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Participants in the 2022 Manufacturing Contest were challenged to fabricate an optical filter with a specified stepped transmittance spanning three orders of magnitude from 400 nm to 1100 nm.  The problem required that contestants be versed in the design, deposition, and measurement of optical filters to achieve good results.  Nine samples from 5 institutions were submitted with total thicknesses between 5.9 µm and 53.5 µm and between 68 and 1743 layers.  The filter spectra were measured by three independent laboratories.  The results were presented at the Topical Meeting on Optical Interference Coating held in Whistler B.C., Canada, in June 2022.  

OCIS codes: (310.1620) Interference coatings; (310.1860) Deposition and Fabrication; (120.2440) Filters. 
http://dx.doi.org/10.1364/AO.99.099999

1. Introduction
One tradition at Optica’s Topical Meeting on Optical Interference Coatings (OIC) is the presentation of the results of the Manufacturing Problem Contest, which challenges participating teams to design and fabricate an optical coating with specific spectra.  This exercise requires the participants to wisely combine their design and measurement skills with a fair dose of ‘craftsmanship’ in the precise control of complex multilayer optical coating deposition.
The 2022 Manufacturing Problem Contest is the Eighth; results of the first seven are found in Refs. [1-7].  This time, participants were required to design and fabricate a filter with specific transmittance spectra composed of terraces with values spanning over three orders of magnitude, defined at normal angle of incidence (AOI).  The substrates were identical N-BK7 blanks sent to all participants with a maximum of two per team.  After design, deposition, and measurements, the teams submitted their samples to the organizers along with certain specifications, some of which optional.  The filters were then evaluated by three independent laboratories: Optical Data Associates (ODA), the National Institute of Standards and Technology (NIST), and the Metrology Research Centre at National Research Council of Canada (NRC). After an analysis of these measurements, the results and the rankings were presented at the OIC 2022 conference.

In Sections 2 and 3, the problem is described and discussed.  Sections 4 and 5 provide participant information and the independent evaluations, respectively.  The results appear in Section 6, followed by conclusions in Section 7.  
2. Formulation of the problem
As with previous Manufacturing Problem contests, the organizers have tried to challenge the state-of-art in optical coating capability with a problem that has no practical use or commercial value, avoiding potential intellectual property issues.  For that reason, past problems have incorporated spectral profiles from landscapes and other natural phenomena [1-7]. 
For the 2022 contest, we chose an image of a ‘Stink Bug’ [8] and selected parts of its anatomy to define a transmittance spectrum target (see Fig. 1): a set of steps spanning 3 orders of transmittance [T] magnitude over wavelengths [ between 400 nm and 1100 nm, at normal angle of incidence (AOI).  We were partially motivated by the desire to determine if the range of T levels would complicate T measurements during and after their fabrication.  A tabulation of the T specification appears in [9].


For the filter design and evaluation, the performance of the filter was assessed using the following merit function (MF): 
,      (1)
where T0,i and T0,iD are the measured and target T for the spectral segment with log T≈ 0, while T1,i and T1,iD are the measured and target T with log T≈ -1, and  T2,i and T2,iD are the measured and target T with log T≈ ‑2, at the specified wavelength λi;  N0 , N1  and N2 are the total number of wavelength values defining T0,iD, T1,iD and T2,iD targets; and tol0,i = 0.0100, tol1,i = 0.0020 and tol2,i = 0.0005 are the T tolerances on the target segments.
As in previous contests, liberty was given to the participants on their choice of design, coating materials and fabrication techniques.   However:  toxic and radioactive materials, such as ZnSe and ThF4, were excluded; delicate, soft materials that would be degraded by handling during evaluation were discouraged; all coatings were to be deposited on identical N-BK7 substrates (50 mm diameter  1 mm thick) provided by the contest organizers; and finally, samples had to be sent to the organizer prior to a predetermined date. 
Along with the samples, the participants had to provide their refractive index profiles and their measured T data.  It was suggested that they provide some additional information about their design and fabrication processes.
All the submissions received on time were evaluated as described in Section 5.  The samples as sent to the laboratories were identified by a single serial number to guarantee a blind evaluation.  Apart from T measurements, the samples were not subjected to any surface analyses, such as Auger spectroscopy or scanning/transmission electron microscopy (SEM/TEM).  All samples were returned to the participants after the results were presented. 
3. Problem Discussion
3.1 Design

Figure 2 Example of design with 39 layers (nH=2.269, nL=1.481). (See text and Fig. 4 caption for a detailed description.)






