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Radial Gradient Refractive Index (GRIN) infrared lens based on spatially resolved crystallization of chalcogenide glass

While widely used in the visible, radial gradient refractive index (GRIN) lenses are still elusive in the IR waveband. In this paper we introduce a new method based on spatially resolved crystallization of chalcogenide glass to produce such lenses. Optical and structural properties of 80 GeSe 2 -20 Ga 2 Se 3 glass ceramic samples are measured. A shift of refractive index is induced by increasing the density of nanocrystals. By placing the sample into a tailored thermal profile, spatially controlled crystallization is achieved. To our knowledge this constitutes the first fabrication of an optically functional radial GRIN in the IR. We also introduce a method to characterize the index profile non-destructively, which is a necessary step for embedding GRIN into commercial systems.

Introduction

Gradient Refractive Index (GRIN) lenses are optics where the refractive index varies spatially. [1] Using inhomogeneous index gives more degrees of freedom for the optical design. For example, the use of a specific index profile allows to correct efficiently thermal and chromatic aberrations with a significantly reduced number of lenses compared to a conventional system. [START_REF] Boyd | Proc. SPIE 10181[END_REF][START_REF] Campbell | [END_REF] Such attractive prospects explain why GRIN materials are widely used in the visible. Many techniques have been employed for fabrication of GRIN in oxide glasses among which neutron irradiation, [4] chemical vapor deposition (CVD), [5] thermal poling, [6] sol-gel method [7] and ionic exchange. [8][START_REF] Hensler | A[END_REF][START_REF] Doremus | [END_REF][11] Thermal IR optics is a rapidly growing field, with the emergence of low cost and high quality uncooled detectors as well as the increasing availability of various chalcogenide glasses. [START_REF] Adam | Chalcogenide Glasses: Preparation, Properties and Applications[END_REF][START_REF] Calvez | [END_REF] However, producing GRINs in IR optical materials remains highly challenging despite years of efforts. [START_REF] Bornstein | Proc SPIE 0819G 1987, Infrared Technology[END_REF] Fabricating GRINs in chalcogenide glasses has been achieved by stacking thin layers of glass with distinct refractive indices, [START_REF] Gibson | Proc SPIE 9451 2015, Infrared Technology and Applications XLI[END_REF][START_REF] Gibson | Proc SPIE 9070 2014, Infrared Technology and Applications XL[END_REF][START_REF] Gibson | Proc. SPIE 10181 2017[END_REF][START_REF] Gibson | [END_REF] by using thermal poling of glass containing mobile ions, [19] by electrospray printing [20] and by controlled crystallization [21,22] or vitrification [23] induced by laser. Among these techniques, only layer-stacking and controlled crystallization have been demonstrated on large sizes required to produce lenses. However, the samples produced by stacking or controlled crystallization were axial GRINs, while radial GRINs are more desirable for optical design. [START_REF] Campbell | [END_REF] In this paper, we demonstrate the first fabrication of a radial GRIN for the IR using 80 GeSe 2 -20 Ga 2 Se 3 glass composition, by spatially resolved crystallization.

Results and discussion

Chalcogenide glass-ceramics have been widely studied for the improvement of their thermomechanical properties. [24,25] For this purpose, crystals are generated homogenously within the glassy matrix. The atomic reorganization of the base glass induces structural changes that lead to a densification of the material. Accompanying this formation of crystallites, a change in the optical properties like the refractive index can be expected. This behavior is already observed for materials as widely used as silicon dioxide (SiO 2 ) where the index can vary from n = 1.46 for amorphous glass to n = 1.6 for coesite. [26] Recently, similar change in optical properties induced by crystallization have also been reported in chalcogenides. [27][28][29] With this With this in mind, we have selected the 80 GeSe 2 -20 Ga 2 Se 3 base glass as its reproducible crystallization has been extensively studied by Rozé et al. [30] In order to validate that this material is relevant for a GRIN application, the change in refractive index with the evolution of crystalline structure is characterized by annealing several samples of 80 GeSe 2 -20 Ga 2 Se 3 base glass at 390 °C in a ventilated furnace for a range of durations up to 72 h. Figure 1a shows the evolution of refractive index measured at 1.311 µm and 1.551 µm as a function of annealing time. The refractive index increases from 2.401 at 1.551 µm to a maximum of 2.433 after 32 hours of annealing. It then decreases slowly to 2.422 after 72 hours. Figure 1b shows X-ray diffraction patterns of the samples for each annealing time. Each curve is artificially shifted upwards to allow for tracking the evolution of the peaks along time. The diffraction lines expected for crystalline Ga 2 Se 3 and GeSe 2 are shown for reference. [31,32] This measurement provides information on the crystalline phases present in the sample after different annealing times. The lines associated to Ga 2 Se 3 increase gradually from the start and most of them stabilize roughly after 24 h. After 32 hours, GeSe 2 lines start emerging. This behavior is strongly correlated with the evolution of the refractive index which starts decreasing after 32 hours of annealing. For further understanding, two samples of crystalline Ga 2 Se 3 and GeSe 2 were synthesized.

