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Abstract

:

Thin metal layers such as silver (Ag) are being utilized for various optical and plasmonic applications as well as for electrical purposes, e.g., as transparent electrodes in display devices or solar cells. This paper focuses on optical MEMS applications such as the Fabry–Pérot interferometer (FPI). Within such filters, reflector materials such as distributed Bragg reflectors (DBRs) or subwavelength gratings (SWGs) have been widely used so far, whereas metallic thin films (MTFs) were limited in application due to their comparatively higher absorption. In this paper, thin sputtered Ag layers with thicknesses of 20, 40 and 60 nm on glass substrates have been investigated, and it is shown that the absorption is very low in the visible spectral range (VIS) and increases only in near-infrared (NIR) with increasing wavelength. Thus, we consider Ag-thin layers to be an interesting reflector material at least for the VIS range, which can be easily fabricated and integrated. However, Ag is not inert and stable when exposed to the atmosphere. Hence, it needs a passivation material. For this purpose, AlN has been chosen in this contribution, which can be deposited by sputtering as well. In this contribution, we have chosen thin AlN layers for this purpose, which can also be deposited by sputtering. Thus, various AlN/Ag/AlN-reflector stacks were created and patterned by lift-off technology preferably. The fabricated reflectors were characterized with respect to adhesion, stress, cohesion, homogeneity, and most importantly, their optical properties. It was found that the thickness of the AlN can be used to adjust the reflectance–transmittance ratio in the VIS range, and influences the adsorption in the NIR range as well. Based on the measured values of the reflectors with 40 nm Ag, an exemplary transmission filter characteristics has been predicted for a wavelength range from 400 to 800 nm. Both the maximum transmittance and the full width at half maximum (FWHM) can be tuned by variation of the AlN thickness from 20 to 60 nm.
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1. Introduction


Originally optical spectrometers have been large and very cost intensive devices. In the past couple of years, handheld instruments have been designed to make them portable at lower production costs by the use of a micro machined spectrometer, e.g., MEMS FPI [1,2,3,4,5].



Basically, the principle of a MEMS FPI can be described with two-plane, parallel, and semi-transparent reflectors with a gap d, as shown in Figure 1. The incident light   I 0   can transmit through the semi-transparent mirror. For resonant wavelengths, it is reflected several times in the cavity and constructive interference will occur (see Equation (1)), with m being the order or the filter. Finally, the transmitted light intensity   I t   is the output signal of the FPI, which is a periodic signal with respect to the spectrum. Furthermore, Figure 1 shows also the Free Spectral Range (FSR, described by Equation (2)), which is the distance between two adjacent peaks, and the FWHM, described by Equation (3)), determining the bandwidth or resp. resolution of the filter. Both for the FWHM and the finesse of the filter (see Equation (4)), the reflectance R of the mirrors is most important and is typically targeted in a range of 70 to 97%. Furthermore, the maximum transmission is influenced by the absorption within the optical layers (see Equation (5)). Hence, for application in FPI, the choice of an appropriate reflector material with high and preferably adjustable reflectance over a wide wavelength range and low absorption is very important.


     C W L =   2 d  m      



(1)






     F S R =   2 d   m ( m + 1 )       



(2)






     F W H M = λ   1 − R   π m  R        



(3)






     F =   4 R    ( 1 − R )  2       



(4)






      T  m a x   =   ( 1 −  A  1 − R   )  2      



(5)







The use of thin metals as opposed to previously implemented distributed Bragg reflectors [6,7,8,9] or subwavelength gratings [10,11] in optical gas sensors has been growing in recent decades due to the MTF’s advantages, such as an infinitely variable reflectivity of the mirror adjusted by the films’ thickness, a comparatively less complex fabrication process, as well as an extraordinarily high reflectivity in VIS [12]. Previously held back by the higher absorption of metal materials, which DBR and SWG do not suffer from, MTFs are being used more often in optical sensor applications these days [13,14]. Silver is a very promising candidate for MTF and can be easily deposited by sputtering. However, Ag is not inert and stable when exposed to the atmosphere, and hence needs a passivation material. In this contribution, we have chosen thin AlN-layers for this purpose, which can be deposited by sputtering as well. Thus, AlN can be integrated relatively simply into the fabrication process, and has low absorption in VIS [15], and is transparent even for thicker layers. Several methods for patterning the optical layers stacks have been tested and will be described in Section 2. The fabricated reflectors have been characterized with respect to adhesion, stress, cohesion, homogeneity, and most importantly, their optical properties.




