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Abstract: Band-pass filters functioning in the near-infrared (IR) range are desired for laser technology, multi-photon fluorescence, and 
IR imaging applications. In this study, we have designed four band-pass filters in the near Infrared spectrum (900-1200 nm) by vertically 
stacking different high and low-index materials. The band-pass filters are modelled by Essential Macleod software with different 
thicknesses. The layer’s thicknesses were optimized in such a way to provide negligible reflectance and maximum transmission on the 
front side. All the simulated band-pass filters exhibit high transmittance, but TiO2/Al2O3 and Ta2O5/Al2O3 outperforms other modelled 
structure in terms of performance due to the better incorporation of high and low-index material. Furthermore, we have also investigated 
the effect of different substrates. Out of all substrates, glass, and ITO substrates performed well because their refractive index is in close 
proximity to the requirements to get minimum reflectance. These findings point to a viable future approach for optical band-pass filters 
operating in the infrared spectrum. 
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1 Introduction 

Optical band-pass filters (OBF) selectively transmit distinct 
wavelengths and are essential for sensing, imaging systems, 
spectroscopy, phototherapy, and laser surgery, according to 
[1-6]. Researchers have focused on emerging materials 
used for optical coatings and filters that operate mainly in 
the infrared (IR) region over the last decade, as the IR 
based optical coatings are very valuable in an extensive 
range of technological applications, including IR 
spectroscopy, laser technology, multi-photon fluorescence, 
IR imaging, thermography, automatic protection, and 
astrometry [7-10].  Computer-assisted models for 
developing and upgrading OBFs with pinpoint perfection 
assist in these efforts. Tunable optical properties are 
significant for optimizing the available observable 
information [11, 12]. The essential aspects in influencing 
the overall performance of OBFs are the refractive index, 
thickness, and material selection for the needed application. 

Recent research has shown that different stacks of thin 
films with an optimal mix of interface reflectance losses 
and refractive indices may be used to create and regulate  

 

the spectrum frequency of optical signals for a variety of 
applications [13-15]. Low and high-refractive-index (nL 
and nH) layers are finely controlled in OBFs to manage 
light intensity and wavelength range [16]. Siliva, M. et al. 
simulated two Fabry-Perot thin-film resonators made of 
(TiO2) and (SiO2) attached to the top of an LED for 
endoscope imaging diagnosis. At central wavelengths of 
415 nm and 436 nm, they observed the blue and green 
LEDs connected with the Fabry-Perot resonator had the 
highest spectrum transmittance of 21% and 33%, 
respectively [17]. H. Yoda et al. investigated the optical 
properties of a-Si:H/SiO2 multi-layer films prepared by RF 
sputtering for optical band-pass filters (OBFs). They 
discovered a refractive index of 3.6 and an extinction 
coefficient of less than 10-4 by immersing low refractive 
index material in high index refractive index material [18]. 
X. Wang et al. created TiO2–SiO2 composite coatings on Si 
wafers and glass substrates using plasma sputtering. 
Compared to a glass substrate, they observed that 
composite films on Si substrate had a transmittance of more 
than 90% [19]. S. Zaitsu et al. created multi-layers of titania 
and alumina using atomic layer deposition (ALD). They 
observed a significant shift in refractive index as titania 
thickness rose from 2 to 39 Aº [20]. M. Kumar et al. entails 
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the deposition and optical characterization of five stacked 
multi-layer structures of TiO2-Al2O3 and TiO2-SiO2 with 
varying thicknesses for distinct wavelength ranges in the 
visible area. Their findings demonstrated a 70–75 % 
reflectivity and a huge reflection band [21]. J. Liu et al. 
used e-beam evaporation to create single-layer films of 
Al2O3 and TiO2 onto glass substrates for broadband Bragg-
reflecting blue light coatings. Their composite displayed 
good transparency within a single period, and Bragg's 
reflection became visible as the period increased [22]. A. 
Szeghalmi et al. used ALD to make alumina and titania 
hetero-layer thin films on various substrates and looked at 
how temperature affected the refractive index. The 
refractive index of titania grows dramatically as 
temperature rises, but the refractive index of Al2O3 is 
unaffected by temperature since it is temperature sensitive 
[23]. When X. Liu et al. used ALD to create a notch filter, 
they found that the average reflectance in 510-590 nm 
wavelength region was 86.7 %, which was very close to the 
experimental data [24]. N. Anwar used hetero-layers of 
TiO2/Al2O3 with various combinations of layers to create 
and simulate the band-pass and edge filter filters. A 7-layer 
longwave pass edge filter achieved a transmission of 54.60 
% and a 14-layer band-pass filter yields a reflectance of 
15% in their model. [25]. The utilization of different 
lustrous elements such as gold (Au), silver (Ag), and rare 
earth elements, as well as sophisticated manufacturing 
procedures, have been reported to operate OBFs in the 
visible area of the spectrum [26-28]. 

