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1. Introduction 

 Optical manufacturing has played a part throughout all the industrial revolution stages, with 

its beginning predating the first 18th century industrial revolution way back in ancient Egypt and 

Mesopotamia (Enoch, 1999). Through the optical manufacturing life cycle, each industrial revolution 

has played it part in improving productivity (Wills, 2016). Understanding the state-of-the-art critical 

assessments within any field is key to understanding the errors and efficiencies and exploring methods 

to improve such systems. A major component of a modern optical system is the optical coating 

(Macloed, 1999). This report discusses the current efficiencies by examining the errors in terms of a 

coatings optical response and quantifies that through systematic errors. The improvement of these 

errors is also discussed by introducing industry 4.0 solution. 

2. Aims & Objectives 

The aim of this study is to investigate a process within the field of the optical manufacturing 

industry. The highlighted process set out within this report includes the production of optical filters. 

This study analyses the impact of the process and considers the migration into the industry 4.0 

revolution. 

3. Implementation Methodology 

A large proportion of the information found in this report has been drawn on from the authors 

years of extensive study, and academic and industrial experience. In identifying sources for the 

literature and supporting claims, Google Scholar and ResearchGate were utilised. Regarding both 

search engines, broad terms were initially used, followed by a narrowing search to explore the 

available research articles that have been peer-reviewed. Additionally, relevant technical books have 

been used. The results found in this report have been produced thtough MATLAB. 

4. The Production of Optical Thin Film Filters 

 This section aims to explore the optical thin film filter technology, its manufacturing methods, 

the associated errors, and the advantage of industry 4.0 technology integration.  

4.1 Overview of Optical Filters 

Optical filters are a device that selectively transmits, reflects and absorbs light at different 

wavelengths. A reflective filter, often referred to ‘dichroic filters’, utilises interference theorem to 

cultivate a specifically designed optical spectrum according to the filter requirements (Macleod, 2021). 

The underlying technology for optical filters has, although significantly improved, remained the same 

since its early development, and consists of transparent nanoscale thick layers with alternating and 

contrasting refractive indices. The layer thicknesses are designed to produce destructive and 

constructive interference for the reflected and transmitted beams depending on the application and 

filter type (Monks, 2020). The construction of the thin films is referred to as the coating and it is not 

uncommon for modern filters to have greater than 100 layers. 

The sophistication of the optical coating industry is advancing rapidly to meet the ever-

increasing demands of the marketplace and technology. With today’s optical systems, it is almost 

impossible to imagine an optical device that would not rely on an optical coating to assure improved 

functionality and performance (Monks et al., 2020). These coatings can be found in smart phones, 

cameras, spectroscopy, architectural windows, car, aeroplanes, infrared device, military navigation 

and missiles, surveillance, unmanned vehicles; there is an unlimited number of applications, and the 

demand is only set to increase. 
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Figure 1. Example of the thin film optical filter construction. Number of layers can vary from 1 to 

1000’s depending on the filter type, design and optical specification. The film thickness dx is often on 

the nanoscale level at 𝜆 4⁄ . The refractive index of the nano films is represented by nx. 

4.2 Deposition Methods 

The deposition of optical coatings can be done in a variety of ways (Butt et al., 2022). The most 

prevalent method, particularly for production level coatings due to the high efficiency compared to 

alternative methods, occur under vacuum in a process called physical vapour deposition (PVD) 

(Macleod, 2021). One of the most advanced coating machines available today is the Buhler SyrusPro 

1350 (Buhlergroup, n.d). This machine produces high density thin films via two electron beam 

deposition sources. The electron beam deposition works, in its simplest form, by blasting the material 

target with and electron beam under high vacuum. With precision control, the electron beam results 

in a high degree of ionisation to transform the target into a gaseous phase which precipitate into a 

solid film that coats everything within the chamber, including the substrates (Van Dorp and Hagen, 

2008). 

