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Highlights: 

• Ion assisted electron beam deposition of Ge and ZnS single and multilayers 

• Complex refractive indices of Ge and ZnS thin films extracted from FTIR spectra  

• Design, deposition and simulation of mid-infrared filters made of up to 29 layers 

• Demonstration of high and anti-reflection coatings in the long-wave infrared (LWIR) 

• Dichroic filter with a low transmittance in MWIR and broadband bandpass in LWIR  

 

Abstract: 

Germanium/Zinc Sulphide (Ge/ZnS) single and multilayers are deposited by ion assisted 

electron beam deposition on Silicon substrates for applications in the 2-15 µm wavelength region. 

Refractive indices of Ge and ZnS thin films are extracted from measured reflectance and 

transmittance spectra. Several types of mid-infrared filters (high-, anti-reflection coatings and 

dichroic filters) with a number of layers ranging from 3 to 29 are then designed and deposited. The 

optical responses of fabricated mid-infrared filters show a good agreement between experimental 

spectra and simulation in the case of high- and anti-reflection coatings in the long-wave infrared but 

also for dichroic filters with a low transmittance in the mid-wave infrared and broadband bandpass in 

the long-wave infrared. 
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1. Introduction 

The mid-infrared (mid-IR), defined as the spectral region extending from 2 to 25 μm, covers 

the important atmospheric windows, 3-5 μm and 8-12 μm, and the molecular fingerprints of 

numerous gases, liquids and solids. Applications ranging from environmental monitoring and 

pollutant detection (discrimination of oil from water or ocean temperature, smoke and greenhouse 

gases detection, emerging water pollutant identification) to military and homeland security (trace 

explosives detection or target discrimination at night) through industrial and healthcare (food 

processing industry, methane detection around pipelines or pharmaceutical and medical products 

identification) can potentially benefit from discrete components operating in this wavelength 

window. In particular, several applications require the development of mid-IR filters (dichroic, 

broadband or bandpass filters). However, the implementation of these filters with enhanced material 

functionalities can only be achieved through the optimization of multi-layered coating based on mid-

IR transparent materials.  

Several materials with a transparency region extending far in the mid-IR have been 

associated to implement different kind of mid-IR filters. For example, narrow-bandpass filters in the 

long-wave infrared (LWIR) have been demonstrated using ZnSe/PbTe [1], low absorption ZnS/YF3 and 

ZnS/ThF4 antireflection coatings have been proposed to cover a large portion of the mid-IR µm range 

[2]-[4], Germanium substrates were also coated with the CdTe/CeF3 + SrF2 stack to obtain a low 

reflectance in the LWIR [5] or YbF3 to demonstrate beam splitters [6] or broadband dispersive mirrors 

[7] operating, respectively, in the 4-8 µm and 6.5-11.5 µm spectral ranges. In the mid-wave infrared 

(MWIR), multilayered coatings incorporating oxide films (incorporating SiO or CeO2 [8], HfO2 [9] or 

Y2O3 [10]) can be used. The literature on mid-IR optical coatings therefore evidences that most 

stackings incorporates materials that are often qualified as toxic or even CMR (carcinogenic, 
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mutagenic or reprotoxic) hindering there potential application in regards with actual environment 

and health safety considerations and regulations. 

For highly reflective coatings, reflectivity and bandwidth depend directly on the number of 

layers and on the refractive index contrast between the two materials constituting the stacking. For 

industrial applications, the selected materials must therefore not only be mid-IR transparent but also 

have a sufficiently large refractive index difference in order to avoid a prohibitive increase of layers 

number in the stacking. As adhesion difficulties are amplified in coatings with a large number of thick 

layers, mechanical properties of the films must also be taken into account.  

As Germanium (Ge) and Zinc Sulfide (ZnS) thin layers exhibit high optical transmission of 

individual materials in the wavelength range of interest [11], good compatibility and a large 

refractive index contrast (∆n~2.0), these materials are good candidates to implement mid-IR optical 

multilayered structures. A variety of techniques are used to prepare Ge and ZnS thin films. These 

include thermal evaporation [12], pulse laser deposition [13], [14], sputtering [15], [16], conventional 

electron beam evaporation [4], [9], [17]. Ion-assisted electron beam evaporation is particularly suited 

to the deposition of optical coatings and has therefore been gaining wide attention in an industrial 

context as it allows the production of a large number of high quality individual filters with high 

throughput [18]-[23]. 