2. Fabrication and Inline Characterization of Reflectors


In terms of fabrication, three main methods have been carried out and compared to each other mainly with respect to the films’ thickness, since varying the thickness of the Ag-thin film would drastically change the FPI’s optical properties. Furthermore, with the step height    t ¯   Ag    of Ag mirrors, which represents the films’ thickness, the reflectance of the same is adjustable. With that, the finesse [16] can be influenced and thus the resolution of the FPI.



The Ag-layers were sputtered via magnetron sputtering at the FHR1 MS150x4-AE D030 sputtering system and the AlN was deposited by a reactive sputter process at the FHR2 MS150x4-AE-B system.



2.1. Deposition of Pure Ag-Layers


To determine the homogeneity of the sputtered Ag-reflectors, the electrical four-point measurements was carried out at the Polytec 280 SI measurement system. The sheet resistance   R  s q    for all thicknesses exhibits   S D ≤ 2 %   or lower, which indicates that the thickness of the Ag-thin films is overall homogeneous.



In Table 1, not only the measured   R  s q    for various film thicknesses are listed, but also the specific conductivity  κ , which has been calculated from these results. It can be observed that  κ  becomes smaller the thinner the film thickness is. For the bulk-material of Ag, the conductivity is about   κ = 66  m  Ω  mm 2      and for a 20 nm thin film, only approximately   κ = 23  m  Ω  mm 2     . The cause for this size effect is the limited mean free path of the electrons, which more often collide with atoms or photons the thinner the MTF is.



Figure 2 shows 20, 40, 60 and 100 nm MTF’s on glass after wet etching. For 20 nm, it is evident that the surface does not cohere entirely. The reason for this observation is the Volmer–Weber growth of thin metal layers [17]. Therefore, small islands of liquid metal form first, followed by lateral growth, which then connects them with each other. For the 40 to 60 nm layers, the Ag is coherent for the entire surface, which is the basis for homogeneous film thickness and consistent reflectivity.



To examine the cohesion of thin Ag-layers after deposition, the scanning electron microscope (SEM) Supra 60 from Zeiss was used.



In order to determine the residual stress (Equation (6)) of Ag on glass, the radii of curvature of the surface pre- and post-MTF deposition were recorded. Together with the Stoney equation [18], the residual stresses can be calculated.


  σ =    E s   t s 2    6  ( 1 −  ν s  )   t  M T F       1  R 0   −  1 R    



(6)




Under the condition that the substrate thickness   t s   is way bigger than the MTF’s thickness   t  M T F   , the residual stress  σ  of the thin film can be calculated. The modulus of elasticity   E s   of the substrate, Poisson’s ratio   ν s  , and the radii of curvature   R 0   before and R after the deposition are also needed.



The stress measurements as well as the step height measurements shown later, were carried out with a P-17 Stylus Profiler from KLA. Table 2 shows that the residual stress increases for decreasing film thickness. The reason for this behavior lies in size effects caused by an increasing ratio of surface to volume with the decreasing thickness of the layer [19]. The stress measurements showed that, for each film thickness, the average stress is positive, and thus, tensile stress results in a concave curvature of the wafer. Since the wafers themselves were already concave, they are still the same after thin-film deposition. The total difference from the lowest to the highest point of the glass wafers was about 45 μm for each. At 100 nm Ag, the stress is very low with 4 MPa. The influence that the Ag-thin film has on the curvature deflection is 0.6 μm, which also emerged from these measurements.



In addition, the adhesion of the Ag-reflectors has been examined up to   11.8  N  cm     by the tape peel test with pre-initiated cracks. Tape from Tesa was used with the adhesive strength of   3.6  N  cm    ,   5  N  cm     and   11.8  N  cm    , respectively. Whether structured with wet-, dry etching, or a lift-off process, the Ag has not been delaminated from glass substrate.




2.2. Structuring of Pure Ag-Reflectors and AlN/Ag/AlN-Reflector Stacks


For application in optical filters, circular patterns of the reflectors in groups of 2 or, respectively, 4 optical areas are required. All of the reflectors have a 2 mm diameter and were manufactured on 150 mm glass wafer substrates. An overview of the arrangement is given in Figure 3.