 
Figure 2. (a) Buhler SyrusPro 1350 (Buhlergroup, n.d). (b) Schematic of a single source electron beam 

deposition diagram similar to the system found in the Buhler machine (Jeol, n.d). 

Despite the refined deposition method, managing the uniformity of layer thickness over the 

entire substrate and controlling the overall thickness of each individual layer are two of the most 

signification considerations and challenges. Issues with uniformity result in a characteristic 

wavelength shift across the surface, whereas thickness control results in a performance decline.  
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4.3 Errors and Efficiencies 

  As with any processes, there are random and systematic errors. Random errors are 

unpredictable, whilst in contrast, systematic errors are predictable and occur due to know sources 

(Bland and Altman, 1996). With relation to deposition, these errors can be refractive index variations 

in material or due to atmospheric oxidisation, material depletion and replacement, chamber 

cleanliness, vacuum and atmospheric variation, to name a few. Due to the difficulty in removing 

random errors, the study found in figure 3 and 5 will focus on systematic errors only. 

With a well-trained machine operator, the errors can be below 5%, and with real care and 

attention, 2% becomes a good error estimate (Macloed, 2021). Figure 3 and 5 shows the thickness 

errors of 10 run samples for three types of filters and their associated deviation from the filter design 

with zero errors. The monitoring value of a crystal, single or broadband optical monitoring is known 

as the turning-point 𝛾𝑇𝑃. The corresponding error 𝜑 can be derived in relation to the to a quarter-

wave thickness. 

𝐸𝑟𝑟𝑜𝑟 =
𝜑

𝜋 2⁄
=

±𝛾𝑇𝑃

(𝜋 2⁄ )𝜎1 2⁄
 

 The optical properties of a device can be derived from the transfer matrix method which is a 

system used to analyse electromagnetic waves through a stratified medium that goes beyond 

Fresnel’s equations to describe the optical response from multiple interfaces using Maxwell’s 

equations in a one-dimensional form, whilst taking advantage of the continuity conditions across two 

boundaries (Monks, 2020).  

[
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𝐶
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 Where B and C are the normalised electric and magnetic fields at the front interface, 

respectively. N counts for the number of layers, with each layer of j having a transfer matrix Mj with 

layer thickness of z.  

 For simplicity, this report will only focus on the optical transmission for its error and efficiency 

calculations. However, in real life scenarios a vast number of optical properties would be assessed. 

The transmission of a thin film system with any number of layers can be derived from the above 

equation to give the following. 

𝑇 =  
4𝑛0𝑅𝑒(𝑛𝑚)

(𝑛0𝐵 + 𝐶)(𝑛0𝐵 + 𝐶)∗
 

4.4 Optical Performance Errors 

 The efficiency with respect to the current operations, i.e. a well-trained operator and modern 

coating PVD chambers, is often quantified by the coating’s performance error. This will be against a 

specification supplied by the customer and agreed with the coating engineers prior. However, figure 

3 presents an example of three types of optical coatings with figure 3d,e,f demonstrating the deviation 

from 10 “runs” performed by current operation standards. Runs are defined by number of complete 

deposition processes. 

 It is planes to see from figure 3 that efficiency really depends on the type of optical filter. For 

example, with an error of just 2% standard deviation, the antireflection coating significantly deviates 

from the ideal response, rendering a large proportion of production out-of-specification. However, 

the longwave pass filter has a significantly tighter collection between the errors. With respect to the 
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passband filter, a typical error might me significantly lower than 2% due to type of design but that 

does not alter the number of out-of-spec coatings. 

 

 
Figure 3. Effect of errors in layer thickness on the optical performance of a range of thin film filters. 

(a) Four-layer antireflection coating with no errors. (b) Longwave pass filter with no errors. (c) Four-

cavity passband filter with no errors. (d) Four-layer antireflection coating with errors of 2% standard 

deviation. (e) Longwave pass filter with errors of 2% standard deviation. (f) Four-cavity passband 

filter with errors of 0.5% standard deviation. 