In this paper, single films or multi-layers of Ge and ZnS were deposited by ion assisted 

electron-beam (e-beam) evaporation. The refractive indices of Germanium and zinc sulfide layers are 

first extracted from reflectance and transmittance spectra measured by Fourier Transform Infrared 

(FTIR) spectroscopy. Based on these measurements, various filters with a number of Ge and ZnS 

layers ranging from 3 to 29 are designed, manufactured and simulated. Finally, the fabrication of 

various filters on silicon substrates is illustrated in the case of high- and anti-reflection coatings in the 

long-wave infrared (LWIR) and also with a dichroic filters with a low transmittance in the mid-wave 

infrared (MWIR) and broadband bandpass in LWIR. Beside presenting results on complex mid-IR 
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optical filters made of Ge/Zns coatings comprising a few tens of layers deposited by ion-assisted 

electron-beam evaporation whose difficult production is evidenced by the very scarce literature on 

this specific subject [24], this paper demonstrates that the extensive knowledge of the refractive 

index of Ge and ZnS single layers can enable the engineering of any complex filter of up to ~30 layers 

on any substrate. 

Specific applications often require the deposition on complex substrates in shape and/or 

composition such as chalcogenides fibers, Ge lenses or expensive III-V semiconductors substrate with 

limited availability. The optical filters described in this paper are all deposited on Si substrate and a 

versatile method of production and simulation of optical filters deposited on a cheap and standard Si 

substrate is presented. Indeed, this paper demonstrates that the good knowledge of Ge and ZnS 

optical constants (obtained from measurements and their extrapolation at longer wavelengths) and 

deposition parameters, enables the development of optical coatings that meet the target design 

specifications on a Si substrate. From the simulation of this stacking, with the extensive knowledge of 

the Si substrate properties, the optical response of the deposited multilayer can be extended on a 

semi-infinite substrate. From this step, the portability of the deposited stackings on any substrate 

can be inferred by numerical transposition of its optical response on a particular substrate provided 

its optical characteristics are available [25]. 

 

2. Experimental 

Germanium and Zinc Sulphide thin films and multilayers were deposited on Silicon substrates 

(double-side polished, thickness=625 µm, resistivity=1-10 Ohm.cm) using a commercial BALZER 760 

series thin film coater equipped with a 8-cm two gridded Kauffman ion source. Ge and ZnS sources 

were, respectively, composed of Ge powder (99.999%) and ZnS pellets or tablets (99.99%) and 

evaporated by a 10 kV electron beam gun. Prior deposition, Si substrates were cleaned with Decon90 

by a standard procedure to remove surface contaminants, followed by ion beam pre-cleaning at 0.65 
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mA/cm2 ion bombardment for 10 min. The deposition chamber was evacuated to a base pressure 

below 10-4 Pa (10−6 mbar) by a cryo-pump. During the ion-assisted deposition (IAD) process, argon 

pressure was maintained between 5×10−3 and 2×10-2 Pa (5×10−5 and 2×10-4 mbar). Single films of Ge 

and ZnS were deposited with a thickness of 2.5 µm for morphological, structural and optical 

characterizations. For the different fabricated filters, Ge or ZnS layers were alternatively deposited 

with thicknesses ranging from 90 to 1700 nm. As no optical monitoring apparatus was available to 

monitor the layer thickness during materials deposition, the deposition rate was controlled at 0.8 

nm/s for Ge and 0.6 nm/s for ZnS by quartz-crystal oscillator with error of 0.1 nm/s and the substrate 

was heated to 150 and 170 °C during deposition.   

Morphology of deposited films was analyzed using a profilometer (Veeco Dektak 150+ 

surface profiler) and a scanning electron microscope (SEM, Hitachi SU3500). Scanning electron 

images were recorded with a secondary electron Everhart-Thornley detector using an acceleration 

voltage of 15 kV and a working distance of 5 mm. 

Transmittance and reflectance spectra were recorded using a Perkin Elmer Spectrum 100 

Fourier-Transform Infra-Red (FTIR) spectrometer operating from 1.5 µm to 15µm with a resolution of 

4 cm-1. For reflectivity measurements, a calibrated 97.5% gold specular reflection standard served as 

reference between 1 and 25 µm. Recorded spectra were corrected from the absorption of the 

atmosphere (in particular the absorption lines of CO2, water vapor and methane). 

