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Abstract 

 

This research outlines the design, analysis, and fabrication of a multilayer anti-reflective coating on a 

calcium fluoride (CaF2) substrate, specifically for mid-wavelength infrared uses, employing the ion-assisted 

electron-beam evaporation method. A 2-layered multilayer structure in the form of SiO2/Ge was created on 

CaF2, consisting of low refractive index silicon dioxide (SiO2) and high refractive index germanium (Ge) 

thin films with a total thickness below 1 μm. The design was optimized for the 3.6-4.9 μm MWIR range, 

and an average transmission of 98.39% and an average reflectance of 0.93% were simulated at a broadband 

spectral width of 1300 nm. After the fabrication process using the ion-assisted physical vapour deposition 

(IAPVD) technique, the experimental results showed an average transmission of 98.13% and a reflectance 

value of 1.19% within the 3.6-4.9 μm range. The simulation design and experimental results were found to 

be very close to each other, with a difference of only 0.26%. This work provides a high-efficiency solution 

for AR coatings in the MWIR region on CaF2 surfaces. To our knowledge, the Ge/SiO2 multilayer structure 

on CaF2 has not been reported before in the literature and the results obtained will be an alternative for 

CaF2-based optical systems. 

 

Keywords: Mid-wave infrared (MWIR), Calcium fluoride, Optical thin films, Anti-reflective coating, 

Ion-assisted e-beam deposition  

 

1. Introduction 

 

Antireflective (AR) coatings are thin films applied to 

optical components to minimize reflections and 

maximize light transmission. These coatings are essential 

and indispensable in various fields due to their broad 

range of applications, from infrared sensors to everyday 

eyeglasses. By reducing reflections, AR coatings 

enhance the transmission of light through optical 

elements, improving sensitivity, accuracy, and overall 

system performance [1]. In solar panels, AR coatings 

enhance energy efficiency by allowing more sunlight to 

be absorbed and converted into electricity. On 

eyeglasses, AR coatings reduce glare and reflections, 

improving visual clarity and comfort. For camera lenses, 

they minimize reflections and lens flare, resulting in 

sharper, higher-quality photographs. On display screens 

like those on smartphones and monitors, AR coatings 

reduce ambient light glare, improving visibility and user 

experience. In microscopes, AR coatings improve light 

transmission and image contrast, enabling clearer and 

more detailed observations in scientific research [2-5]. 

AR coatings are particularly important for applications 

involving infrared radiation, which covers wavelengths 

longer than visible light but shorter than microwaves. 

Mid-wavelength infrared (MWIR) range (3-5 μm) being 

particularly important for applications such as thermal 

imaging, night vision, space, and environmental 

monitoring [6, 7]. In electro-optical systems, AR coatings 

increase light transmission through optical elements, 

enhance image quality, and improve overall system 

performance by minimizing signal loss and glare. This 

enhancement is critical for detecting temperature 

differences in thermal imaging and other similar 

applications. 

 

The multilayer structure of AR coatings is essential for 

achieving optimal performance, as each layer is designed 

to target specific wavelengths, further reducing 

reflections and enhancing light transmission across a 

broad spectrum [8]. These coatings are designed to 
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minimize reflectance within this specific range by 