In the following, the Ag-reflectors structured by the three methods, wet etching, dry etching, and lift-off, are characterized with respect to the layer thickness and homogeneity. Whether it is an etching or lift-off process, structuring of course also includes the lithography in advance as well as the resist removal afterwards.



2.2.1. Wet Etch


The first method to be analyzed was the wet etching process. It is the most efficient way to structure thin metal materials in MEMS applications for larger quantities, since many wafers can be etched in one batch at the same time. The wet etching of these Ag-reflectors was performed with an   Fe (  NO 3   ) 3    solution.



For the characterization of the Ag-film thicknesses after wet etching, all the mean step heights   t ¯   were sampled by the diamond needle of the P-17 profilometer. The red arrows in Figure 3 show the reflector pairs, at which the 35 measurements were carried out. On the top-right, a detailed view was given to demonstrate the dimensions. Regarding the profile, the needle starts on glass with the step up to the Ag-layer and then down to the glass wafer again.



Note that the layout is inverted for the wet etching process compared to the other structuring methods, so a larger coherent area of Ag remains on the wafers, to ensure other measurements, for example the sheet resistance, could be repeated later in the process chain again.



Later on, remaining photoresist was found with the Zygo NewView 7300 White Light Interferometer (WLI), that probably caused the diamond needle of the P-17 profilometer to deflect unintentionally, which resulted in a distortion of the step height measurements (see Table 3). In Figure 4, there is one example of the photoresist that covers the whole image like a curtain. The resist covers large areas on many of the Ag-reflectors fabricated by wet etching as it was not fully removed by the stripping process.




2.2.2. Dry Etch


Another method for structuring Ag-reflectors is reactive ion etching (RIE). This is a chemical-physical etching process. The Ag was etched by    BCl 3   -ions with and without the addition of   Ar  -ions. These processes were performed at the FHR MS 200-2-AE system. After dry etching, the wafers were rinsed with DI-water, then spun in the centrifuge, and finally, the resist is stripped by an    O 2   /   N 2    remote plasma whose radicals react with the photoresist. After these processes the reflectors were over etched, mostly in the center of the wafer, but also with outwards impact on the wafers’ edge, as can be seen in Figure 5. The reason why this occurred might be that, after RIE, some    BCl 3    remained on the wafer, which is known to react in contact with water to hydrochloric acid (  HCl  ) and boric acid (  B ( OH  ) 3   ). Thus, the acid could have continued to unintentionally etch further, until being removed by the centrifuge. This fabrication method could be improved in the future. For this work, we decided to focus on the lift-off process.




2.2.3. Lift-Off


The third applied structuring method was via Lift-off process, which has been used for pure Ag as well as the AlN/Ag/AlN-reflector stacks. To briefly describe the flow: First, the resist ma-N 1420 was coated onto the wafer via spin-on, followed by exposure and development, so the structures of the reflectors are open. Then, the reflector material has been deposited by sputtering, and finally, the lift-off was realized, using   DMSO   remover. For this, the model SpinLift-off from AP&S was used. Figure 6 provides an overview of the reflectors fabricated on glass wafers. With this fabrication flow, there have not been any complications and the resulting Ag-reflectors are distributed the same as for the previous structuring methods, but without any of them being damaged.



A detailed look at one of the fabricated reflector pairs is given in Figure 7, while Figure 8 provides an overview of the measured film thickness after lift-off fabrication. In step height measurements,   S D   was much lower after lift-off process compared to wet etching. Also, the individual step measurement curves look much more uniform and consistent. However, the mean values do not correspond to the target values of the films thicknesses, which is most likely caused by the different growth of Ag-thin films on glass compared to other substrates like   Si   or   Si  O 2   , for instance. For the target values of 20 nm and 40 nm, some cross-section measurements via focused ion beam (FIB) cut and subsequent SEM analysis were carried out, using the Auriga60 tool from Zeiss.