The refractive index at 1.551 µm was measured to be 2.579 for Ga 2 Se 3 and 2.368 for GeSe 2 when the base 80 GeSe 2 -20 Ga 2 Se 3 glass presents a refractive index of 2.401. The initial increase of refractive index observed on Figure 1a can thus be attributed to the crystallization of Ga 2 Se 3 nanoparticles, followed by the germination of GeSe 2 which causes the subsequent decrease of the refractive index.

In addition to enhancing the thermo-mechanical properties of the base glass, the generation of Ga 2 Se 3 crystals after 32 hours of annealing induces a large refractive index difference Δn = 3.2 ± 0.1 •10 -2 with the base glass. 80 GeSe 2 -20 Ga 2 Se 3 is thus an excellent candidate to produce a GRIN optical element, provided that we dispose of a robust method to control the crystallization spatially.

In the precedent experiment, different crystallization states have been obtained by controlling the annealing time at a constant temperature. However, chalcogenide glasses present the specificity that both nucleation and growth steps partially overlap. Therefore, the crystallization rate can also be controlled by annealing a constant time but at different temperatures. The warmer the annealing, the faster the crystallization. This is the mechanism we propose to use to control spatially the crystallization. The idea is to define a spatially resolved temperature in the material. The crystallization and hence the index should then The rod produced using the method described above is then sliced to characterize the radial distribution of crystallization and refractive index. Figure 3a is a picture of such slice, with the positions (d) in the center, (f) at the edge and (e) in between. Figure 3b shows an X-ray diffraction pattern of the center and of the edge of the sample. The broadness of the peaks in the diffractogram measured at the center confirms the glassy nature of the sample which has not had enough time to crystallize. On the edge, the diffractogram displays peaks at 2θ = 28°, 47° and 56° that can be indexed by Ga 2 Se 3 phase. The lines characteristic to Ga 2 Se 3 have been added for reference. One can also note that the lines attributed to the GeSe 2 phase in Figure 1b are not visible in the drawn sample. These two diffractograms support the fact that crystallization happened at the edge of the rod but not in the center, possibly with a continuous distribution along the radius of the rod. This idea is further supported by Figure 3d, e and f which present SEM images of the sample. The sample was cleaved through its center and the images were taken along the cleaved surface from the center to the edge. Figure 3f (at the edge of the sample) shows a high degree of crystallization and a homogenous distribution of Ga 2 Se 3 crystals of about 250 nm in size. While moving towards the center of the slice (Figure 3(e) and (d)), the density and size of crystals decrease progressively until having a fully amorphous structure. Finally, Figure 3c presents the transmission spectra taken at positions (d), (e) and (f). These are strongly affected by Fresnel losses of 35 to 50%, which are expected with a refractive index of 2.4. The crystallized phases display a marginally smaller transmission than the center, which can be attributed to additional scattering due to the presence of nanocrystals in the glass. This assumption is further supported by the lower transmission at shorter wavelengths where the scattering is more efficient. Nonetheless, the IR transparency in the third atmospheric window (8-14 µm) remains excellent and compatible with the use of such a material in an IR optical system. In addition, the progressive crystallization can be expected to cause a distribution of refractive index along the radius of the sample, which would constitute a radial GRIN material. In order to get a more quantitative characterization of the refractive index gradient, we have attempted to reconstruct the phase delay induced on a collimated CO 2 laser beam at 10.6 µm propagating through the disc. The experiment is schematized in Figure 4d. The wavefront after the propagation has been measured using a quadriwave lateral shearing interferometer developed by Phasics and is reproduced in Figure 4e. Knowing the geometry of the experiment, namely the thickness t = 3.261 ± 0.001 mm of the sample and its distance d = 12.83 ± 1 mm to the interferometer, the propagation through the GRIN has been modelled using the ray-tracing software Optics Studio from Zemax © . [START_REF] Zemax | Leading Optical Product Design Software for Engineering Teams[END_REF] The radial index profile n(r) = n 0 + Δn(r) has been modelled with a sixth order even polynomial function Δn(r) = n 2 r 2 + n 4 r 4 + n 6 r 6 . The value of base index n 0 has been extrapolated from the value at 1.55 µm to be on the order of 2.35 ± 0.02 at a wavelength of 10.6 µm, and the coefficients n 2i,i≠0 have been optimized numerically to best fit the line-cut of Figure 4f, taken across the measured wavefront obtained with the interferometer. The index gradient Δn(r) inferred from this fit is plotted in Figure 4g. While this method to assess the gradient remains a crude extrapolation, we have verified that the gradient estimation is insensitive to the uncertainties in the geometry of the experiment and in the base index. From this estimation, the maximal change is Δn max = 3.5 ± 0.5 • 10 -2 , which is of the same order than the maximal change observed in the bulk in our first experiment. This extrapolation therefore gives a good estimation of the refractive index change and could possibly become a quick and nondestructive method to characterize and optimize radial GRINs produced with the method described in this paper. While other techniques such as ellipsometry can achieve nondestructive characterization, interferometry is extremely fast (few seconds) and allows to probe the full volume and homogeneity of the material.