carefully selecting materials and controlling each layer's 

thickness and refractive index. Germanium (Ge) and 

silicon dioxide (SiO2) are crucial optical materials in this 

range due to their effective AR properties and common 

use in infrared thin films. SiO2, with a low refractive 

index of 1.44 at 4 μm, is favored for its availability, 

chemical stability, high-temperature resistance, cost-

effectiveness, low dispersion, eco-friendliness, excellent 

adhesion to various surfaces, and good transmission in 

both visible and infrared ranges, along with notable 

scratch resistance [9, 10]. Meanwhile, Ge, a high-index 

material with a refractive index of 4.0 at 4 μm, offers 

benefits such as insolubility, effective transmission, 

chemical inertness, low dispersion, non-toxicity, good 

thermal conductivity, and durability within the infrared 

range [7, 11, 12]. Calcium fluoride (CaF2) is an ideal 

substrate for optical thin films due to its excellent optical 

properties and chemical stability. It has a wide 

transmission range from deep ultraviolet (UV) to infrared 

(IR), making it suitable for diverse optical applications 

[13, 14]. CaF2's low refractive index minimizes reflection 

losses, which is beneficial in multi-layer coatings for 

maintaining high transmittance. It also has a high laser 

damage threshold, making it suitable for high-power 

laser applications. Its low solubility in water and 

resistance to chemical attack ensure the durability and 

longevity of optical components. These properties make 

CaF2 a preferred substrate for spectroscopy, lithography, 

and other advanced optical systems. Moreover, its 

transparency range, low refractive index, chemical 

stability, and resistance to moisture make it advantageous 

for AR coatings, offering a non-toxic and durable 

solution for precision optical components [15, 16]. 

 

AR thin films can be produced through various methods 

including physical vapor deposition (PVD), chemical 

vapor deposition (CVD), magnetron sputtering, and the 

sol-gel process [4, 17-19]. The ion-assisted electron-

beam (e-beam) deposition technique provides better 

control, higher film quality, reduced contamination, and 

greater process flexibility compared to traditional e-beam 

evaporation methods. In this study, an ion-assisted e-

beam PVD technique was employed for the experiment. 

So far, numerous studies have fabricated and developed 

high-performance AR coatings in the MWIR spectrum 

range using the e-beam PVD technique. Various 

multilayer stacks have been implemented on different 

substrates such as Si [6, 7, 9, 20, 21], Ge [7, 22, 23], ZnS 

[24], and ZnSe [25]. Studies in the literature mainly 

focused on Si and Ge substrates for the MWIR region. 

However, the literature on CaF2 substrates is limited, and 

among the studies conducted in the MWIR region with 

CaF2 substrates, one focuses on a ZnS/YbF3/Y2O3 5-layer 

multilayer stack, presented [26] as a conference 

proceeding. In addition, Yenisoy et al. [27] proposed a 

multilayer stack of aluminum oxide (Al2O3) and Ge on a 

CaF2 substrate. In this study, we proposed a Ge/SiO2 

multilayer stack on a CaF2 substrate which has not been 

presented in the literature before.  

 

This research details the development and manufacture 

of a wideband AR multilayer coating intended for CaF2 

optics, specifically targeting the MWIR spectrum. The 

coating was created using ion-assisted e-beam physical 

vapor deposition. Before the fabrication, OptiLayer 

software is used to design and optimize the SiO2/Ge/CaF2 

Substrate/Ge/SiO2 multilayer structure, and average 

transmission (Tav) of 98.39% and an average reflection 

(Rav) of 0.93% values are simulated. After the e-beam 

evaporation process, an average transmission (Tav) of 

98.13% and an average reflection (Rav) of 1.19% is 

achieved through  the double-sided coated structure. The 

study demonstrates superior transmission performance 

on CaF2 optics within the 3.6-4.9 μm MWIR range, 

marking it as a noteworthy advancement. Moreover, the 

proposed AR multilayer structure is noted for its cost-

effectiveness, attributed to its overall thickness and layer 

count. 

 

2. Materials and Methods 

 

Multilayer thin film coatings are essential in AR coatings 

because they can manipulate light precisely, enhancing 

the performance of optical systems by improving 

reflection, and transmission as needed. In these coatings, 

the desired transmission or reflection characteristics are 

achieved by optimizing the thickness of layers with high 

and low refractive indices. Compared to single-layer 

coatings, multilayer structures offer better control, a 

broader wavelength range, and superior performance, 

making them more suitable for complex applications 

such as narrow-band filters, high-performance mirrors, 

and dual/triple-band structures [1, 5]. Coating materials 

are chosen based on their refractive index, physical 

stability, transparency in the targeted wavelength 

regions, and thermal expansion coefficients. A multilayer 

stack of optical thin film coatings, comprising alternating 

layers of materials with different refractive indices, is 

deposited on a substrate. The thickness of each layer is 

precisely controlled to the nanometer scale to regulate 

light transmission and reflection through constructive 

and destructive interference. The multilayer design was 

simulated using OptiLayer software which is a 

specialized software suite essential for designing, 

analyzing, and optimizing optical coatings. It enables the 

creation and simulation of complex multilayer structures, 

using advanced algorithms and a comprehensive material 

database to achieve desired optical properties efficiently. 