To assess the aging of the deposited coatings, peel tests with calibrated tape were performed 

to check adhesion after each deposition and 6 months later. Reflectance and transmittance spectra 

were also recorded several times in the 6 first months after deposition. All the optical filters 

presented thereafter have kept their mechanical properties as well as their spectral responses for at 

least 6 months. 

Complex refractive indices of evaporated monolayers were extracted from recorded 

reflectance and transmittance spectra using a commercial software (The Essential Macleod v8.2, Thin 
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Film Center Inc., USA). With these data, the same software was used to perform a preliminary design 

of the multilayer stacking, in terms of number and thickness of the different layers, in order to obtain 

a specific filter response in reflection or transmission. After the evaporation procedure, the 

deposited mid-IR filters were also simulated with the same software to validate the optical constants 

and thicknesses previously measured. 

3. Results and discussion 

Scanning electron microscope (SEM) images were recorded for 2.5-µm thick Ge (Fig. 1a) and 

ZnS (Fig. 1b) thin films fabricated by ion assisted e-beam evaporation.  

 

These images shows that the deposited Ge layers (Fig. 1a) are homogeneous whereas a dense 

columnar structure with low porosity is observed for ZnS layers (Fig. 1b). These morphologies are 

consistent with previous results obtained for low energy ion-assisted e-beam evaporation for Ge 

[26], [27] and ZnS [23], [28], [29]. Amorphous nature of the films and their homogeneity over the 

whole wafer area were confirmed by recording X-ray diffraction (not shown) and optical 

transmission/reflection spectra at different positions on the wafers. Furthermore, the morphology 

study of fabricated Ge and ZnS films by SEM shows the lack of cracks or defects which could 

compromise the quality of the interfaces between the different films in the multilayered structures. 

The root mean square roughness was measured by profilometry for the different evaporated films 

and reached ~85 nm for the 2.5-µm thick films. 

Transmittance and reflectance experimental spectra were recorded between 1.5 and 9 µm. 

These spectra are displayed in Fig. 2 for 2.5 µm-thick Ge and ZnS layers.  

 

Interference fringes are clearly visible on these figures and the fall of the curves above 8 μm 

is due to the absorption of O-H contaminant in Si substrate at 9 µm. Despite the care taken during 
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the experiment and the background correction, ripples are observed between 5.5 and 7.5 µm and 

are attributed to water absorption and absorption from dopants (un)intentionnaly incorporated in 

the Silicon substrate as they are already observed on transmittance and reflectance spectra recorded 

on bare 675-µm thick Czochralski Silicon substrate. 

The optical constants (real and imaginary parts of the refractive index) of Germanium and 

Zinc Sulphide thin films were extracted from transmission and reflection spectra displayed in Fig. 2 by 

using the envelope method [30], [31]. In this technique, which assumes a homogeneous and isotropic 

film, two envelope curves are, respectively, defined based on the maxima and minima of a 

transmission curve and then a set of equations is applied to derive the thin film refractive index, 

extinction coefficient and thickness [32]. This method has been demonstrated to be also suitable to 

study inhomogenoeous and anisotropic thin films ([33]-[36]). The precision of the method [37] 

depends on the precision of the extrema positions λ ± Δλ , their amplitudes and associated 

uncertainties expressed as R% ± ΔR% and T% ± ΔT% whereas Δλ is related to the FTIR spectrometer 

resolution and is equal to 4 cm-1. The transmittance and reflectance amplitude uncertainties (ΔT% 

and ΔR%) were, respectively, found to be equal to 0.24 % and 0.32 % by taking into account 

metrological characteristics of the FTIR spectrometer and the repeatability over multiple reflectance 

and transmittance measurements on Si substrates, on samples consisting of single thin films 

deposited on a Si substrate and on multilayered coatings on Si substrate. The spectral dependence of 

real and imaginary parts of the Ge and ZnS refractive index obtained from these simulations are 

presented in Fig. 3.   