Conclusion

A c c e p t e d M a n u s c r i p t

This paper reports an innovative way to manufacture radial GRIN infrared lenses based on spatially resolved crystallization. A non-destructive optical method is also proposed to characterize quantitatively the obtained index profile. The controlled crystallization of Ga 2 Se 3 in the 80 GeSe 2 -20 Ga 2 Se 3 generates a progressive shift of the refractive index in the bulk material. After 32 hours of annealing, a maximum refractive index difference of Δn = 3.2 ± 0.1 • 10 -2 at 1.551 µm was measured between the base glass and the glass ceramic. A similar behavior is to be expected when keeping the annealing time and increasing the temperature.

To create a radially resolved crystallization, a radial temperature gradient was generated in the material by displacing it through the center of an annular furnace. The resulting radial crystallization gradient was confirmed by SEM, XRD and transmission measurements, which all describe a material with a high density of crystals on the edge and a glassy structure in the center. The limited size of the crystalline particles limits scattering and the overall transmission remains excellent in both the 3-5 µm and 8-12 µm windows. Our material is thus an ideal candidate for thermal imaging applications.

The crystallization gradient results in a gradient of refractive index. This was verified using a SPDT-polished slice of the treated preform. The image of a metallic grid through the sample appears compressed on the edges which confirms the diverging function of the GRIN. By measuring the wavefront transmitted by the GRIN at 10.6 µm, the phase delay through the material can be reconstructed and a maximum refractive index difference of Δn max = 3.5 ± 0.5 • 10 -2 was assessed, which is in line with bulk measurements.

To our knowledge we report here the very first radial GRIN infrared lens. Spatially resolved crystallization is a very versatile method which is not limited to the GeSe 2 -Ga 2 Se 3 based composition. With the whole range of chalcogenide glass materials available, it offers an unlimited toolbox for optical design and paves the way towards industrial IR GRIN components.

Experimental details

Glass synthesis:

The 80 GeSe 2 -20 Ga 2 Se 3 base glass was synthesized by the vacuum-sealed melt-quenching method. [START_REF] Adam | Chalcogenide Glasses: Preparation, Properties and Applications[END_REF] High purity starting elements of Ge (5N), Se (5N), and Ga (4N), were weighed in stoichiometric proportions and introduced in a 10 mm-diameter silica tube. This tube was evacuated down to 10 -5 Pa, sealed, and heated up in a rocking furnace for 12 h at 900 °C and then lowered to 800 °C for 2 hours to avoid thermal convection flows during quenching. The melt was quenched in water at room temperature. The sample was finally annealed at 390 °C (T g -20 °C) for 3 hours to minimize the internal stresses induced by water quenching, before being slowly cooled down to room temperature.