To confirm that the Stink Bug problem could be solved using commonly available coating materials and deposition techniques, we explored designs in which the low index material was SiO2 and the high index material was selected from TiO2, Al2O3, Nb2O3, or Ta2O5.  Most optical constants were from Palik [10].  Our investigation revealed that better design solutions employed more than two materials, the thicker, more complex designs generally led to lower MF values.

Figure 3 Example of design with 93 layers (nH=2.269, nL=1.481). (See text and Fig. 4 caption for a detailed description.)

Figures 2 and 3 show two examples of designs based on SiO2 and Nb2O5 layers: a 39-layer, 4.2 µm thick coating, and a 93-layer, 10.6 µm thick coating, both assuming a non-coated backside of the N-BK7 substrate.  At the top of the figures, designs are shown as ‘layer-thickness vs depth’ graphs instead of the more usual ‘refractive-index vs depth’ graphs; dL and dH represent physical thicknesses in nm of low- and high-index layers.  These plots show more relevant information for very thick coatings (see Fig. 11) than refractive-index profiles.  
Figure 1 – The Stink Bug Problem, with T targets at normal AOI.


Figures 2(b) and 3(b) compare the calculated T spectra for these designs with the target spectra, and show standard deviations ±3σ expected when introducing random thickness errors with 1-nm variance (normal distribution, 99 design evaluations).  Figures 2(c) and 3(c) show the dispersion of the merit function spectral terms (Ti ‑TiD)2/toli2 (between parentheses in Eq. 1).

A few general observations can be made from Figs. 2 and 3:

Increasing the thickness by 2.4 decreased MF by less than 25%.
Thickness errors affect thicker designs more (assuming no design re-optimization is applied during fabrication).
Contributions to MF are largely from transitions between target steps.
The transition between steps T0 and T1 near 900 nm is particularly critical for reducing MF, due to its steepness and the fact that it is located at longer wavelengths where spectral extrema are usually further apart and spectral transitions less steep than at shorter wavelengths.
3.2 Measurement
As mentioned, one of the anticipated difficulties was the accurate evaluation of filters combining high and low T. With double-beam spectrophotometers, it is customary to adjust the reference beam with neutral density filters (mesh or filter) so that it matches the intensity level of the sample beam and increase the accuracy of these measurements.  However, this technique requires time if more than one intensity level is present on the sample.
Similarly, photometric and  calibration issues could generate large errors when fabricating and evaluating ‘Stink Bug’ coatings.  A faulty photometric calibration would directly affect the MF.  A  calibration shift could lead to even larger MF miscalculations given the importance of transition regions. 
Issues of beam deviation were expected and led the organizers to select 1 mm thick substrates compared to 4 mm for previous contests.  The coatings themselves could induce some measurement errors (or interpretation errors).  Thick coating solutions and stressed films are likely to deform relatively thin (1-mm) substrates, which could deflect the beam [11, 12].  In addition, potential structural anisotropy [13, 14] or thickness variations could affect the measurements.

4. Participation
The Stink Bug Problem was posted on the Optica website in September 2021.  Approximately ten institutions showed interest in the contest, but various factors limited participation to only six teams with nine submissions, including multiple entries.  The teams are listed in Table 1; they represent governmental laboratories, universities, and private companies.  Table 1: Participating teams, affiliations, and comments



Teams
Affiliation
Tools and Comments
Janis Zideluns, Fabien Lemarchand, Detlef Arhilger, 
Giulia Fiaschi, Navas Illyaskutty, 
Harro Hagedorn and Julien Lumeau
Institut Fresnel,
 Bühler Leybold Optics
Bühler HELIOS PARMS
Marc Lappschies, Jan Brossmann, 
Stefan Jakobs, Matthias Frank
Materion Balzers Optics
Bühler-Helios400 PARMS; optical broadband monitoring; one re-optimization; traces of copper-oxide contamination
Andy Shkabko
Viavi Solutions
Magnetron sputtering; manufacturing simulation
Neil Pinkerton
Viavi Solutions
Magnetron sputtering; manufacturing simulation
Vladimir Pervak
Ludwig Maximilians University
Dual middle frequency 
plasma assisted magnetron sputtering;
Vladimir Pervak
Ultrafast Innovations
Dual middle frequency 
plasma assisted magnetron sputtering; Nb2O5/SiO2


We applied the same anonymity rule as in previous contests. All participants and their affiliations were disclosed at the OIC 2022 conference; however, their identities were not linked to specific samples, except for the winning team whose identity was announced at the conference. This anonymity rule is important and stimulates participation.  In Table 2 and following sections, samples are named only by number.