In this study, we designed several optical band-pass (OBP) 
filters as [HL]5 H using half-wave and quarter-wave stacks 
of regularly repeating high and low-index materials. The 
band-pass area was designed to transmit a specific range of 
wavelengths from 900 nm to 1200 nm. Our modeled OBFs 
have good transmission in the near IR region and are 
beneficial for building superior band-pass filters in the 
infrared spectrum for applications like laser technology, 
multi-photon fluorescence, and IR imaging. 

2 Optical Filter Design and Simulation details 

2.1 Approach and Methodology 
 
Essential Macleod is a tool for developing and estimating 
the performance of optical coatings. Macloed's standard 
approach for computing the characteristics of optical 
coatings moves the overall electric field and magnetic field 
parallels to each interface from the back to the front of the 
assembly [29, 30]. Every film is depicted as a transfer 
matrix, and the electric and magnetic fields are represented 
as column vectors. As a result, the multiplication of the 
column vectors by the transfer matrix in order is required 
for the computation. It is common practice to normalize the 
electromagnetic field amplitudes such that their amplitudes 
are equal at the final interface. The letters B and C 
commonly denote the normalized electromagnetic field at 

the multi-layers entry. These equations are expressed 
mathematically as follows; 
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and reflectance and transmittance can be calculated from 
the relations, 

R =
(η%B − C)(η%B − C)∗

(η%B + C)(η%B + C)∗
																																			(2) 

And, 

T =
4η%Real	(ηsub )

(η%B + C)(η%B + C)∗
																																(3) 

2.2. Concept and Design of OBF 
 
A single spacer (resonant cavity) is placed between two 
multi-layer dielectric mirrors in the simplest thin-film 
optical band-pass filters. [30-33]. DBRs (Distributed Bragg 
Reflectors) are dielectric mirrors that produce a spectrum 
rejection region by alternating high and low-index materials 
with several layers. The reflection minimum is reached at a 
certain (central) wavelength when the optical thickness is a 
one-fourth of the incoming wavelength. An embedded 
spacer creates a transmission passband, and its optical 
thickness dictates the central or reference wavelength 
(CWL) of the filter. 
In this investigation, we designed four band-pass filters in 
the IR range with different combinations of high and low 
index materials. The Essential Macleod software tests the 
simulation of a hetero-layers stack of alternate layers of 
thin films. The band-pass filter was made of air, [HL]5 H, 
glass, as indicated in Fig. 1, where “H” corresponds to high 
index materials (TiO2, Ta2O5) and “L” corresponds to low 
index material (Al2O3, Y2O3). The profile of the hetero-
layer stack's refractive index as a function of thickness may 
be seen in Fig. 2, which depicts the profile in the z-
direction. At a specific wavelength, the layers of TiO2 and 
Ta2O5, which had a refractive index of 2.25 and 2.11, 
respectively, served as the high index layer (nH), while the 
layers of Al2O3 and Y2O3, which had a refractive index of 
1.65 and 1.77, served as the low index layer (nL). In the 11-
layer band-pass filter, the thickness of each layer was 
determined by using the half-wave and quarter-wave stack 
designs, respectively. The design utilized high index 
materials (TiO2 and Ta2O5) as the front and back layers. 
Each layer with a high index has a thickness equal to half a 
wave, whereas each layer with a low index has a thickness 
equal to one-quarter of a wave. Table 1 lists the possible 
combinations of high-index and low-index materials, as 
well as the thickness of each of the 11 layers that make up 
the band-pass filter in the near IR range. It is anticipated 
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that the entire thickness of the hetero-layer optical band-
pass filter will be less than 2000 nm. 
 