The software provides detailed spectral analysis and 

simulates performance at different angles of incidence. It 

supports manufacturing processes by assessing 

production tolerances, enabling reverse engineering, and 

integrating with deposition equipment for real-time 

monitoring. The target design consists of 100% 

transmittance and 0% reflectance values distributed over 

126 linearly spaced spectral points at a 0° incident angle 
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in the 3.6-4.9 µm wavelength range. Target interpolation 

was performed to align the desired spectral 

characteristics with the material design parameters. To 

achieve this, an optimization method was selected, 

employing the Modified Damped Least Squares 

(Modified DLS) algorithm. This method is particularly 

effective, offering rapid convergence during the initial 

stages of the refinement process. The Modified DLS 

algorithm remains a robust choice for refining intricate 

optical designs with high precision. The termination 

criteria for the Gradual Evolution setup are defined to 

ensure an optimized design process. The merit function 

is set to a threshold value of 0.5, which serves as a key 

indicator of convergence during the optimization. 

 

The designed Ge/SiO2 thin film stacks on both sides of 

the CaF2 substrate have been implemented, as shown in 

Figure 1. In this multilayer stack, SiO2 and Ge are used 

as the low (nL) and high (nH) refractive index materials, 

respectively. AR coatings are designed to ensure a 180° 

relative phase shift between the beams reflected at the top 

and bottom surfaces of a thin film. This results in 

destructive interference, which cancels out both reflected 

beams. The optical thickness of the coating must be an 

odd multiple of λ/4, where λ represents the design 

wavelength. This configuration is essential to create a 

path difference of λ/2 between the reflected beams, 

leading to their cancellation. The refractive index of the 

thin film required to achieve complete beam cancellation 

can be calculated using the refractive indices of the 

incident medium and the substrate. In the design of AR 

coatings, the fundamental principle for single-layer films 

relies on the refractive index matching between the 

coating material, the incident medium, and the substrate. 

This relationship is described by the following equation: 

 

𝑛𝑓𝑖𝑙𝑚 = √𝑛𝑚𝑒𝑑𝑖𝑢𝑚 . 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (1) 

 

For single-layer thin films, optimal antireflection is 

achieved when the optical thickness corresponds to a 

quarter wavelength of light. In contrast, for multilayer 

coatings, the layers are typically arranged to have optical 

thicknesses of either quarter-wavelength or half-

wavelength according to their refractive index values. 

Multilayer structures are designed to provide enhanced 

reflection control over a broader spectral range and to 

achieve the desired optical performance. This design 

approach requires careful optimization of both the 

refractive index and the thickness of each layer. 

 

 
 

 

Figure 1.  Schematic representation of double-sided 

multilayer structure 

 

Due to its high melting and boiling points, low thermal 

expansion coefficient, substantial hardness, and excellent 

mechanical stability, CaF2 is an ideal material for various 

optical applications, ensuring durability and reliability in 

demanding environments. The technical specifications of 

CaF2 are provided in Table 1. 

 

Table 1. Technical specifications of the CaF2 substrate 

 

Property Value Unit Ref. 

Transmission Range 0.3-11 - [28] 

Refractive Index 1.3-1.48 - [29] 

Density 3.18 g/cm3 [30] 

Melting Point 1418 C° [31] 

Boiling Point 2533 C° [32] 

Laser damage threshold 10 J/cm2 [33] 

Thermal Expansion 

Coefficient 

18.85 

x10-6 

1/ C° [30] 

Knoops hardness, HK300 152-159 kg/mm2 [30] 

Young's modulus 75.8 GPa [34] 

Abbe number 95.13 - [29] 

 

The Hartmann dispersion equation is a mathematical 

representation used to describe the wavelength-

dependent refractive index of optical materials [35]. This 

equation, often applied in the field of optics, allows for 

the precise characterization of materials by relating the 

refractive index to the wavelength of light passing 

through the material. The equation typically includes 

parameters that account for the material's intrinsic 

properties, such as dispersion coefficients. The 

dispersion formula is an empirical relationship used to 

describe how the refractive index of Ge and SiO2 thin 

films and CaF2 substrate varies with wavelength. The 

equation is given by 
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𝑛(𝜆) = 𝐴0 +
𝐴1

