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Introduction

Variable filters, in which the band pass central wavelength shifts along one direction of the component, is a promising way to simplify and to miniaturize spectral imaging systems which is of high interest especially for space applications where weight and compactness are of prime need. In fact, by combining a variable filter and a 2D array detector (CCD, CMOS camera, …), it is possible to realize simultaneously spectral analysis and imaging using pushbroom technique [START_REF] Mouroulis | Design of pushbroom imaging spectrometers for optimum recovery of spectroscopic and spatial information[END_REF].

From the design point of view, the possibly to obtain variable filters relies on the dependence of the spectral properties of a multilayer coating with the thicknesses of some of its layers, if not all. In the particular case of a Fabry-Perot filter, formed with two metallic mirrors, a simple change of the thickness of the cavity layer provides a shift of its centering wavelength. This simple structure has the advantage to naturally give broad rejection bands, but is not adequate to provide sharp transition band-pass and leads to high absorption losses. To improve this last point, a solution consists to use the so-called induced transmission filter approach where a metallic layer is placed at the minimum of the electric field distribution in the cavity of dielectric Fabry-Perot filter [START_REF] Piegari | Variable narrowband transmission filters with a wide rejection band for spectrometry[END_REF][START_REF] Piegari | Variable narrow-band transmission filters for spectrometry from space. 2. Fabrication process[END_REF][START_REF] Williams | Single-step fabrication of thin-film linear variable bandpass filters based on metal-insulator-metal geometry[END_REF]. However, the only way to produce a filter with arbitrary specified properties in terms of rejection, width and sharpness consists to use a standard all-dielectric approach formed with a multi-cavity Fabry-Perot structure associated with additional dielectric short and long wavelength pass blocking filters. In that case, the thickness of all the layers must be tuned by a common factor, resulting in a proportional wavelength shift, to produce a variable filter [START_REF] Lemarquis | 400-1000 nm all-dielectric linear variable filters for ultra compact spectrometers[END_REF][START_REF] Ko | Visible and near-IR range linear variable filter with two-dimensional modeling[END_REF].

Obviously, increasing the performance requires to increase the design complexity, and namely the layer count: a few layers for a metallic Fabry-Perot structure, to a few tens for an induced transmission filter, and to more than one hundred for an all dielectric solution.

There are mainly two technologies that have been investigated to produce variables filters. One consists in combining thin-film deposition with lithography and etching, but is limited to metal-dielectric approach or single cavity all-dielectric Fabry-Perot filters to avoid multiple etching processes [START_REF] Emadi | Fabrication and characterization of IC-compatible linear variable optical filters with application in a micro-spectrometer[END_REF]. The second consists in producing masks that are inserted into the deposition machine in order to generate, by the mean of a relative motion between the masks and the substrates, large and controllable thickness gradients.

Several masking geometries exist, resulting in different characteristics in terms of deposition rate and mass-production capability, but that also concern the curvature of iso-thickness lines on variable filters. Up to now, we only mentioned the thickness gradient as the main characteristic of a variable filter. However, one can define a "uniform" direction that is perpendicular to the "non-uniform" gradient direction, and iso-thickness lines along this uniform direction should ideally be perfectly straight. To achieve such a result, the substrate and the mask must have a relative translation movement, necessarily back and forth, the substrate being completely hidden behind the mask at both extremities. The main consequence of such a translation geometry is that only one filter is likely to be manufactured at a time, moreover with a very low deposition rate [START_REF] Piegari | Variable narrowband transmission filters with a wide rejection band for spectrometry[END_REF][START_REF] Piegari | Variable narrow-band transmission filters for spectrometry from space. 2. Fabrication process[END_REF].

On the contrary the use of a continuous rotation movement, which is compliant with most deposition machines equipped with a rotary substrate holder, allows a maximum deposition rate and the manufacturing of several filters at a time, but necessarily results in circular iso-thickness lines, the radius of curvature being equal to the distance to the rotation axis. These two cases are detailed in reference [START_REF] Abel-Tibérini | Masking mechanisms applied to thin-film coatings for the manufacturing of linear variable filters for two-dimensional array detectors[END_REF] which also reports on a more complex solution mixing both rotation and translation movements in order to benefit from the advantages of each of these exclusive solutions. The impact of the curvature of iso-thickness lines completely depends on filters applications. In case the filter is directly associated with a detector, a wavelength calibration can be performed to take account of this curvature. But it might be more critical if filters are associated with other dispersive elements [START_REF] Bernardi | Wedge filter imaging spectrometer[END_REF].