In order to limit the impact of charge build-up of the glass substrate, a thin film of   C   has been deposited on the sample surface. On top of that, the   Pt   of a few  nm  thickness was applied to condition the FIB to make a perpendicular cut. The 20 nm Ag-reflectors were examined in ten different positions by FIB-measurement. The results are   t ¯   = 24 nm with   S D   = 3 nm, which fits the target value well. For the 40 nm Ag-reflectors, three different positions were measured with FIB, with the results being   t ¯   = 67 nm with   S D   = 5 nm. This value differs a lot from the target value and is the same as the measured mean value from P-17 measurements.



The step height measurements for AlN/Ag/AlN-reflector stacks showed that, with the same sputter parameters as for pure Ag on glass, the mean values are almost the same as the target values. Stacks of 20/40/20, 40/40/40 and 60/40/60 (all numbers are in  nm ) were fabricated and measured. For the 60/40/60  nm -stack, the measured mean step height is at 172 nm, which is the highest difference, being 12 nm, to the relating target value. The biggest range when depositing Ag directly on glass has been 30 nm. This shows that Ag-thin films expand differently on various substrate materials. One explanation might be the different surface energies of glass and AlN that lead to a diverse layer of growth of the Ag-thin films.



Regarding the FIB measurement of the 60/40/60-stack, the mean value distribution of the measured thicknesses are 69/49/84, since all three layers were visible, as can be seen in Figure 9.





2.3. Summary


Table 3 provides an overview of most of the thin film depositions made, together with their film thickness evaluations. The target value t is the expected film thickness for each deposited layer, respectively, defined by the sputtering rate. Then, the measured   t ¯   with its standard deviation   S D   and an evaluation on what would be the goal for further optimization steps in the future are given. For some of the fabricated thin films, it was not possible to evaluate the thicknesses reliably via FIB measurements. Each   t ¯   represents the mean thickness of the reflectors deposited on one wafer. The   S D   of the Ag-reflectors after wet etching is relatively high due to the wet etching process or the accompanying lithography steps. As shown in Table 1, the Ag-thin films are uniform after deposition. Also, in the P-17 measurements of Ag-reflectors after lift-off, it is shown that better uniformity was achieved.



As shown in Section 2.1, the 20 nm Ag-thin films are not fully coherent. Thus, the measurements of the films thickness are adulterated and should be considered with caution.





3. Optical Characterization


All of the optical measurements were carried out by Bruker Vertex 70 FTIR with a wafer holder that ensures the orthogonal incidence of the measuring beam on the samples, as well as darkening fabric to eliminate disturbing ambient light. The aperture size which allows the measuring beam to pass through has been 0.5 mm for all FTIR measurements. Different sizes were tested and with smaller apertures, and the signal at the detector becomes too low; with bigger apertures, it becomes more difficult to align the beam on the reflectors. For the measurements in VIS, an Si-detector is used, with specification to detect the light down to a wavelength of 400 nm. However, below 450 nm, there will be noise with this FTIR, regardless of the measuring parameters. For gauging the transmittance, the beam of the FTIR passes through the sample and the transmitted light is detected for a certain interval of wavelength. Measuring the R is a bit more complex: a light redirecting mirror system has to be inserted in order to be able to measure the light reflected by the sample. This mirror system only allows for about 10 × 8 mm2 fragments to be placed inside, so the wafer has to be diced in advance—unlike for the transmittance measurements.



3.1. Optical Characterization of Pure Ag-Reflectors


As part of preliminary investigations, and as presented in Figure 10, the optical characterization of pure Ag on glass showed that the measured reflectance reaches about 90% at  λ  = 550 nm for 40 nm (target value) Ag-thickness, which makes Ag a promising reflector material for MEMS applications like the FPI in VIS. Also, in [12], it is shown that Ag exhibits the highest reflectance considering VIS as a whole compared to other metals like   Al   and   Au  .



In order to determine changes in optical properties over time, the transmittance T and reflectance R were measured over the course of two months. Whilst T has decreased by only 1%, namely from 23% to 22%, R had a more significant decrease of up to 5%, namely from 78% to 73%. This shows that some form of passivation of the Ag-thin films is needed.



The resulting absorption A (by   1 = T + R + A  ) for 40–100 nm lies between 1 and 3%, which is lower than expected from the literature [12].



