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Abstract: This study designed and simulated polarization-insensitive 
broadband anti-reflection coatings (BBARCs) for a middle infrared wavelength 
(MWIR) window lying between 3 and 5μm, adopting ZEMAX software. BaF2, 
MgF2, ZrO2, SiO, SiO2, CdTe, Si, and Y2O3 were selected as transparent 
materials deposited on germanium (Ge), silicon (Si), and zinc selenide (ZnSe). 
Results show that the reflectance of Ge, Si, and ZnSe substrates reduced from 

(36%, 30%, and 16%) to virtual null reflectance over a wide angular range. 
ZEMAX software was used to reduce reflectance considerably and improve 
spectral performance. In this work, the optimum design was achieved with 
layers systematically added to the substrate and only layer thickness varied, 
keeping the index of refraction fixed. 
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Introduction 

Over the years, extensive research and development have been 

dedicated to anti-reflection coatings (ARCs) for both the infrared (IR) 

and visible regions, owing to their critical importance and broad 

applications in the optical industry Park and Lee [1]. ARCs are utilized 

in a wide range of fields, including IR semiconductor laser and detectors, night vision, 

communications, solar cells, thermal imaging, defense, rocket systems, and space [2], [3], [4], 

[5], [6]. ARCs are utilized in therapeutic applications for the human eye that may cause enzyme 

denaturation due to increased temperature[6], [7]. The performance of AR coatings is 

significantly enhanced by reducing surface reflections in these applications. In addition to 

lowering reflection, ARCs play a vital role in increasing transmittance in various optical systems 

[7]. High-performance AR coatings are particularly essential in advanced applications such as dye 

lasers and facet laser techniques[8], [9], [10], including external cavity quantum cascade lasers, 

where they ensure optimal functionality. AR-coated laser facets with low reflectance across a 
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broad wavelength range are critical for achieving wide laser tunability [10], [11], [12], [13]. 

However, designing high-performance coatings for the infrared region remains a significant 

challenge due to the limited availability of low-loss materials suitable for these wavelengths [14], 

[15]. This limitation restricts the selection of materials with suitable refractive indices for 
designing coatings in the mid-wave and long-wave infrared spectral ranges. Multi-layer coating 

models provide a pathway to high-performance ARC designs through relatively straightforward 

computational methods [16]. Recently, Rashid et al. adopted the method of combining thickness 

and refractive index simultaneously to achieve the optimum design of ARC's coating using ZEMAX 

software[17]. The optimization process enables the design of highly efficient optical coatings, 

even with a limited selection of materials.  In this paper, we present broadband antireflection 

coatings that operate across the (      ) wavelength range and oblique angles of incidence, 

with a central design wavelength of     . The AR-coating architecture was further optimized by 

implementing a practical refractive index approach, which reduced the overall stack thickness. 

  

Theory 

The most uncomplicated AR-coating design is a single layer deposited on a substrate [18], it 

requires a layer index of  refractive  to satisfy the reflection-less condition: 

   √                                                            (1), 

Where "              are the refractive index of the single layer, substrate, and air, respectively. 

The refractive index  ( ) of a medium relative to the state of polarization of the radiation passing 

through it.  Specifically,   for the two linearly polarized components    (       )  and    (   
    ), we have[19]: 

                                                               (2), 

                                                                  (3), 

"n" is the nominal refractive index of the layer; "  " is the angle at which light passes through the 

layer, which corresponds to the angle of refraction determined by Snell's law.                . 
Characteristic matrices are commonly employed to calculate the reflectance of an assembly of 

thin-film layers, which is already included with ZEMAX software[20]. A 2×2 matrix represents 
each layer is referred to as the "characteristic matrix" of the thin film [21]: 

   (
     

(      )
  
⁄

             
)                              (4), 

Where     represents the "effective refractive index" of the layer, and    denotes its "phase 

thickness" given by: 

                                                               (5), 

Where     is the "optical phase thickness" of the     sub-layer, and   is the wavelength of the 

incident light beam. 

According to the refractive index and thickness of each layer, the reflectance for the multilayer 

assembly calculated by [19]: 

*
 
 
+  ,∏ *      

(      )
  
⁄

             
+

 
   - *

 

    
+                                (6), 

Where         represent the total electric (           ) and magnetic (           ) field 

amplitudes of the light propagating in the medium, respectively. The optical admittance is defined 

as [22]: 

   
 

 
                                                                 (7), 

The reflectance of a quarter -wave stacks at oblique incidence, according to the Fresnel equation 

in air [23], [24] are given by: 

  (
     

     
) (

     

     
)
 

                                              (8), 

Where the brackets consist of real and imaginary components, respectively. The layer thickness 

was changed from operand "CODA" which constrains the coating multiplier. An extensive search 

for the optimal solution was conducted using ZEMAX, enriched with a merit function of the least 

squares method [20]: 
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Where  ,  , and    denote the "weight of the operand," "current," and" target" values (the 

absolute value), and " i" indicates the operand number. 