As required by the organizers, the participants provided the refractive index profiles for their designs, and measured T data for each of their submitted samples.  Some additional information about the deposition and thickness monitoring techniques were graciously provided by some participants (see Table 1). All participants employed types of magnetron sputtering, which is not surprising given the known film stability and quality of sputtered films.  Two teams used manufacturing simulation to evaluate and select the most promising designs.  Most participants relied on optical monitoring for film thickness control.  
5. Sample EvaluationTable 3 Summary of the Measurement Equipment


ODA
NIST
Metro
Instrument
Cary 5000
Perkin-Elmer Lambda 1050
Perkin-Elmer Lambda 900
Beams
Double-grating and double-beam
Double-beam
Double-beam
Wavelength range
400 nm to 1100 nm, 1.0 nm step, 2 nm bandpass
Light-source
Tungsten-halogen / deuterium
Detectors
Photomultiplier / PbS
Photomultiplier / InGaAs
Photomultiplier / PbS
Transmittance accuracy
±0.2% in VIS & NIR
±0.6% in VIS & NIR
±0.2% in VIS & NIR


Once received, the submitted samples were randomly marked with a serial number from N01 to N09, and all references to the submitting team were removed.  The samples were repackaged in identical boxes and sent for evaluation to three independent laboratories: NRC Metrology Research Centre (marked as ‘Metro’ in the Tables and Figures), Optical Data Associate (ODA), and the National Institute of Standards and Technology (NIST). The T at the specified normal AOI and  were measured with double-beam spectrophotometers with specifications listed in Table 3.  The spectra from the labs were collected, averaged, and compared to the target spectra by MFs calculated from Eq. (1).  These MF averages were then used to rate and rank the samples.  Error estimates were added to certain MFs based on known measurement uncertainties provided by the evaluation labs (Table 3) [15].
Table 2.  Summary of the submitted filter designs, MF values and final ranking



Information from participants

Information from evaluation labs

Sample

Nb. layers
(front+back coatings)
Total thickness (nm)
MF
Design
MF
Meas

MF ODA
MF NIST
MF Metro
MF Ave.
Rank

  N01

559+0
40671
2.26
4.47

7.393
+/-0.011
4.730
+/-0.011
4.796
+/-0.011
5.64 
+/-0.008
3

  N02

68+0
8267
6.50
6.80

6.874
+/-0.008
6.825
+/-0.008
6.774
+/-0.008
6.82
+/-0.008
5

  N03

370+0
25591
4.66
5.83

6.214
+/-0.011
5.937
+/-0.011
5.849
+/-0.011
6.00
+/-0.008
4

  N04

1285+0
39432
1.80
2.66

5.096
+/-0.011
Broken
+/-0.011
2.929
+/-0.011
4.01
+/-0.008
2

  N05

193+0
15690
3.95
11.65

15.821
+/-0.011
16.742
+/-0.011
16.591
+/-0.011
16.38
+/-0.008
8

  N06

107+0
8698
5.68
22.08

40.600 
+/-0.011
44.027 
+/-0.011
44.578 
+/-0.011
43.07  
+/-0.008
9

  N07

159+0
12716
4.44
10.56

15.337 
+/-0.011
15.957 
+/-0.011
15.742 
+/-0.011
15.68  
+/-0.008
7

  N08

1743+0
53511
1.36
2.61

4.17
+/-0.04
2.80
+/-0.14
2.65
+/-0.05
3.21
+/-0.05
1

  N09

81+0
5994
6.89
12.37

13.201
+/-0.011
13.745
+/-0.011
13.686
+/-0.011
13.54
+/-0.008
6



One important fact:  One sample, N04, broke during transport between the second and the third evaluation laboratory.  The evaluation and ranking of that sample was thus based on 2 measurements instead of 3 (without affecting the samples ranking; see Table 2). 

6. Results and Discussion
The results obtained for the nine submitted samples appear in Table 2, with the following information included:

Number of layers and total thicknesses on the front and back sides of the substrate, 
Calculated MFs from the designs,
Measured MF values evaluated by the participants, and from the measurements done at ODA, NIST and Metro.