 

From Fig. 3, it can be observed that the optical constant variations of the two materials can 

be divided into two domains: a spectral region below 3 µm where Ge and ZnS are absorbent and 

dispersive and a second wavelength window above 3 µm where the refractive indices of both layers 

(Ge and ZnS) are constant which also corresponds to the spectral region where extinction coefficients 

are lower than 10-3 (Fig. 3b). This feature is commonly observed for Ge thin films due to the 



ACCEPTED MANUSCRIPT - CLEAN COPY

9 

 

experimental conditions of ion-assisted e-beam evaporation [26]. In the non-absorbing region, 

deposited Zinc Sulfide thin films have a refractive index of 2.18 ± 0.04. This value is slightly lower 

than previously reported values of ZnS [38],[39] . Based on optical measurements in the visible 

spectrum, ion bombardment during deposition have been shown to improve the adhesion and 

hardness of the ZnS layer. Furthermore, ion-assisted deposition induces a loss of Sulfur mass in the 

ZnS single layers and multilayers which simultaneously results in a tensile mechanical strain and a 

reduction of the refractive index value [40].  

The refractive index and extinction coefficient of Ge and ZnS were respectively adjusted 

(dashed lines in Fig. 3) with Cauchy dispersions formula (n = A + B/λ2 + C/λ4, where n is refractive 

index, A, B and C are constants, λ is the wavelength) and an exponential model (k(λ)=D × exp(E/λ) 

where D and E are constants). The results are summarized in Table 1 and Table 2. 

 

In the wavelength range where both materials are considered transparent (λ ≥ 3.5 µm), the 

refractive index contrast between both layers is slightly superior to 2 which enables fabrication of 

good performance filters with stacking composed of a reasonable numbers of layers. Multilayered 

structures were designed using Essential Macleod software based on the Ge and ZnS complex 

refractive indices using dispersion relations defined in Table 1 and Table 2. To engineer and simulate 

optical filters above 8-9 µm, where Si becomes absorbent, complex refractive indices values were 

extrapolated [41]-[44] from the Cauchy (refractive index) and exponential (extinction coefficient) 

adjustment parameters displayed in Table 1 and Table 2, respectively. 

In a preliminary experiment to validate the measurement and adjustment of Ge and ZnS 

refractive indices and extinction coefficients, a mirror centered at 10.6 µm and a broadband 

antireflection coating with a central wavelength of 8 µm were designed and fabricated. The former 

filter is composed of 9 layers whereas the latter is made of 3 layers deposited on both sides of the Si 

wafer. The two multilayered filters are constituted by an alternative Ge and ZnS stacking (Fig. 4). 
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These images confirm the homogeneous nature and columnar structure of Ge and ZnS, 

respectively (Fig. 2). The strong contrast between successive layers of the stacking was used to 

obtain the layer thicknesses by performing image segmentation based on gray-level thresholding 

processing. The interfaces between individual layers as well as the surfaces of the multilayered 

structures were found to be smooth without any defect documenting applicability of ion-assisted e-

beam evaporation for the fabrication of thin film stacks. 

As for single films, optical characterizations of the optical filters (reflectance and 

transmittance spectra) were performed on at least three different locations over the 1.3 cm × 1.3 cm 

sample. These spectra showed good homogeneity of the materials deposition (in terms of optical 

constants and thickness of the different layers). The reflectance spectra of the high reflection filter 

measured with a FTIR spectrometer is presented in Fig. 5. 

 

Fig. 5 shows that the fabricated mirror exhibits an optical reflectance spectrum in close 

correspondence with the target optical response. Indeed, for the mirror at 10.6 µm, the initial 

coating stacking was designed to obtain a reflection larger than 99 % at 10.6 µm. During deposition, 

the layer thicknesses slightly derived from designed quarterwave thicknesses which would have been 

equal to 635 nm and 1256 nm for Ge and ZnS materials, respectively. From SEM imaging (Fig. 4a), a 

variation of ~4% is obtained compared to quarterwave theoretical thickness for Ge layers, whereas it 

is ~2% for ZnS layers. 

Simulation of experimental reflectance spectrum using the Essential MacLeod software is 

also displayed in Fig. 5. In this simulation, the dispersion of the Ge and ZnS refractive indices (Fig. 3) 

and the thickness of each layers extracted from Fig. 4a) are considered as fixed parameters for the 

simulation. The good agreement between experimental and simulated spectra suggests that the 

refractive indices extracted from single Ge and ZnS layers (Fig. 3) can be used to design any complex 
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mid-IR filter. The small discrepancies between spectra can be explained by taking into account the 

uncertainties on thicknesses measurement extracted from scanning electron microscopy images (this 

is especially noticeable for very thin films) and refractive indices inferred from FTIR measurements 

but also from small changes of the refractive index for films of different thicknesses. As an example, 