2.3. Software Model Validation 
 

The Essential Macleod program includes all of the main 
features for creating optical coatings and assessing their 
performance. This software can test a wide range of output 
characteristics of a specific type of coating, including 
typical transmission and reflectance, ellipsometric values,  
ultrafast color, and as a function of wavelength from zero to 
the third derivative. With the help of this tool, we may also 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
tweak current designs to improve their efficiency. The 
presented literature backs up the validity of Essential 
Macleod software verification [34-39], which contrasts 
coating performance based on real-world experimental 
characterization with theoretical findings generated by the 
software. As a result, it may validate the feasibility and 
availability of device configurations and material values 
within a particular scope. 
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Fig. 2: (a,b,c,d) Change in the refractive index versus optical distance from the medium (FWOT) of 11 layer stack of [TiO2 Al2O3]5 

TiO2 , [Ta2O5 Al2O3]5 Ta2O5 , [TiO2 Y2O3]5 TiO2 , and [Ta2O5 Y2O3]5 Ta2O5. 

Table 1: Simulated design of modeled band-pass filter at reference wavelength of 900 nm. 

Layer Material Physical 

Thickness 

(nm) 

Material Physical 

Thickness 

(nm) 

Material Physical 

Thickness 

(nm) 

Material Physical 

Thickness 

(nm) 

Medium Air  Air  Air  Air  

1 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

2 3O2Al 136.29 3O2Al 136.29 3O2Y 126.90 3O2Y 126.90 

3 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

4 3O2Al 136.29 3O2Al 136.29 3O2Y 126.90 3O2Y 126.90 

5 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

6 3O2Al 136.29 3O2Al 136.29 3O2Y 126.90 3O2Y 126.90 

7 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

8 3O2Al 136.29 3O2Al 136.29 3O2Y 126.90 3O2Y 126.90 

9 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

10 3O2Al 136.29 3O2Al 136.29 3O2Y 126.90 3O2Y 126.90 

11 2TiO 200.00 5O2Ta 213.36 2TiO 200.00 5O2Ta 213.36 

Substrate Glass  Glass  Glass  Glass  
  

1881.45  1961.62  1834.52  1914.69 
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3 Results and Discussion 

3.1 Transmission and Reflection Spectra 

In this kind of investigation, four band-pass filters are 
constructed in the near IR range with different high and 
low-index materials deposited one over the other, forming a 
series of cavity structures. Fig. 3 illustrates the obtained 
transmission and reflection spectra at a central wavelength 
of 900 nm. The pass region was designed to be from 700 
nm to 1200 nm. To characterize the optical qualities, the 
complex-refractive index n(λ) is stated in the equation [38]  

n(λ) = nl + ik                                                                           (4) 

 where “n” is a real part of the refractive index, and “k” is 
the imaginary part of the complex-refractive index 
representing the extinction coefficient. In absorption-free 
layers, n(λ) = 0= 0, but in semiconductors and metals, the 
value will be larger when absorption is greater. To achieve 
the overall effectiveness of an optical band-pass filter, the 
layer thickness must be optimized to provide the least 
absorbance on the front side. The condition to get minimum 
reflectance is expressed in the equation. 