Ag is known for the effect of tarnish. It has one valence electron that can be donated. When the donated electron bonds with an acceptor, this process is referred to as oxidation. To prevent this oxidation from affecting the reflectors’ optical properties, AlN should be used as passivation for the MTF. The characterization of pure Ag on glass can be considered as preliminary investigations to gain more knowledge about the behavior of Ag-thin films.




3.2. Characterization of AlN/Ag/AlN-Reflector Stacks in VIS


The goal is to characterize AlN/Ag/AlN-reflector stacks in VIS for use in optical applications such as FPI. Thus, T and R will be measured with the FTIR, while A will be derived from these two measurements. Note that, for measuring R, a reference mirror is needed, which is why a silver mirror with   R >   98% above  λ  = 500 nm has been used for background measurement. AlN is used as a passivation material to prevent unwanted reactions on the surface of Ag that influences its optical properties. According to [20], AlN adheres very well to Ag, has suitable properties for optical applications [21] and can be integrated into the process flow relatively simply.    N 2    does not cause any oxidation on Ag. It is also important to mention that AlN is free from absorption in VIS [22].



Whilst T and R can be adjusted through Ag thickness (as proven in Figure 10), they can also be varied by different AlN thicknesses for AlN/Ag/AlN-reflector stacks.



When increasing the thickness of Ag   t  Ag   , a higher R and lower T can be observed. This is one of the advantages of using MTF over DBR and defines the transmittance   T  F P I    of the device. However, when keeping the Ag layer at a constant thickness,   T  F P I    can be further customized by only changing   t  AlN   . As shown in Figure 11 T increases for a thicker AlN while R decreases for   λ ≥   600 nm.



The resulting calculated absorption A from these measurements goes below zero. However, this result is based on the different measurements of T and R. And, because   A < 0   is an improper value, the cause must lie in the measurement setup. There are multiple sources of error that could not be obliterated. As previously mentioned, a disturbing light has been eliminated. The angle of incidence is orthogonal for transmittance measurements. For measuring R, an additional mirror system is needed, which causes the angle of incidence to be at 11°. This angle cannot be adjusted because, otherwise, the measuring beam would no longer be focused on the sample. T has been measured with intentionally oblique angles of incidence at a wafer tilt of about 10°. While no difference in T has been recorded, this does not exclude a larger influence on the measurements of R. In addition to this, a reference mirror has to be used for the background measurement of the FTIR. A silver mirror with   R >   98% above  λ  = 500 nm, according to the manufacturer information, was used. To compensate this deviation, the reflection curves were multiplied with a factor of   0.98  . Still, its reflectance might have changed due to aging. Also, the FTIR measurements were carried out in a standard environment without any use of vacuum chamber. Particles in the air could have deflected the light. Upon using the reflector stacks shown here, it should be taken into consideration whether this problem can be reproduced and, if so, how it can be eliminated.




3.3. NIR


The AlN/Ag/AlN-reflector stacks fabricated in this work have not only been characterized in VIS, but also in the spectral range of NIR. For the FTIR measurements in NIR, the detector as well as the light source have to be adjusted. While a light source with visible light and a   Si  -detector are being used in VIS, they have to be swapped out for a near-infrared light source and an   In Ga As  -detector. The Quartz-VIS beam splitter remains the same for both types of measurements. This is in contrast to VIS AlN, which cannot be considered absorption-free in NIR [20]. As shown in Figure 12, the resulting absorption of the AlN/Ag/AlN-reflector stacks rises above 10% for the 60/40/60-stack. For the same Ag film thickness but thinner AlN, A becomes lower, which goes to show that some part of the absorption of these reflector stacks is also caused by the AlN.




3.4. Annealing


When integrated in any application, the thermal stability of the reflector stacks has to be considered as well because bonding will be necessary for fabricating FPI since the two opposing mirrors have to be brought together with a defined cavity inside. For the penetration of the light into the device, at least one side of the FPI has to consist of glass. Thus, anodic bonding is an obvious choice, which needs an increased temperature. By simulating the bond process, investigations on thermal stability can be made. Various bonding methods will be enabled in case the reflectors remain stable, for instance, parylene bonding, which can be performed at 300 °C as well. For this reason, some divided wafer parts were put into the process chamber of an SB6 from Süss at 400 °C, with    N 2    supply and at normal pressure for 60 min. The heating time of 900 s and the cooling time of 2400 s down to 150 °C are added. Further cooling to 50 °C took an additional 30 min, which was realized by air cooling only. Under the microscope, some defects have been found on the annealed samples.