Fig. 5 depicts the effect of ±1% error assigned to Ge and ZnS layer thickness and refractive index on 

the filter optical response (dotted curves in Fig. 5). To derive these two curves, an important number 

of  separate trials (128000) of reflectance simulations of the same stacking when ±1% error are 

arbitrarily assigned to Ge and ZnS layer thickness and refractive index were performed. From these 

reflectance spectra, a mean reflectance spectrum and a standard deviation were computed. The two 

dotted curved in Fig. 5 depict the effect of ±1% error assigned to Ge and ZnS layer thickness and 

refractive index and are obtained by, respectively, adding or subtracting, at each simulated 

wavelength, the standard deviation to the mean reflectance spectrum [17]. 

The transmittance spectrum of the 3-layer antireflection coating (Fig. 4b) that was designed 

to display a transmission larger than 90 % and a bandpass larger than 2 µm and centered at 8 µm is 

presented in Fig. 6. This coating was deposited on both sides of a Si wafer. 

   

Again, a close correspondance between target design and fabricated filters is observed for 

this 3-layer antireflection filter. Fig. 6a also shows that the experimental spectrum can be simulated 

based on Ge and ZnS refractive indices dispersion (Fig. 3), the different layer thicknesses inferred 

from Fig. 4b and the transmission spectrum of the Si substrate recorded before the coating 

deposition. The similarity of these spectra indicates that deposition conditions are reproducible but 

also that optical characteristics of the Ge and ZnS films deposited in those conditions can be used to 

design various filters. In Fig. 6a, a dip in the transmission spectrum arising from the Si substrate 

absorption is observed around 9 µm. To remove the Si substrate contribution to the coating 

transmission and therefore to obtain the transmission spectrum of the coating itself, simulation were 

performed using the Essential MacLeod software. Indeed, taking into account the transmission of the 
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uncoated double-side polished Si substrate, a simulation of the transmission on a semi-infinite Si 

substrate can be computed. This extraction is presented in Fig. 6b and shows a simulation of the 

transmission that would be recorded on a semi-infinite Si substrate whose imaginary part of the 

refractive index is neglected. This spectrum has the advantage to enable the extrapolation of the 

Ge/ZnS multilayered coating transmission on any substrate.   

Finally, to confirm Ge and ZnS complex refractive index values and further test the 

robustness of the deposition conditions, a 29-layer dichroic filter was designed to exhibit a low 

transmittance in the MWIR and broadband bandpass in LWIR (8-14 µm). The cross-section of the 

fabricated dichroic filter is displayed in Fig. 7. 

 

Again, interfaces between individual Ge and ZnS layers are found to be smooth (inset of Fig. 

7). The same method of gray-level thresholding was used to process these SEM images and extract 

the thickness of each layer. The transmittance spectrum of this dichroic filter deposited on 625-µm 

thick Si substrate is shown in Fig. 8a. 

 

A good agreement is achieved between the experimental (solid line in Fig. 8a) and simulated 

(dashed line in Fig. 8a) transmittance spectra. The simulated spectra was once again calculated from 

thicknesses derived from SEM pictures (Fig. 7) and refractive indices of thin Ge and ZnS films (Fig. 3). 

Although the dichroic filter fabrication was long and difficult to achieve considering the important 

number of layers and their very distinct thicknesses, the good correspondence between these 

spectra demonstrates that the deposition process and evaporation parameters are versatile and 

could serve as a basis for future on-demand filter design and fabrication. A sharp peak of 

transmission around 3 µm is observed in Fig. 8a but simulations show that it could be removed by 

increasing the number of layers. 
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Finally, to derive the coating transmission on a non-absorbing semi-infinite Si substrate, 

simulations were performed using the Essential Macleod software. The result of these computations 

is displayed in Fig. 8b from which it can be seen that this filter is consistent with the target design and 

exhibits a broadband bandpass above 8 µm and a low transmittance in the MWIR.  