 

Materials and Methods 

Materials and Design Configuration 

Germanium (Ge), silicon (Si), and zinc selenide (ZnSe) were selected as MWIR window 

substrates with refractive indices of 4.00, 3.14, and 2.43, respectively [25]. The target spectral 

interval was 3–5 µm, with a design wavelength of 4 µm. Reflectance was evaluated at normal 

incidence and across oblique incidence angles. 

The candidate antireflection-film materials were BaF2, MgF2, ZrO2, SiO, SiO2, CdTe, Si, and 

Y2O3. Their refractive indices were taken as 1.30, 1.38, 2.05, 1.60, 1.40, 2.64, 3.42, and 1.73, 

respectively, consistent with the optical materials described in the original study [7], [26]. 

During optimization, the refractive indices were kept fixed and layer thicknesses were treated as 

the principal design variables. 

ZEMAX Modeling and Optimization Procedure 

The coating design was developed progressively from single-layer to two-, three-, and four-layer 

stacks. ZEMAX was used to implement the characteristic-matrix calculation and the least-squares 

merit function described in Section 2 [20]. Quarter-wave optical thickness served as the initial 

condition, after which Hammer optimization was used to vary thickness and to grow, remove, or 

rearrange layers until broadband reflectance in the 3–5 µm region was minimized. 

 

Results 

Layer-by-Layer Reflectance Reduction 

The preliminary multilayer models produced a consistent reduction in maximum reflectance as 

the number of layers increased. For Ge, the maximum reflectance decreased from about 36% for 

the bare substrate to 9.85%, 3.73%, 3.11%, and 2.50% for the single-, two-, three-, and four-

layer designs, respectively. For Si, the corresponding values were 8.19%, 2.52%, 1.84%, and 

1.51%, while ZnSe reached 4.22%, 2.49%, 1.63%, and 1.13%. Tables 1–3 summarize the 

optimized layer materials and thicknesses for each substrate. 

 

Table 1. Design data and reflectance values for all configurations on the Ge substrate. 

Configurat

ions 
Material 

 

Refractive 

Index (n) 

at 
          

Thickn

ess 
( m) 

Max - Rave(%) 

for (3- 5µm) 

region 

Single 

Layer 
ZrO2 

 
2.05 0.2412 9.85 

 Two-

Layers 

SiO 

CdTe 

 

1.60 

2.64 

0.2459 

0.2425 
3.73 

Three-

Layers 

SiO 

CdTe 

Si 

 

1.60 

2.64 

3.42 

0.2412 

0.2354 

0.2324 

3.11 

Four-

Layers 

BaF2 

ZrO2 

CdTe 

Si 

1.30 

2.05 

2.64 

3.42 

0.2408 

0.2475 

0.2150 

0.2351 

2.50 

 

 

Table 2. Design data and reflectance values for all configurations on the Si substrate. 

Configurat

ions 

Materi

al 

 Refractive 

Index (n) 

Thickne

ss ( m) 
Max - 

Rave(%) 
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at     
      

for (3- 5µm) 

region 

Single 

Layer 
Y2O3 

 
1.73 0.2426 8.19 

Two-

Layers 

BaF2 

CdTe 

 

1.30 

2.64 

0.2394 

0.2409 
2.52 

Three-

Layers 

MgF2 

ZrO2 

CdTe 

 

1.38 

2.05 

2.64 

0.2254 

0.1535 

0.1951 

1.84 

Four-

Layers 

MgF2 

ZnSe 

MgF2 

ZnSe 

1.30 

2.39 

2.64 

2.39 

0.2271 

0.0344 

0.0428 

0.2492 

1.51 

 

 

Table 3. Design data and reflectance values for all configurations on the ZnSe substrate. 

Configurat

ions 

Materi

al 

Refractive  

Index (n)  

at    
          

Thickn

ess 
( m) 

Max - Rave(%) 

for (3- 5µm) 

region 

Single 

Layer 
Y2O3 1.73 0.2376 4.22 

Two-

Layers 

BaF2 

Y2O3 

1.30 

1.73 

0.2429 

0.2375 
2.49 

Three-

Layers 

BaF2 

Y2O3 

ZrO2 

 

1.38 

1.73 

2.05 

0.2350 

0.2350 

0.2925 

1.63 

Four-

Layers 

SiO2 

ZrO2 

Y2O3 

ZrO2 

1.40 

2.05 

1.73 

2.05 

0.2405 

0.4772 

0.2425 

0.2500 

1.13 

Finally, from Fig.1 and Tables 1-3, it is clear now that the reflectance decreases from ~9% to 

around 1%, altogether decreasing in bandwidth to 400nm for Ge and Si to 600nm for ZnSe. 

 

 
(a)                                                                  (b)   
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     (c) 

 

Figure 1. Combined reflectance profiles of all four configurations designs (single, double, 

three, and four) layer ARC’s on (a) Ge substrate, (b) Si substrate, (c)  ZnSe substrate at  

         . 

 

 

Optimized Multilayer Performance 

Using the procedure described in Section 3, ZEMAX refined the initial multilayer constructions by 

optimizing quarter-wave optical thicknesses while preserving the practical refractive-index set. 