Sample characterization:

DSC measurements were performed on glass samples (10 mg) under nitrogen atmosphere using a heating rate of 10 °C.min -1 . The infrared transmission measurements were performed from 2 µm to 20 µm using a Bruker Vector 22 FTIR Spectrometer. The typical sample thickness was 2 mm after high quality polishing. X-ray diffraction (XRD) patterns of polished slices were recorded at room temperature in the 2θ range 20°-80° with a step size of 0.052° and a scan time per step of 1200 s using a PANalytical X'Pert Pro diffractometer (Cu K-L 2,3 radiation, λ = 1.5418 Å, PIXcel 1D detector). XRD patterns were collected to determine crystalline phases generated during heat treatment.
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  p t e d M a n u s c r i p t respect, a spatially resolved crystallization should lead to a controlled variation of the refractive index within the glass ceramic. This is what we propose to demonstrate in this paper.

Fig. 1 .

 1 Fig.1. (a) Measured refractive index of 80 GeSe2-20 Ga2Se3 glass and glass-ceramics at 1.311 µm and 1.551 µm and (b) X-ray diffraction patterns of glass-ceramics annealed at 390 °C.

  A c c e p t e d M a n u s c r i p t mirror the temperature profile. In Figure2, we describe how this process can be used to create a radial GRIN. The base material is a glassy 80 GeSe 2 -20 Ga 2 Se 3 cylinder of 10 mm in diameter and 80 mm in length. During the crystallization process, helium gas flow (of 1.5 l.min -1 ) is maintained in order to avoid surface oxidation of the glass. The temperature change in the material is created with an annular furnace at 430 °C, like illustrated in Figure2a. The annealing time is controlled by drawing the glass rod at a constant speed of 0.6 mm•min -1 through the furnace. The drawing together with the low thermal conductivity of the glass prevents the homogenization of temperature inside the rod and produces the desired radial distribution of temperature. Figure2billustrates the distribution of temperature inside the rod, which is locally heated at its surface (red) while staying cooler in the center (white). The expected radial distributions of crystallization and refractive index are shown. Heat induces crystallization and is expected to cause an increase of refractive index, similarly to what was observed in Figure2b.

Fig. 2 .

 2 Fig. 2. (a) Schematic diagram of the process and (b) schematic diagram of the creation of the radial GRIN in glasses. The red gradient in figure (b) schematizes the inhomogeneous temperature profile, which should lead to an inhomogeneous radial crystallization.
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Fig. 3 .

 3 Fig. 3. (a) Image of the glass ceramic after drawing ceramization showing the 3 different places for SEM images. (b) XRD patterns of 80 GeSe2-20 Ga2Se3 glass ceramic at different place after non homogeneous crystallization and Ga2Se3 crystals. (c) Effect of the Ga2Se3 crystals on infrared transmission at different place in glass ceramic, (d, e, f) SEM images of the 80 GeSe2-20 Ga2Se3 after radial crystallization at different places in the center (d), edge/center (e), and edge of the sample (f).The first qualitative experiment is described in Figure4a. Disks of the 80 GeSe 2 -20 Ga 2 Se 3 base glass and of the supposed GRIN material obtained by drawing were polished via Single Point Diamond Turning (SPDT) in order to obtain parallel and flat surfaces (curvature radius R = 3400 mm, and roughness Ra < 7 nm). In Figure4b and c, the image of a metallic grid was taken using an infrared camera in the 8-12 µm waveband, respectively through the disk of base glass and through the disk of spatially crystallized material. The image of the metallic grid remains flat and unchanged through the base glass but is compressed at the edge of the crystallized disc. The latter constitutes a signature of the change in refractive index along the radius of the crystallized disc.
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 4 Fig. 4. Optical characterization of the GRIN. (a) Schematic description of the setup used to produce the IR images in (b) with the base glass and in (c) with the partially crystallized material, both of 10 mm diameter and 3mm thick. (d) Description of the interferometric estimation of the index gradient. A collimated beam is propagated through the GRIN parallel plate and the wavefront is recorded by a lateral shear-wave interferometer. (e) Wavefront recorded after propagation through the GRIN. The diameter of the measured wavefront is approximately 10 mm and the maximal difference between black and white corresponds to a 14.01 waves delay. (f) Profile taken along the dashed blue linecut in image (e). (g) Index gradient inferred from the fit of the profile in (f) with a ray-tracing method.

  

The refractive index was measured using M-line technique (Metricon 2010/M Prism coupler), at 1.311 µm and 1.551 µm with an accuracy of 1.10 -3 . Scanning Electronic Microscope (SEM) coupled with Energy Dispersive Spectroscopy was used to observe crystals within the glass-ceramics from the edge to the center of the bulk after ceramization experiments.