In our case, we are interested in the manufacturing of all dielectric variable filters that typically cover the spectral range of silicon detectors (400-1100 nm). Although this paper does not deal with the manufacturing of such filters, preliminary design studies allowed us to estimate the required layer count to about 140, for a total thickness up to 18 µm. Among the deposition machines that are available at Institut Fresnel, the Bühler HELIOS machine is considered as the most appropriate. First, its deposition process is highly stable, and particularly interesting for the deposition of complex coatings with a high layer count, as proved by the filters we manufactured for the IDEFIX, TARANIS or 3MI projects [START_REF] Lemarquis | Broadband antireflection coatings for visible and infrared ranges[END_REF][START_REF] Begou | High performance thin-film optical filters with stress compensation[END_REF][START_REF] Begou | Complex optical interference filters with stress compensation for space applications[END_REF] with more than 100 layers and 25 µm thick. Second, the HELIOS rotating substrate holder has a large diameter, between 460 and 740 mm, which gives, according to the position of the gradient on the substrate relatively to the substrate holder and using a simple masking technique, a 700 mm radius of curvature for variable filters, this value being large enough for our requirements.

The goal of this paper is to describe the masking system we developed for the manufacturing of variable filters with this machine, and the tests we performed to demonstrate the validity of the proposed approach. We will validate this process with the deposition of single layers of high and low refractive index materials (Nb 2 O 5 and SiO 2 ) and of two cavities band pass filters [START_REF] Begou | Linearly variable filters fabricated by magnetron sputtering technology[END_REF][START_REF] Begou | Non-linearly variable filters for spectro-imaging systems[END_REF].

Experimental set up to create a gradient 2.1 Deposition system description

The deposition technology used in this work is plasma assisted reactive magnetron sputtering (PARMS) with a HELIOS machine from Bühler Leybold Optics [START_REF] Scherer | UV-and VIS Filter Coatings by Plasma Assisted Reactive Magnetron Sputtering (PARMS)[END_REF]. The deposition parameters (for sputtering and plasma assistance) and geometry (targets, uniformity mask…) are identical to that are used with the standard configuration of a HELIOS machine. The only difference is described hereafter and consists in adding masks inserts within the actual shutter. The filters presented in the following parts are made using Nb 2 O 5 and SiO 2 respectively for high and low index materials.

Masking technology

In the Helios machine, substrates are located on a turntable, a few centimeters below the sputtering targets. The deposition is consequently intermittent and occurs only when a substrate is under a sputtering target, which approximately corresponds to a 120×120mm² area for each target. The deposited thickness during each turn is then proportional to the time required for the substrate to rotate in front of the target. If a mask is positioned between the target and the substrate, the deposited thickness is then proportional to the time required for the substrate to rotate in front of the open area of the mask, or in other words to the length of this open area. In its standards configuration, such masks are used to insure the best thickness radial uniformity (generally much better than 1% over 100 mm diameter). The idea developed for this study consists in developing masks that will produce an opposite effect, and generate a significant radial thickness gradient.

The developed technique consists in keeping uniformity masks below the target which guarantee a starting uniform distribution of sputtered material and to add new masks as close as possible to the substrates to control the deposition time of material along the radial direction on the substrate and thus generate the thickness gradient (Figure 1). However, for convenience reasons, we decided to implant these new masks directly on the shutter that is placed in between the targets and the substrates. But due to the few millimeters between the masks and the substrates, the design of the masks requires careful design and mounting. Fig. 1. Masking set up installed on the HELIOS deposition machine. At the bottom one can see the turntable where samples are inserted. On top, one can see the masks installed on the shutter position right in front of the magnetron sources. When lid is closed and turntable is rotating, each samples moves in front of each magnetron source and a thickness gradient is produced.
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A new type of shutter and masks was designed, fabricated and then installed on the HELIOS machine [START_REF] Begou | Linearly variable filters fabricated by magnetron sputtering technology[END_REF][START_REF] Begou | Non-linearly variable filters for spectro-imaging systems[END_REF]. The shutter is made of titanium, like the original shutter, to limit the deformation related to thermal effects while the masks are made of aluminum to allow an easier machining during the development phase. Then, they should also be made of titanium as well as the fixing screws to further minimize thermal effects. The control programs of the machine have also been adapted to allow the use of the mask with new adapted positions.