The triplet and quartic stacks were evaluated over the complete 3–5 µm MWIR band. 

The initial configurations in Fig. 1 were subsequently subjected to Hammer optimization. The final 

optimized three- and four-layer designs for Ge, Si, and ZnSe are presented in Figs. 2–4, while 

Table 4 summarizes their residual reflectance. The layer constructions retained the quarter-wave 

optical-thickness framework and were selected to minimize broadband reflection. 
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(a)                                                                        (b) 

Figure 3. Reflectance vs. wavelength of the ARC's optimum design on Si for:  (a) 3-layers, 
(b) 4-layers, at normal incidence              . 

 

 
(a)                                                                                                (b) 

Figure 4. Reflectance vs. wavelength of the ARC's optimum design on ZnSe for: (a) 3-layers, 

(b) 4-layers, at normal incidence              . 

 

Figs. (2-4)  Despite the optimum reflectance behavior for the proposed multilayer design, 

adding layers will increase software flexibility to arrive quickly at the desired reflectance 

value. Table 4 summarizes the obtained results. 

 

Table 4. Optimum reflectance for triplet and quartic layers deposited on (Ge, Si, and ZnSe) 

substrate. 

Substrate 
 ( )          

Triplet Quartic 

Ge ~ 0.55 ~ 0.15 

Si ~ 0.28 ~ 0.16 

ZnSe ~ 0.21 ~ 0.14 

 

Thus, it is show that this optimum design models ZEMAX software has high flexibility and 

adaptability to design anti-reflective coatings with a significant improvement in reflectance 
value as well as obtaining a wide bandwidth to around (       ) and wide angles      as 

shown in Fig. 5.  
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(a)                                                                            (b)     

Figure 5. Reflectance vs. angle of incidence of: (a) optimum design of ARC’s,  (b) Ge, Si, and 
ZnSe substrates from the air, at the wavelength design (  = 4  m).  

 

Fig. 5. depicts the variation of the reflectance of bare "Ge, Si, ZnSe" substrates versus the 

angle of the incident. For normal and near normal incidences, undistinguished in the behavior 

of two states of polarization,  −components (solid), known as an electric field (TE), and 

 −component (dash), known as the magnetic field (TM) were observed.  

 

As the angle of incidence increases, the reflectance for the TM mode (, RTM) drops to zero at 
the Brewster angle (  ). In contrast, the reflectance for the TE mode (   ) never reaches zero 

under this condition, resulting in reflected light that consists solely of the TE mode and is 

linearly polarized. When the angle of incidence approaches grazing incidence (θ ≈ 90°), both 
    and RTM approach unity, meaning nearly all the light is reflected. 

 

Discussion 

The results show a clear multilayer-interference effect: increasing the number of dielectric 

layers progressively suppresses the large Fresnel reflection of the high-index Ge, Si, and 

ZnSe substrates. The preliminary four-layer designs reduce the maximum reflectance to 

2.50% for Ge, 1.51% for Si, and 1.13% for ZnSe. This trend agrees with established 

multilayer antireflection-coating theory and with computational approaches that use 

additional design degrees of freedom to broaden the low-reflectance region [9], [16]. 

The second-stage ZEMAX optimization produces a further substantial improvement. The 

optimized triplet/quartic reflectance values are approximately 0.55%/0.15% for Ge, 

0.28%/0.16% for Si, and 0.21%/0.14% for ZnSe. The relatively small residual reflectance of 

the quartic stacks indicates that thickness refinement and refractive-index ordering can 

achieve strong broadband impedance matching without requiring a very large number of 

layers. This behavior is consistent with the flexibility of numerical optical-coating 

optimization reported in earlier ZEMAX-based and needle-optimization studies [16], [17], 

[20]. 

The angular-response analysis also supports the polarization-insensitive objective over the 

practical field-of-view region. At normal and near-normal incidence, TE and TM behavior 

remains similar, whereas the two polarizations separate at larger angles and the TM 

component approaches zero near the Brewster angle, as expected from Fresnel theory [23], 

[24]. The reported 3–5 µm bandwidth and approximately 0–60° useful angular range 

therefore make the optimized stacks promising for MWIR windows. Nevertheless, the 

present work is simulation-based; fabrication tolerances, wavelength-dependent material 

dispersion, absorption losses, and environmental durability should be examined 
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experimentally before practical deployment [14], [15]. 

 

Conclusion 

This article presented a reliable strategy for designing a broadband AR coating with ZEMAX. 

In this respect, we studied the change of reflectance with wavelength and angle incidence 

with the change of layers. An algorithm can be developed to achieve an optimal design using 

numerical optimization, incorporating targets, weights, and layers. This algorithm aims to 

optimize the design parameters to meet specific performance criteria. The results 

demonstrate that the design achieves 100% transmission (T=100%) across a broad spectral 

width of approximately 2000 nm, covering a spectral wavelength range of 3-5 μm and an 

angular view range of 0-60°. Furthermore, the algorithm remains valid and efficient when 

applied to the same design structure for other spectral bands centered at different 

wavelengths, showcasing its versatility and robustness. 
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