(GeSe2)40(Sb2Se3)60

	
2.51 (1.064 µm)

	
21.2

	
21.5

	

	

	
21




	
(GeSe4)0.5(AsSe3)0.5

	

	
2.2

	
2.7

	

	

	
19




	
GeAs2Se3

	

	
1.85

	
5.9

	

	

	
19




	
Ge10As10Se80

	

	
2.2

	

	

	

	
75




	
Ge10As20Se70

	

	
1.40

	

	

	

	
75




	
Ge20As40Se40

	

	
1.85

	

	

	

	
75




	
Composition (mol%)

	
n1

at λ = 4.515 µm

	
n2 at λ = 4.515 µm

(×10−15 cm2/W)

	
α2 at λ = 4.515 µm

(×10−3 cm5/W3)

	
Ref




	
GeSe2-As2Se3-PbSe(20 mol% PbSe)

	
~ 2.85

	
7.14

	
4.50

	
54




	
GeSe2-As2Se3-PbSe(40 mol% PbSe)

	
~ 3.04

	
11.17

	
11.05

	
54,58–60




	
Form

	
Composition (mol%)

	
n1 at λ = 1.55 µm

	
n2 at λ = 1.55 µm

(×10−21 cm2/W)

	
α2 at λ = 1.55 µm

(cm/GW)

	
Ref




	
Film

	
Ge20Te80

	
2.38

	
6.4

	

	
76




	
Ge20Te78Sb2

	
2.43

	
7.5

	

	
76




	
Ge20Te76Sb4

	
2.48

	
8.7

	

	
76




	
Ge20Te70Sb10

	
2.62

	
12.3

	

	
76




	
Ge23Sb7S70

	
2.17

	
3710

	
0.01

	
20




	
Ge23Sb7S70

	

	
9.3 (at 1.58 µm)

	

	
77




	
Composition (mol%)

	
n1 at λ = 4.515 µm

	
n2 at λ = 4.515 µm

	
α2 at λ = 4.515 µm

	
Ref




	
GeSe2-As2Se3-PbSe (40 mol% PbSe)

	
~ 3.14

	

	

	
56
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Table 2. A summary of laser damage values for a variety of ChG glasses in bulk and fiber forms. * indicates specifically surface damage resistance value and pulse duration of measurement.
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Form

	
Composition (mol%)

	
Measurement λ ( µm)

	
Laser Damage (MW/cm2)

	
Ref






	
Bulk

	
Ge28Sb12Se60

	
1.5

	
>1000

	
68




	
GexAsySe1-x-y

	
1.064

	
1000–4000

	
69




	
Ge23Sb7S70

	
1.06

	
7200

	
27




	
Ge18Ga5Sb7S70

	
1.06

	
6300

	
27




	
Ge18Ga5Sb7S68Se2

	
1.06

	
6000

	
27




	
Ge18Ga5Sb7S65Se5

	
1.06

	
5400

	
27




	
As24S38Se38

	
1.06

	
3500

	
27




	
As2S3

	
1.06

	
8400 *

	
27




	
GeAs2Se2

	
1.064

	
5500–6000

	
19




	
Fiber

	
As2S3

	
3.5

	
200

	
70




	
As2S3

	
5.4

	
1000

	
71




	
As2S3

	
1.5

	
1000

	
72




	
As2S3

	
1.064

	
1800

	
73




	
As-Se-Te

	
1.064

	
130

	
73




	
As-Se-Te

	
2.94

	
30.6

	
73
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Table 3. Key optical constants including Sellmeier coefficients, linear refractive index, Abbe number, and nonlinear figure of merit for bulk and film glasses with 20 and 40 mol% PbSe.
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Composition & FormOptical Constant

	
20mol% PbSe

	
40mol% PbSe




	
Bulk

	
Bulk

	
Film






	
Sellmeir coefficient [90]

    n =   A +   B  λ 2     λ 2  −  C 2    +   D  λ 2     λ 2  −  E 2       

	
A = −20.6611

B = 28.5635

C = 0.2312

D = 10.4782

E = 90.4186

	
A = 4.1428

B = 4.7716

C = 0.5591

D = 41.6340

E = 168.4897

	
A = −17.9359

B = 27.7528

C = 0.1949

D = 1.4171

E = 36.6873




	
MWIR

(4 µm–6 µm)

	
Linear refractive index

	
2.8387 at λ = 3 µm

2.8245 at λ = 4 µm

2.8164 at λ = 5 µm

	
3.0118 at λ = 3 µm

2.9977 at λ = 4 µm

2.9897 at λ = 5 µm

	
3.1495 at λ = 3 µm

3.1409 at λ = 4 µm

3.1358 at λ = 5 µm




	
Abbe Number [91]

	
        n  λ = 4 µ m   − 1    n  λ = 3 µ m   −  n  λ = 5 µ m     = 81.82   

	
        n  λ = 4 µ m   − 1    n  λ = 3 µ m   −  n  λ = 5 µ m     = 90.39   

	
        n  λ = 4 µ m   − 1    n  λ = 3 µ m   −  n  λ = 5 µ m     = 156.27   




	
Nonlinear refractive index

	
7.14 × 10−6 cm2/GW

at λ = 4 µm

	
11.17 × 10−6 cm2/GW

at λ = 4 µm

	
In progress




	
Four-photon absorption coefficient

	
4.50 × 10−3 cm5/GW3

at λ = 4 µm

	
11.05 × 10−3 cm5/GW3

at λ = 4 µm

	
In progress




	
Nonlinear figure of merit [92]

	
2.48 × 10−3 at λ = 4 µm

	
1.58 × 10−3 at λ = 4 µm

	
In progress




	
LWIR

(8 µm–12 µm)

	
Linear refractive index

	
2.8007 at λ = 8 µm

2.7906 at λ = 10 µm

2.7793 at λ = 12 µm

	
2.9738 at λ = 8 µm

2.9634 at λ = 10 µm

2.9517 at λ = 12 µm

	
3.1248 at λ = 8 µm

3.1168 at λ = 10 µm

3.1071 at λ = 12 µm




	
Abbe Number [91]

	
        n  λ = 10 µ m   − 1    n  λ = 8 µ m   −  n  λ = 12 µ m     = 83.67   

	
        n  λ = 10 µ m   − 1    n  λ = 8 µ m   −  n  λ = 12 µ m     = 88.84   

	
        n  λ = 10 µ m   − 1    n  λ = 8 µ m   −  n  λ = 12 µ m     = 119.59   
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