Principle for the generation of a variable filter

In order to validate the principle of a thickness gradient generation, we designed a first set of masks, as illustrated in the Figure 2. The masks have 3 distinct zones:

 A uniform 46 mm-long and 55 mm-wide area to perform in-situ optical monitoring. This area allows to control the thickness deposited in the region having the thinnest material thickness (zone number 1 in figure 1).

 An area which width varies by a factor of 3 from 55 to 165 mm over a distance of 10 mm. It is this area that will be used to generate a thickness gradient with a ratio close to or equal to 3 (zone number 2 in figure 1).

 Another uniform area 19 mm-long, 165 mm-wide to avoid the shading effects associated with the edge of the mask (zone number 3 in figure 1). 

Deposition of single layers with variable thicknesses

In order to precisely characterize the generated gradient, we have deposited, through the gradient mask described previously in figure 2:

 a 5 quarter-wave, at 500 nm, (i.e. ~272 nm thick) single layer of Nb 2 O 5 on a silica substrate,  a 5 quarter-wave, at 500 nm, (i.e. ~428 nm thick) single layer of SiO 2 on a silica substrate previously coated with a uniform 5 quarter wavelength at 500 nm layer of Nb 2 O 5 .

The local transmission has been measured using a custom set-up that allows to map the transmission over the sample aperture [START_REF] Abel-Tiberini | Dedicated spectrophotometer for localized transmittance and reflectance measurements[END_REF]. The measurement has been performed along the x direction over 93 mm, with a step of 500 µm and a beam size of approximately 100 µm. To extract the thickness profile of both materials, reverse engineering has been used for each measured spectral transmission curve. The estimated error on this calculation is in the order of one nanometer. Figure 3 illustrates the absolute and relative evolution of the physical thicknesses of both materials along the x direction. At both extremities of the mask, sharp variations of the thickness can be noticed as shadowing effects associated with the mask. Then two distinct regions can be observed: one between 25 and 60 mm associated with the uniform zone of the mask and one between 65 and 80 mm associated with the gradient zone of the mask. Let us now analyze these two regions into details. Firstly, it can be noted the same mask gives almost identical thickness gradient for both materials, this last condition being required to guarantee the production of high performance variable filters. As a consequence, two identical masks can be used for both materials. Secondly, a comparison between the measured relative thicknesses evolutions and the expected variation derived from the shape of the masks is plotted in figure 3, and one can see that a mismatch exists. Indeed, the gradient of thickness is measured over a 18.5 mm range instead of the expected 10 mm and the ratio between the thickest and the thinnest regions is 2.22 instead of 3. This mismatch is probably due to shadowing effect linked to the distance between the mask and the substrate. This reveals a limitation of the considered masks geometry to achieve large gradients and large deposition rates. We observed that by decreasing the overall aperture of the mask, it is possible to better approach the expected gradient but with a significant decrease of the deposition rate. We decided in this work to keep this mask geometry and thus we opted for the calculation of calibration parameters to account for this mismatch.

A second mismatch can be seen also in the uniform region devoted to optical monitoring. The thickness was indeed expected to be constant, while one can observe a slight decrease (-0.25%.mm-1). To achieve such a result, the mask should have in this region the shape of an angular sector centered on rotation axis of the substrate holder. For an easier manufacturing of this test mask, this shape has been replaced by parallel edges, resulting in a slightly decreasing thickness, which is not considered as critical at this point.

Finally, considering this tooling factor but also due to the gradient observed in the supposedly uniform region in the optical monitoring region, one can show that the real gradient produced by the increase of the aperture of the mask is not 2.22 but closer to 2.64 (right part in Figure 3). Moreover, as seen in Figure 4, the deviation towards a linear gradient is less than ± 2% over a 14 mm range.

Despite these discrepancies, one can see that a ratio of 2 on the thickness can be achieved over a 12 mm aperture, which is within what is commonly proposed by linearly variable filters manufacturers [17,18]. 