 

4. Conclusion 

In conclusion, ion-assisted e-beam evaporation was used to deposit Ge and ZnS films and 

multilayer stackings. From the experimental recording of transmittance and reflectance spectra of 

2.5-µm thick Ge and ZnS films, real and imaginary parts of the refractive index of these two materials 

were derived in the mid-IR wavelength range. An extinction coefficient lower than 10-3 was obtained 

for both materials above 3 µm. Different types of filters (high- and anti-reflection) were then 

designed for applications in the long-wave infrared and fabricated. A close correspondance between 

experimental and simulated reflectance and transmittance spectra was demonstrated. Complex 

dichroic coatings with up to 29 layers for applications in both MWIR and LWIR were subsequently 

fabricated and showed an optical response in good agreement with the target design. Therefore, 

these results confirm the industrial applicability of ion-assisted e-beam evaporation of Ge and ZnS 

films for the development of low-cost, high volume and versatile mid-IR complex filters.  
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Table 1. Cauchy adjustment parameters of Ge and ZnS refractive indices 

Cauchy  

adjustment parameters 
Ge ZnS 

A 4.1682 2.1741 

B (µm-2) 0.4882 0.3501 

C (µm-4) 0.9000 0.0001 

 

Table 2. Exponential adjustment parameters of Ge and ZnS extinction coefficients 

Exponential  

adjustment parameters 
Ge ZnS 

D 0.00017 0.00014 

E (µm) 6.5 4.2 
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Figure captions: 

 

Fig. 1: Scanning electron microscope cross-sectional views of a) Germanium and b) Zinc Sulphide thin 

films. 

Fig. 2: Transmittance and reflectance spectra of 2.5 µm-thick a), b) Germanium and c), d) Zinc 

sulphide thin films. 

Fig. 3: a) refractive index and b) extinction coefficient of 2.5 µm-thick Ge and ZnS thin films as a 

function of wavelength 

Fig. 4: Scanning electron microscope cross-sectional views of a) the high reflection filter at 10.6 µm 

and b) the antireflection filter with a band pass centered at 8 µm. 

Fig. 5: Reflectance spectrum of the 9-layer filter, the solid and dashed curves correspond, 

respectively, to the experimental measurement and simulated spectrum based on experimental 

refractive indices and thicknesses derived from SEM imaging. Dotted curves depict a ±1% error effect 

(assign both to Ge and ZnS layer thickness and refractive index) on the simulated reflectance of the 

9-layer filter.  

Fig. 6: a) Experimental and simulated transmittance spectra of the 3-layer filter deposited on both 

sides of a 625 µm-thick Si substrate, b) Simulated spectra of the same 3-layer filter on a semi-infinite 

Si substrate.  

Fig. 7: Scanning electron microscope cross-sectional view of a dichroic filter with a low transmittance 

in MWIR and broadband bandpass in LWIR. Inset shows a zoom-in view of the multilayered coating 

Fig. 8: a) Experimental (solid curve) and simulated (dashed curve) transmittance spectra of the 29-

layer dichroic filter on a 625-µm thick Si substrate, b) simulation transmission of the 29-layer dichroic 

filter on a semi-infinite Si substrate. 
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Fig. 1: Scanning electron microscope cross-sectional views of a) Germanium and b) Zinc Sulphide thin films. 
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Fig. 2: Transmittance and reflectance spectra of 2.5 µm-thick a), b) Germanium and c), d) Zinc sulphide thin films. 
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Fig. 3: a) refractive index and b) extinction coefficient of 2.5 µm-thick Ge and ZnS thin films as a function of wavelength 
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Fig. 4: Scanning electron microscope cross-sectional views of a) the high reflection filter at 10.6 µm and b) the antireflection 

filter with a band pass centered at 8 µm. 
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Fig. 5: Reflectance spectrum of the 9-layer filter, the solid and dashed curves correspond, respectively, to the experimental 

measurement and simulated spectrum based on experimental refractive indices and thicknesses derived from SEM imaging. 

Dotted curves depict a ±1% error effect (assign both to Ge and ZnS layer thickness and refractive index) on the simulated 

reflectance of the 9-layer filter.  
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Fig. 6: a) Experimental and simulated transmittance spectra of the 3-layer filter deposited on both sides of a 625 µm-thick Si 

substrate, b) Simulated spectra of the same 3-layer filter on a semi-infinite Si substrate.  
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Fig. 7: Scanning electron microscope cross-sectional view of a dichroic filter with a  

low transmittance in MWIR and broadband bandpass in LWIR. Inset shows a zoom-in view of the multilayered coating 
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Fig. 8: a) Experimental (solid curve) and simulated (dashed curve) transmittance spectra of the 29-layer dichroic filter on a 

625-µm thick Si substrate, b) simulation transmission of the 29-layer dichroic filter on a semi-infinite Si substrate. 

 

 

 