In Figure 13, the reflectors are imaged before the annealing with microscope-magnification of 20, which shows that no defects were present pre-annealing. Figure 14 shows the defects, that only appear after the annealing process, with a microscope magnification of 100. Because Ag and AlN have been sputtered in different sputter chambers (see Section 2), one explanation might be that some gas was trapped at the interface between the Ag and AlN, that extended due to the increased temperature and caused some cracks in those surfaces. Another possible reason would be that impurity atoms diffuse through the AlN-layer. The actual reason could not be clarified in this work. Since the reflector stacks were damaged after the annealing, the caused change in optical properties was examined. The differences in T did not exceed the measuring tolerances of the FTIR. As can be seen in Figure 15, a decrease in R of 2–4% was measured. For the 20/40/20-stack at  λ  = 850 nm, the biggest decrease was detected from R = 94% to R = 90%. Hence, the annealing has to be further investigated if one plans on fabricating FPIs with these reflectors, especially regarding the necessary bond process.





4. Application of Fabricated Reflectors for FPI


Since the AlN/Ag/AlN-reflector stacks were fabricated with regard to usability in FPI application, a MatLab-simulation of   T  F P I    should show the quality of its behavior in VIS and NIR from  λ  = 400 nm to  λ  = 1000 nm. The basis of this simulation comes from the previously discussed FTIR measurements for T and R as well as the Airy equation [16]:


   T  F P I    ( λ )  =   T 2    ( 1 − R )  2    1  1 +   4 R    ( 1 − R )  2   s i  n 2  δ   .  



(7)







Since the FTIR measurements were used as the basis for this simulation, the noise below 450 nm also stems from these measurements. With the specified parameters of   n = 1   (air), the orthogonal incidence of light  Θ  = 0° and the optical phase difference  Φ  = 0°, the spectral behavior was calculated.



Figure 16 qualitatively demonstrates the behavior of potentially fabricated FPI with mirrors of pairs of AlN/Ag/AlN-stacks of equal thickness for Ag, varying thickness of AlN, and an exemplary optical gap d of 2000 µm.



It is shown that   T  F P I    is adjustable by the adaptation of the thickness of AlN-layers only. Peaks in transmittance emerge at  λ  = 500 nm,  λ  = 572 nm,  λ  = 666 nm, and  λ  = 800 nm, respectively. The peaks are different in height for each   t AlN  . Thus, the FWHM is customizable by varying   t AlN  .




5. Conclusions


In this work, novel AlN/Ag/AlN-reflector stacks were fabricated and characterized with respect to FPI mirror application as a 150 mm wafer-level approach. First, the inline characterization was carried out to define the process parameters as well as a fabrication flow to generate reflectors with 2 mm in diameter. For preliminary investigations, Ag-reflectors were directly deposited on glass wafers to define a process flow, which showed that the lift-off is a suitable method to fabricate the mirrors. The MTF thickness was analyzed by measuring the step heights of both Ag-reflectors and AlN/Ag/AlN-reflector stacks with P-17, as well as the SEM analysis if possible. While pure Ag on glass was up to 30 nm thicker than expected, the AlN/Ag/AlN-stacks with the same sputter parameters as for the Ag, were close to the target values. Also, it was shown that the Ag-thin films form a homogeneous layer on glass, with   S D ≤   2% on sheet resistance measured with the Polytec 280 SI. On SEM images, it could be determined that the Ag-thin films are coherent for 40 nm and larger thicknesses. In the optical analysis, transmittance and reflectance were measured for all fabricated reflectors. They are suitable for FPI application in VIS in terms of their high reflectance, which is higher than 90% at  λ  = 700 nm. Also, the resulting absorption, which previously held back MTF as opposed to DBR or SWG as mirrors, was very low in VIS, only rising up to about 10% in NIR. After an annealing process at 400 °C, the reflectors were damaged which resulted in an overall decrease in R of about 2–4%. To give a final impression on the possible FPIs that could be fabricated from these reflectors, a MatLab simulation has shown the peaks in   T  F P I    as well as a customizable peak height and FWHM for different AlN thicknesses at a constant Ag thickness of 40 nm. In addition, the MTF reflectors showed very low stress after a P-17 (mechanical) stress measurement of 43 MPa for 40 nm Ag, which is an advantage to commonly used DBR as mirrors.