Theoretical approach

One specificity of the proposed approach is that, due to the machine geometry, two distinct masks are required to produce the gradient of thickness, one for each material source. Therefore, to produce high quality optical filters, it is mandatory to be able to precisely position the masks in a way that both the high and low index materials thickness gradients will be perfectly superimposed on the substrates to be coated. To allow a precise relative positioning of the masks a preliminary manufacturing test has been planned with a specific 2-cavity band pass filter, one cavity being made of high index material, the other one of low index material: H L 2H L H L H 2L H. In case the two masks are miss-positioned, resulting in different thickness gradients for both materials, the centering wavelengths associated to each cavity should gradually sweep along the variable direction, resulting in a final distortion and collapse of the band pass profile. Figure 5 gives the spectral transmission profile of such a filter, centered at wavelength 500 nm and modeled using standard matrix formalism [START_REF] Macleod | Thin-Film Optical Filters[END_REF]. Assuming that the film thickness is directly proportional to the mask width, we can calculate the evolution of the spectral profile of the filter. This evolution is given in figure 6. The representation chosen in the left part of figure 6 allows to plot on the same graph the evolution of the transmission in a color level scale as a function of the wavelength and the x position. Below the 46 mm x-position, the spectral transmission profile of the filter is constant and identical to the one plotted in figure 5. From x = 46 mm to 56 mm, we can see (right part of figure 6) that the central wavelength of the filter varies from 500 nm to 1443.5 nm. Despite an increase of the thickness by a factor of 3 from the narrowest to widest part of the mask, the filter central wavelength only increases by a factor of 2.89. This is due to the fact that the central wavelength of a filter is not linked to physical thickness but to optical thickness and the decrease of refractive index with wavelength (dispersion).

These calculations were made considering the same thickness gradients for the high and low refractive index materials. Let us now consider the result considering some miss-positioning between the two masks. Considering the projection of the masks image for both targets on the sample to be coated, a misalignment (Δx) between the masks on both targets, for high and low refractive index materials shifts the two gradients of material along the x direction on the sample. A parametrical simulation has then been performed by varying Δx from -2.5 mm to 2.5 mm. These values were chosen as they seem to be representative of the mechanical tolerances associated with the masks and the opened shutter on the machine (see figure 1 and2). It can be easily shown that except at the gradient boundary, linear gradient is kept when masks are misaligned. But the most visible effect of a mask misalignment concerns the spectral performance of the filter, especially the shape of the band pass. Figure 7 gives the spectral dependence of the transmission when the filter is centered at 650 nm for different x misalignment values. As can be seen, the transmittance level in the band pass is severely affected and decreases as a function of the shift between both masks, from 100% down to 50%, whether this shift is positive or negative. An asymmetry of the band pass is also observed and this asymmetry depends on the sign of Δx. If the shift is negative, the amplitude of the first peak is higher than the one of the second peak. An opposite effect appears when the shift is positive, i.e. the amplitude of the second peak is higher than the one of the first peak. This effect is used to determine the relative position of the two masks: the position of the maximum (first or second peak) providing an information on what gradient starts first and the relative amplitude of the maxima of transmission, the exact distance between these two masks. 

Deposition of a band pass Fabry-Perot filter

Mask alignment procedure

Gradient masks were first set in a position on the shutter that should be close to the optimal one. Then, the double cavity Fabry-Perot filter was deposited. To check the relative positions of both masks, the local transmission was measured on one point in the gradient region. As seen on the left part of figure 11, this measurement was compared with the theoretical transmission calculated with no shift Δx between both masks. The maximum of the measured transmission is less than that of the theoretical one and dissymmetry between both maxima is observed on experimental data. As demonstrated previously, this effect can be explained by a shift between the relative positions of both masks. If a -2 mm shift Δx is added in the simulation, a much better agreement between experimental and theoretical transmission curves is achieved, as seen on the right part of the figure 12. The residual mismatch between the curves can be easily explained by measurement uncertainties and especially the averaging of the variable transmittance over the measurement spot, which is not taken into account for the calculated profile. To align the masks correctly, a +2 mm shift was then physically applied on the position of the gradient mask under the low index material target. The same deposition of double cavity Fabry-Perot was carried out and the local measurement of transmission was again performed within the same region. The transmission is illustrated in figure 13 and, for this configuration, the experimental transmission matches with theory, confirming that the misalignment between the two masks has been corrected. These results therefore show that the proposed method allows to accurately predict the relative misalignment between the two masks and careful analysis allows to conclude that a precision of ±100 µm between the position of the two masks can be achieved. Simulation of various band pass filters showed that such a mismatch is small enough to secure high performance linear band pass filters. Fig. 13. Comparison between the local transmission measured on the sample and the theoretical one with a +2 mm shift of the mask under the low index material target.