 

 

 

 

 

 

 

 

 

 

d =
λ
4n,
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λ
2n,

(m = 0,1,2,3… )													(5) 

The band must be placed in the correct region, which might 
be difficult to do with a single layer of coating. It is 
possible to reduce the amount of reflection produced by 
optical filters with many layers by adjusting the thickness 
of each layer following the parameters of a quarter-
wavelength. It is advised that the thickness of the coating 
layers be about equal to a quarter or a half wavelength of 
the incoming light. To achieve destructive interference, the 
magnitudes of the reflecting beams at the air-coating 

boundary and the substrate-coating boundary must be equal 
in order for them to be exactly half out of phase with one 
another. [38, 40, 41]. Another way to get the minimum 
reflectance is by carefully picking a material that satisfies 
the following relation, where ns and no is the refractive 
index of substrate and air. 

n, = Pn4nQ																																																												(6) 

Herein, the optical thickness of high index material in a 
stack is taken as twice of a quarter wavelength. In contrast, 
the optical thickness of low-index material in a stack is set 
as a quarter wavelength. The formula employed for the 
band-pass filter was [HL]5 H, so the target specification 
could be limited to the pass region.  It can be visualized 
from Fig. 3, that with the increase in wavelength, 
transmission increases, and reflection decreases from 700 
nm. All the designed filter exhibits high performance. But 
the utmost transmission of 99.14% and minimum reflection 
of 0.84 % was observed at 1160 nm in the case of 
Ta2O5/Al2O3 due to better incorporation of high index and 
low index material. After 1200 nm, transmission decreases, 
and reflections increase. 

 

 

 

 

 

 

 

 

 

 

 

3.2. 3 D plot of Transmission and Reflection 

The relation between parameters; wavelength, incident 
angle, transmittance, and reflection is given by 3D plot. It is 
a handy tool in MacLeod software to analyze the 
relationship between these quantities. Fig. 4 and Fig. 5 
illustrate the transmission and reflection magnitude and 
mean polarization over the range of 900 nm to 1400 nm and 
angle of incidence 0° to 80°.  It can be depicted from Fig. 4 
and Fig. 5 that with increasing wavelength and incident 
angle, the transmission increases and reflection decrease in 
the near IR region. However, the transmission falls for the 
high value of wavelength, i.e. mid-IR part. 

 

 
Fig. 3: (a,b,c,d) Transmission (%) and reflectance (%) spectra versus wavelength (nm) in the IR spectrum of optical band-pass filter 
of [TiO2 Al2O3]5 TiO2 , [Ta2O5 Al2O3]5 Ta2O5 , [TiO2 Y2O3]5 TiO2 , and [Ta2O5 Y2O3]5 Ta2O5. 
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Fig. 4: (a,b,c,d) 3D shape of transmission (%) spectra versus wavelength (nm) with angle of incidence (deg) of [TiO2 Al2O3]5 TiO2 , 
[Ta2O5 Al2O3]5 Ta2O5 , [TiO2 Y2O3]5 TiO2 , and [Ta2O5 Y2O3]5 Ta2O5. 

 

Fig. 5: (a,b,c,d) 3D shape of transmission (%) spectra versus wavelength (nm) with angle of incidence (deg) of [TiO2 Al2O3]5 TiO2 , 
[Ta2O5 Al2O3]5 Ta2O5 , [TiO2 Y2O3]5 TiO2 , and [Ta2O5 Y2O3]5 Ta2O5. 
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3.3. Admittance Plot of designed filters 

Admittance is the property of an optical material to accept or 
pass through specific wavelengths. The ratio of the magnetic 
field to the electric field may be regarded as the optical 
admittance. Due to the continuity criteria that exist on 
tangential electric and magnetic fields at any boundary, the 
record of the surface admittance will be a continuous one. 
Fig. 6 depicts the admittance diagram for our many design 
iterations. It is a graphical depiction of the math that was done 
to determine the qualities of the coating. It can be 
challenging, if not impossible, to track down the whole 
admittance diagram of the coating because the loci of a 
complex coating sometimes sit on top of one another. Thus, 
selecting a limited range of layers is thinkable for plotting. It 
does not change the locus of any layer. It is just that the layer 
outer the coverage does not have their loci plotted. All the 
designs show different admittance circles for high and low 
index material. It can be depicted that the locus of high index 
material doesn’t reach point 1.0 on the real axis where the 
reflectance is zero.   