 The current operating efficiencies mean that a large portion of coated optical element have 

the potential to miss the specification, particularly for high precision optics where the specifications 

have extremely tight tolerances.  

4.5 Move to Industry 4.0 

 The manufacturing of optical filters from thin films is noticeably complex (Schallenberg, Ploss, 

Lappschies and Jakobs, 2010).  The requirement of accurate control of the thicknesses for each 

nanoscale layer is key. As previously discussed, the layer thicknesses are nominal to quarter-wave 

thicknesses, which requires considerable experience and skill to monitor the deposition process based 

of conventional quartz crystal monitoring (vd Laan and Frankena, 1977). Nevertheless, with the 

requirement for higher precision coatings, the monitoring technology also needs to improve. The 

latest coating chambers are often equipped with single-wavelength optical monitors. Unlike quartz 

monitoring which is a microelectronic device used to measure the layer thickness, the single-

wavelength monitoring works off the turning point method (Zhang, Wang and Lu, 2004). Basically, 

each layer terminates at a turning point for the monitoring wavelength, as shown in figure 4 for a six-

layer coating assembly.  

 
Figure 4. Example of the monitoring curve for the turning point method (Zhang, Wang and Lu, 2004). 
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 Figure 5a,b,c demonstrate the significant improvement with respect to the errors when single-

wavelength monitoring is implemented. However, the efficiency and errors are still noticeable and 

can result in out-of-spec products. This is because the single-wavelength monitoring relies on the 

refractive index knowledge, and if the index is not exact, it can be easy for the monitoring system to 

go past the turning point, resulting in thicker or thinner than expected layers. 

 Although single-wavelength monitoring is a welcome improvement, industry 4.0 technology 

could guide the efficiency and error to near zero as demonstrated in figure 5d,e,f. Unlike single-

wavelength, broadband monitoring has the advantage of assessing the refractive index at multiple 

wavelengths to determine the turning point, leading to a significant improvement in error reduction 

(Ji et al., 2022). Broadband coupled with machine learning algorithms could take the step beyond 

standard turning point monitoring (Tran et al., 2022). 

A key industry 4.0 technology that is fuelling the growth and uptake include the rapid adoption 

of artificial intelligence (Gan el al., 2021). Machine learning, a subsection of AI, enables software 

applications to develop more accurate outcome predictions without being explicitly programmed. The 

benefit for coating manufacturing is that all the previous decades of data and error analysis could aid 

reinforcement learning to allow the system to make real-time decision (Kishore et al., 2022) and 

predict the turning point in advance enabling ultra-precision nanometre accuracy of thin film 

thicknesses, leading back a zero error standard-deviation where 10 runs would provide a constant and 

ideal solution found in figure 3a,b,c. 

 
Figure 5. Single wavelength in-situ optical monitoring with errors of 0.3% standard deviation for (a) 

four-layer antireflection coating, (b) Longwave pass filter, and (c) four-cavity passband filter. 

Broadband in-situ optical monitoring with errors of 0.05% standard deviation for (a) four-layer 

antireflection coating, (b) Longwave pass filter, and (c) four-cavity passband filter. 

5. Conclusion 

 The efficiency with respect to the current operation for optical thin film manufacturing 

process has been assessed in this report with exploration for possible mitigations to current issues 

being outlined by employing industry 4.0 technologies. Widespread PVDs rely on well-trained 

operators to monitor and correct systematic errors. The latest technologies including single-

wavelength monitoring are helping to improve efficiencies, but they still produce errors that could 

result in out-of-spec products. The introduction of broadband monitoring with machine learning could 

revolutionise optical filter process through digitising manufacturing. This would pre-empt deviations 

from the ideal design and adjusting accordingly through real-time decision making without delay or 

need for an operators input providing a near 100% throughput.  
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