Linearly variable filter characterization

Up to now, we only looked at one transmission spectrum measured in one arbitrarily chosen position in the gradient zone, for alignment purpose. Since the last profile shows that the alignment is now correct, this last filter can be considered as representative of our capability to manufacture variable filters. We can now focus on the characterization of its performance within the whole gradient zone. To extract the performance of the filter, the local transmission spectra was measured within the uniform and gradient zones with the same set up described in section 3 and the upper left par of figure 14 gives the spectral evolution of the transmission as a function of x. The left part of the figure 14 is a 3D plot of the evolution of the measured transmission as a function of the wavelength and the x position. Globally, the shape of this evolution is relatively close to the one plotted in figure 3. Similarly, to the spatial evolution of the transmission spectra measured in single layers, we observe some shadowing effects at the gradient masks openings boundaries (i.e. for x position close to zero and 60) resulting in sharp fluctuations of the transmission as well as two regions with either a uniform or linear gradient of the central wavelength of the filter. To accurately characterize the gradient zone, the central wavelength of the band pass was extracted for all the x positions and is plotted in the right part of figure 13. To compare this evolution with the theoretical one, the evolution of the central wavelength of the filter was simulated with the corrected parameters defined with single layers (see Figure 3). Using this model, one can see a very good agreement between theory and experiment confirming that the parameters used to model single layers allows an accurate modeling of more complex structures. Finally, as seen in the top left of figure 15, if we remove the transition zones within the gradient region, a filter with a band pass linearly varying from 550 nm to 1000 nm over a 12 mm distance (i.e. 37.5 nm.mm-1) was realized. The measured and theoretical spectral transmissions are also plotted for different x position on the filter, in figure 15, with a very good agreement from 500 nm to 1050 nm that is the wavelength range of the variable filter. 

Conclusions

We have demonstrated in this paper an efficient method for variable thickness generation, compatible with a Bühler HELIOS type deposition machine, and allowing the fabrication of complex filters. Due to the machine geometry, this method relies on the use of two gradient masks, one for each material, that are fixed on the shutter. Because of shadowing effects resulting from the distance that exists between the shutter and the substrates to coat, the thickness gradient cannot be obviously related to the mask shape. For this purpose, measurement performed on variable single layers helped us to define a correction factor that allows now to design masks for a specified thickness gradient. We also developed a method that guarantees an accurate relative positioning of the two masks, based on the deposition of a simple 9-layer two-cavity Fabry-Perot filter, each material being used to form one of these cavities.

The wavelength shift measured on this filter is perfectly consistent with the results observed on single layers, the centering wavelength being approximately doubled within 13 mm. 
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 2 Fig. 2. Photography and schematics of the first mask designed to generate variable filter.The maximum width of the masks is fixed by the wider aperture of the material sources (165 mm) in order to keep the deposition rate at its maximum, close to the one in classical uniform configuration of the HELIOS machine (≈ 0.4-0.5 nm.s -1 for both materials).

Fig. 3 .

 3 Fig. 3. Physical (left) and relative (right) thickness profiles for single layers of SiO 2 and Nb 2 O 5 .
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 4 Fig. 4. Relative shift between the experimental and theoretical thickness gradient for single layers of SiO 2 and Nb 2 O 5 in the linear gradient region (right).
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 5 Fig. 5. Transmittance of the double cavity Fabry-Perot when centered at 500 nm.
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 6 Fig. 6. Spectral evolution of the transmission (left) and of the central wavelength λC (right) of the double cavity Fabry-Perot filter along the x direction.
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 7 Fig. 7. Spectral evolution of the transmission of the double cavity Fabry-Perot filter when it is centered at 650 nm with different negative (left) and positive (right) values of Δx.

Fig. 12 .

 12 Fig. 12. Comparison between the local transmission measured on the sample and the theoretical one for different values of the shift between both masks used in the simulation Δx. (on the left part Δx = 0 mm and on the right part Δx = -2 mm).

Fig. 14 .

 14 Fig. 14. Measured spectral evolution of the transmission (left) and of the measured and theoretical central wavelength λC (right) of the double cavity Fabry-Perot filter along the x direction (linearly variable filter zone is in the blue part).

Fig. 15 .

 15 Fig. 15. Measured and theoretical central wavelength λC (top left) of the double cavity Fabry-Perot filter along the x direction and measured and theoretical spectral transmission for different x position (a, b and c).
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All the required tools seem now ready for the manufacturing of a more efficient all-dielectric variable filter, with a much more complex design since more than one hundred layers are required for a narrow band filter covering a similar spectral width with a reasonable rejection level.
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