Overall, by examining the individual process steps with regard to process compatibility as well their characterization in VIS and NIR, the advantages of the newly fabricated AlN-Ag-AlN-reflector stacks have been shown, which opens a wide range of applications.
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Figure 1. FPI principle: two parallel plane mirrors (left); peaks of transmission with important characteristics (right). 
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Figure 2. SEM top-view of Ag-thin films with different thicknesses. 
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Figure 3. Wafer map illustrating the P-17 measuring spots on a 150 mm wafer and measurement direction for the vertical and horizontal sampling. 
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Figure 4. WLI measurement that shows remaining photoresist on Ag-reflectors. 
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Figure 5. Microscope image of a 150 mm glass wafer with 40 nm Ag-reflectors after RIE with 30% Ar-ions. 
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Figure 6. Image of 150 mm glass wafer with 40 nm Ag-reflectors after lift-off process. 
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Figure 7. Microscope image of a 40 nm Ag-reflector pair after lift-off. 
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Figure 8. Measured mean step height of Ag-reflectors structured by a lift-off process on a glass substrate. 
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Figure 9. FIB measurement of the film thicknesses of a 60/40/60-reflector stack. 
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Figure 10. FTIR measured R of Ag-reflectors with different thicknesses in VIS and NIR. 
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Figure 11. FTIR measured the T and R of the AlN-Ag-AlN-reflector stacks with different AlN thicknesses in VIS and NIR. 
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Figure 12. FTIR-measured T and R of AlN-Ag-AlN-reflector stacks with different AlN thicknesses in NIR. 
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Figure 13. Microscope image of a 60/40/60 nm reflector stack before annealing. 
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Figure 14. Detailed view on a 60/40/60 nm reflector stack after annealing. 
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Figure 15. FTIR measured R of AlN/Ag/AlN-reflector stacks before and after annealing. 
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Figure 16. Simulated   T  F P I    with respect to different AlN thicknesses; airgap d = 2000 nm. 
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Table 1. Target values of the thickness t with the measured sheet resistances   R  s q   , their standard deviation   S D  , as well as the calculated specific conductivity  κ  of the Ag-thin films.
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	t in nm
	R in    Ω sq   
	SD in %
	  κ   in    m  Ω   m m  2     





	20
	2.16
	2.01
	23.15



	40
	0.89
	2.08
	28.09



	60
	0.54
	1.98
	30.86



	100
	0.29
	1.74
	34.48










 





Table 2. Average stress of Ag-thin films with different thicknesses measured at P-17 profiler.
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	Target Value t in nm
	Stress in MPa





	20
	62



	40
	43



	60
	12



	100
	4










 





Table 3. Fabricated reflectors with their respective thicknesses and a short evaluation.
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Material

	
Target Value t in nm

	
P-17 Step Height

	
FIB Film Thickness

	
Further Optimization






	
Wet etch

	
Ag

	
20

	
20 ± 13

	
-

	
Improve resist removal




	
Ag

	
40

	
27 ± 19

	
54

	
Improve resist removal




	
Ag

	
60

	
59 ± 15

	
77

	
Improve resist removal




	
Ag

	
100

	
103 ± 13

	
115

	
Improve resist removal




	
Lift-off

	
Ag

	
20

	
52 ± 2

	
24

	
Optimize film thicknesses




	
Ag

	
40

	
67 ± 2

	
67

	
Optimize film thicknesses




	
Ag

	
40

	
72 ± 2

	
39

	
Optimize film thicknesses




	
Ag

	
60

	
99 ± 3

	
74

	
Optimize film thicknesses




	
Ag

	
100

	
133 ± 3

	
98

	
Optimize film thicknesses




	
Ag/AlN/Ag

	
20/40/20

	
86 ± 1

	
-

	
Meets expectations




	
Ag/AlN/Ag

	
20/40/20

	
89 ± 2

	
-

	
Meets expectations




	
Ag/AlN/Ag

	
40/40/40

	
128 ± 3

	
-

	
Meets expectations




	
Ag/AlN/Ag

	
60/40/60

	
172 ± 2

	
199

	
Meets expectations
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