𝜆 − 𝐴2
 (2) 

 

where n(λ) is the refractive index at wavelength λ, A0, A1 

and A2 are coefficients specific to the material. The 

Hartmann constants for a 1 mm thick CaF2 substrate are 

found as 0.10, 187.98, and -139.6, for A0, A1, and A2, 

respectively. The values for the constants in the 

Hartmann dispersion equation were obtained by fitting 

experimental transmission measurements of the CaF2 

substrate. The experimental and modeled transmission 

and reflection spectra for a CaF2 substrate over the 

MWIR range are shown in Figure 2 (a) and (b). These 

data exhibit a strong correlation, indicating that the 

theoretical model accurately represents the observed 

transmission and reflection spectra for the CaF2 substrate 

in the MWIR range. The measurements were taken using 

a PerkinElmer FT-IR (Fourier-transform infrared 

spectroscopy) device. 

 

 

 
 
Figure 2. Experimental and modeled transmission and 

reflection spectra for CaF2 substrate  
 
Before initiating the multilayer design process, it is 

crucial to analyze the optical properties of individual 

layers comprehensively. Such evaluations are 

indispensable for understanding and optimizing the 

interactions between the layers in a multilayer structure. 

Each layer may be composed of distinct optical materials, 

each contributing uniquely to the overall optical 

performance. By examining these properties 

independently, designers can ensure proper refractive 

index matching, thickness control, and spectral behavior, 

which are critical for achieving the desired functionality 

in the final multilayer configuration. To accurately 

simulate the refractive index dispersions in thin films, a 

300 nm thick Ge film on a CaF2 substrate and a 400 nm 

thick SiO2 film on a Ge substrate are coated via e-beam 

evaporation. Figure 3 (a) depicts the transmission curves 

of 300 nm Ge and 400 nm SiO2 thin films. The dispersion 

coefficients for the Ge film and SiO₂ film were 

determined as A0=4.258, A1=0.003, and A2=2.78. and 

A0=0.1, A1=75.64, and A2=-51.73, respectively. The 

dispersion coefficients A0, A1, and A2 were calculated by 

fitting experimental transmission measurements of Ge 

and SiO₂ coated substrates. These coefficients facilitate 

the prediction of refractive indices across different 

wavelengths, enabling the customization and 

enhancement of optical thin film coatings with specific 

desired characteristics. The refractive index dispersions 

of Ge and SiO₂ thin films and CaF2 substrate are 

illustrated in Figure 3 (b). 

 

 

 
 
Figure 3. a) Transmission spectra of SiO2 and Ge  

b) Refractive index dispersions of Ge film, SiO2 film, and 

CaF2 substrate 

 

Refractive index distribution models were defined for the 

substrate and layer materials, and the multilayer AR 

coating design for the wavelength range of 3.6 to 4.9 μm 

was obtained using the Optilayer software. Thanks to 

gradual and needle optimizations, the optimized design 

reached Rav and Tav values of 0.93% and 98.39%, 

respectively. The optimized total thickness of the 

multilayer stack is approximately 889.79 nm. The quarter 

wavelength optical thickness (QWOT) of the layer 
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materials was defined for a control wavelength of 4 μm. 

The refractive indices of Ge, SiO₂, and CaF₂ at a center 

wavelength of 4 µm are found to be 4.245, 1.375, and 

1.41, respectively. Table 2 shows the materials RI and 

layer thicknesses of the designed multilayer structure.  