The results, with the ODA/NIST/Metro spectra compared to the target curves and the participants’ measurements, are shown in Figs. 4 to 12 and Table 2.  All the data for the figures are available from Ref. [9].  On each figure, the top graph represents the sample design by its corresponding layer thickness profile; the second graph compare T spectra with the target curves; the third graph shows the lower part of the T spectra, plotted on a log scale; and the bottom graph illustrates the contribution to MF from each region of the spectrum (evaluated terms within the summation signs in Eq. 1).  The result for the average MF from ODA/NIST/Metro is also displayed for each sample, along with its total thickness and number of layers.
One observation from Figs. 4 to 12 that we find important to emphasize is the impressive overlap of all the T measurements.  The log-scale graph of the low T part of the spectra [part (c)] allays our initial concern that mixing low and high T in the specified targets would generate accuracy issues; according to our evaluation labs, no special techniques (i.e. neutral density filters in the reference beam) were required for the measurements.  In our view, it clearly indicates the stability and good maintenance of the spectrophotometers, as well as the expertise of their operators.
Even though the sample identification numbers were not linked to particular participants, they can recognize their own samples based on the information that they provided.  We prefer that they maintain anonymity to facilitate future contest participation.  The only exception for this Year’s contest is the winner, Andy Shkabko from Viavi Solutions, who submitted the best sample, N08, with the lowest evaluated average MF value of 3.21, as shown in Table 2.  Remarkably, his sample N08 had 1743 layers and was 53511 nm thick, by far the thickest and most complex coating submitted to any of the Optical Manufacturing Contests.
Figure 13 compares the samples and their expected (triangles) and measured (balloons) performances (read the figure caption for a detailed description), with data available in Ref. [9].  From this figure, as well as Table 2, we observe that for the Stink Bug problem, it seems that ‘more is better’; the best performers were thick coatings with many layers.  An exception worth mentioning is sample N02, it did almost as well as the thicker submissions, and its measured MF is closest to its expected design MF.  This entry deserves an honorary mention.

Figure 4 Evaluation results: Sample N01.  For each sample:  (a) thickness profile of high and low index material according to the design provided by the participant (nH=2.238, nL=1.469); (b) transmittance measurements; (c) lower part of the transmittance measurements, in a log scale; (d) spectral terms of the merit function as define in Eq. 1 (values based on Metro data). (The same graph description applies to Samples N02-N09).
 
Figure 5 Evaluation results: Sample N02 (nH=2.302, nL=1.474).
As we are now past the 20th anniversary of the Manufacturing Contest, we thought that it would be instructive to compare all the samples submitted since 2001.  Figure 14 plots the number of layers and the total thicknesses of each coating with respect to the contest year (data available in Ref. [9]).  Although we must avoid drawing too many conclusions about this graph (different contest problems ask for distinct coating solutions), we see the trend toward greater layer number and total thickness.  With the constant improvement of commercially available coatings (some of them now implementing in situ, real-time design re-optimization), we expect that this capability will be generalized.



Figure 6 Evaluation results: Sample N03 (nH=2.144, nL=1.467).

Figure 7 Evaluation results: Sample N04 (nH=2.138, nL=1.469).

Figure 8 Evaluation results: Sample N05 (nH=2.270, nL=1.465).

Figure 12 Evaluation results: Sample N09 (nH=2.270, nL=1.465).
[image: C:\Users\poitrasda\Documents\WORK\2022-07 OIC CONFERENCE\2022-09 OIC figures for AO\Figure_perform_N06.png]
Figure 9 Evaluation results: Sample N06 (nH=2.270, nL=1.465).


Figure 10 Evaluation results: Sample N07 (nH=2.270, nL=1.465).

Figure 11 Evaluation results: Sample N08 (nH=2.238, nL=1.469).

7. Conclusions
We conclude that the 2022 Manufacturing Problem Contest was successful, with diverse participation from industry, academe, and government, a well-attended presentation at the conference, and an impressive demonstration of the capability to design and deposit coatings with more than a thousand layers and more than 50-µm thick.
In the past, different contest problems required different coating solutions, with the winner not necessarily being the one with the thickest and most complex coating.   The 2022 Stink Bug problem demanded such complexity, validating one of the objectives for this particular contest.
The details of the next contest edition should be announced in September 2024.  Teams interested in participating can contact the corresponding author (DP).  

Figure 13 Comparison of the results for all the samples:  The area of the pie symbols is proportional to the total thickness of the represented coating; their ordinates are the averaged MFs, and the triangle symbols represent the corresponding calculated design MFs (as provided by the participants).


 

[image: C:\Users\poitrasda\Documents\WORK\2022-07 OIC CONFERENCE\2022-09 OIC figures for AO\figure_compare_2001-2022.png]
Figure 14 Comparison of the calculated number of layers, total thickness, and ability to reach a desired MF value, for all the samples submitted since 2001. 
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