3.4. Density of designed filters 
 
The density of the material generally relates to its physical 
thickness. When the density of an optical substance is high, 
it indicates that it is a good reflector. Similarly, if the 
density value is low, the optical substance is a suitable 
transmitter. The density plot of our designed filters is 
illustrated in Fig. 7. This indicates that the low density  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

regime in the near IR range results in a high transmittance 
in this region. Still, the density is high in the far-infrared 
region, resulting in a high reflectance in this region. 

3.5. Effect of varying substrate on the 
performance of OBF 
 
We also looked at the influence of different substrates on 
Ta2O5/Al2O3-based band-pass filter performance in this 
paper. One of the key factors that reduce the efficacy of 
optical coatings or filters is the suitable substrate. To 
achieve the minimum reflection of light with the substrate's 
help, the substrates' refractive index must be modified to 
get the lowest reflectance and highest transmission. The 
simulated data in Fig. 8 clearly shows considerable 
variations in the transmission and reflectance spectra when 
the refractive index of the substrate changes, which can be 
attributed to the substrate's optical characteristics like band-
gap, refractive index, transparency and absorption 
coefficient.  A substrate with the right refractive index 
value is required to obtain the lowest reflectance and thin 
film effects. In comparison to other substrates, glass and 
ITO perform well in the band-pass region because they 
match the standards and needs of optical coatings. Si and 
Ge, on the other hand, behave as semiconductors with a 
very high refractive index and a small band gap, resulting 
in absorption and reflection in the band-pass area, which 
restricts light transmission at the air/coating and 
coating/substrate interfaces, resulting in a drop in 
performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6: (a,b,c,d) Admittance plot of OBF-based on TiO2 and Al2O3 , Ta2O5 and Al2O3 , TiO2 and Y2O3, and Ta2O5 and 
Y2O3. 
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Fig. 7: (a,b,c,d) Density versus wavelength (nm) plot of OBF-based on TiO2 and Al2O3 , Ta2O5 and Al2O3 , TiO2 and 
Y2O3, and Ta2O5 and Y2O3. 
 

 
Fig. 8: (a) Transmission (%) spectra versus wavelength (nm) of different substrate in the IR spectrum of the optimized 
optical band-pass filter (b) Reflectance (%) spectra versus wavelength (nm) of different substrate of optimized optical 
band-pass filter.  
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4 Conclusions  

In this investigation, four different optical band-pass filters 
were modelled and structured as [H/L]5 H using Essential 
MacLeod software. The design and simulation analyses of 
the thin film layer were carried out using the basic theory of 
optical thin films in combination with the design software 
of the Essential Macleod film system. Glass was used as the 
substrate material at first, with TiO2 and Ta2O5 serving as 
high-index materials (H) and Al2O3 and Y2O3 serving as 
low-index materials (L). It has been determined that all of 
the developed optical filters function well in the wavelength 
range of 900-1200 nm. However, due to the superior 
integration of high-index and low-index material, 
Ta2O5/Al2O3 had the highest transmission of 99.14 % and 
the lowest reflection of 0.84 % at 1160 nm. We've also 
looked at how different substrates affect the transmission 
and found that glass and ITO outperform other substrates. 
We concluded that optical-band filters can function better 
by carefully tweaking the settings. We believe that our 
designed band-pass filters give a potential future path for 
developing band-pass filters in the infrared spectrum with 
improved performance and suited for applications like laser 
technology, multi-photon fluorescence, and IR imaging. 
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