 

Table 2. Optical parameters of the designed multilayer 

AR coating 

 

Material 

Optical 

Thickness 

(nm) 

QWOT 

 

RI at 4 

µm 

SiO2 852,787 1,193 1.375 

Ge 37,003 0,148 4.245 

CaF2 1 (mm)  1.41 

 

The deposition of the thin films was carried out using the 

e-beam evaporation technique, with an ion plasma 

source. The e-beam PVD system used in this study is 

equipped with a dual electron beam configuration, 

consisting of a continuous single-pocket system and a 

six-pocket crucible system, enabling the deposition of 

various materials without interrupting the process for 

material changes. By combining the vaporized coating 

material with ion bombardment, the system enhances the 

density and adhesion of the thin film, resulting in a higher 

quality and more durable coating. To generate the ion 

plasma necessary for the deposition process, Argon (Ar) 

gas was introduced into the vacuum chamber. The use of 

argon facilitates the creation of a stable plasma, which is 

critical for the effective evaporation and deposition of the 

thin films to improve the adhesion and quality of the 

coating. The chamber's temperature was controlled and 

maintained uniformly using halogen heaters, ensuring a 

stable thermal environment essential for high-quality 

film growth. To monitor and control the deposition rate 

and the thickness of the deposited layers, a 6 MHz gold 

piezoelectric Quartz Crystal Microbalance (QCM) was 

employed. Figure 4 illustrates the inner chamber of the 

ion-assisted electron beam deposition system used in this 

study, showcasing its advanced design and functional 

versatility tailored for thin film fabrication. 

 

 
 

Figure 4: Inner chamber of ion-assisted E-beam PVD 

system  

By optimizing the deposition conditions, including the 

ion plasma generation, temperature regulation, and real-

time monitoring, high-quality Ge and SiO₂ thin films 

with refractive index distributions were successfully 

fabricated. Optical analysis is conducted to assess the 

coating's transmission, reflection, and surface quality. 

Upon detecting deviations from the expected outputs, an 

optimization process is commenced by modifying 

deposition parameters such as gas flow rates, deposition 

rates, temperature, ion parameters, and e-gun parameters. 

This iterative procedure guarantees an AR coating with 

desired optical characteristics. The flow chart of the AR 

coating process is depicted in Figure 5. 

 

 
 

Figure 5: Flow chart of the PVD deposition process 

 

Before deposition, the 1-inch CaF2 substrate underwent a 

precleaning process to remove native oxide and 

contaminants, involving a rinse with acetone followed by 

nitrogen gas drying. During deposition, the base vacuum 

level was maintained at 2x10-7 Torr, while the process 

vacuum level was controlled at about 2x10-4 Torr, and the 

chamber temperature was kept at 200 °C. High-purity Ge 

(99.999%) and SiO₂ (99.99%) granules were placed into 

the crucible in the water-cooled hearth. The vaporization 

sequence for SiO₂ and Ge materials was followed 

precisely, with deposition rates of 1 nm/s for both. To 

ensure uniform coating, the sample holder was 

continuously rotated at 20 rpm. During SiO₂ 

vaporization, oxygen gas was introduced into the PVD 

chamber at a flow rate of 10 sccm, which was critical for 

maintaining the purity and quality of the SiO2 layer. The 

optical properties of the coated multilayer AR coatings 

were evaluated using an FT-IR spectrometer to measure 

transmission and reflectance at a 10° incidence angle. 

Additionally, the surface roughness of the coated 

multilayer AR coatings was assessed using a Profilm 3D 

white light interferometry (WLI) profiler equipped with 

a 20x Michelson objective. 
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3. Results and Discussion 

 

The CaF2 substrate surfaces were thoroughly cleaned 

using deionized water and acetone, and then dried with 

nitrogen to remove any dust or natural oxides. After 

cleaning, a white light interferometer (Filmetrics, 3D) 

was used to assess how deposition affected the surface 

quality of the samples. Figure 6 illustrates the surface 

roughness profiles of the CaF2 substrate before (a) and 

after (b) applying multiple layers, with a scan area of 1x1 

mm. The surface roughness (Sq) values were measured 

as 3.04 nm (standard deviation 0.17) for the uncoated 

surface and 2.45 nm (standard deviation 0.07) for the 

coated surface. 

 

 
 

 
 

Figure 6. Surface profiles of CaF2 substrate a) before and 

b) after multilayer deposition 

 

Following the predefined process parameters, a multi-

stack of SiO₂ and Ge materials was coated onto a CaF2 

substrate. Identical layer sequences and process 

conditions were applied to both sides of the CaF2 

substrate to reduce reflections from the rear surface. 

Figure 7 displays the transmission and reflection spectra 

of the double-side multilayer (SiO2/Ge/CaF2 

Substrate/Ge/SiO2) AR coating within the 3-5 µm MWIR 

range. Figure 7 (a) shows that the simulated transmission 

spectrum closely matches the measured transmission, 

indicating a good correlation. Minor deviations can be 

attributed to variations in material thickness and inherent 

absorbance properties, which affect the optical path 

length and cause energy loss at specific wavelengths, 

leading to the observed discrepancies. In the 3.6-4.9 µm 

MWIR range, the average transmission (T) is 98.39% for 

the simulated data and 98.13% for the measured data. 

The peak transmission values are 98.98% at 4196 nm for 

the measured data and 99% at 3983 nm for the simulated 

data. Similarly, as shown in Figure 7 (b), the simulated 

reflection spectrum closely aligns with the measured 

reflection, demonstrating a strong agreement. In the 3.6-

4.9 µm MWIR range, the average reflection (Rav) is 

0.93% for the simulated data and 1.19% for the measured 

data. The minimum reflection values are 0.1% at 4120 

nm for the simulated data and 0.46% at 4112 nm for the 

measured data.  

 

Additionally, the inherent absorbance properties of the 

materials, which can cause energy loss at specific 

wavelengths, contribute to the observed deviations. 

These factors highlight the sensitivity of the spectra to 

physical and material parameters, emphasizing the 

importance of precise control and characterization in 

experimental setups. Moreover, the discrepancy in 

measured reflection values compared to the simulated 

data is due to the difference in incident angles between 

the design (AOI=0°) and the FTIR measurement 

(AOI=10°).  Table 3 presents the Rav and Tav values of 

the simulated and measured curves. 

 

 
 

 
 

Figure 7. Measured and simulated spectra of the 

double-side multilayer (SiO2/Ge/CaF2 

Substrate/Ge/SiO2) AR coating a) Transmission b) 

Reflection 

a) 

b) 
a) 

b) 
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Table 3. Simulated and measured values of the double 

side multilayer (SiO2/Ge/CaF2 Substrate/Ge/SiO2) AR 

coating for Tav and Rav in 3.6-4.9 μm. 

 

Parameters  Simulated % Real % 

Tav 98.39 98.13 

Rav 0.93 1.19 

 

4. Conclusion 

 

This study successfully demonstrated the design and 

fabrication of a highly efficient broad-band multilayer 

AR coating on a CaF2 substrate, targeting the 3.6-4.9 µm 

wavelengths of the MWIR spectrum. The coating was 

applied using the ion-assisted e-beam evaporation 

technique, ensuring precise layer deposition and optimal 

optical performance. The experimental results showed a 

close match between the simulated and measured 

transmission and reflection spectra, with minor 

deviations attributed to thickness variations and 

absorbance effects. In the 3.6-4.9 µm range, the average 

transmission (Tav) was 98.39% for simulations 98.13% 

for measured data, while the average reflection (Rav) was 

0.93% and 1.19%, respectively. Additionally, this study 

is particularly significant due to the shortage of 

multilayer AR coating research on CaF2 substrates. The 

successful implementation of this bi-layer (SiO2/Ge/CaF2 

Substrate/Ge/SiO2) AR multilayer structure on a CaF2 

substrate marks a significant advancement, offering an 

effective coating solution for high-performance CaF2-

based optical components in MWIR electro-optical 

applications. Our study emphasizes the use of SiO2, an 

eco-friendly, chemically stable material, combined with 

Ge in a simplified bilayer design, providing a cost-

effective, highly applicable, easy-to-replicate, and 

innovative MWIR AR coating compared with the more 

resource-intensive other designs. Moreover, the reduced 

number of layers and thinner total thickness in our study 

make the production process significantly easier and 

more efficient compared to the thicker, 5-layer structures, 

which are inherently more complex and challenging to 

manufacture. The findings from this study contribute to 

the ongoing development of advanced AR coating 

designs, setting the stage for future research to explore 

new materials, deposition techniques, and innovative 

designs to further enhance AR coating technology in the 

MWIR region. 
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