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Abstract

A new, efficient algorithm for generating monitoring spreadsheets for the optical coating
production with monochromatic layer thickness monitoring is presented. Due to its high
computational efficiency, it has no limit on the number of different wavelengths used to monitor
different groups of deposited coating layers. The algorithm allows for the use of various criteria to
select the optimal sequence of monitoring wavelengths. Several examples are provided
demonstrating the application of the algorithm to various types of multilayer filters.
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1. Introduction

Monochromatic monitoring has been used to produce optical coatings with non-quarter-wave
optical thicknesses for over forty years. In its original form, called level monitoring [1,2], it provides
signals to terminate layer deposition upon reaching specified monitoring signal termination levels.
These levels are pre-calculated based on known thicknesses of a theoretical coating design.
Unfortunately, accurate control of layer thicknesses using level monitoring is difficult, since “small
errors in early layers affect the shape of the [monitoring] curve for later layers” (Angus Macleod, ([3],
p- 506)]. To overcome, or at least minimize, this negative effect, modern monochromatic monitoring
equipment uses active corrections of termination levels based on information about the actual
monitoring signal, primarily on the extreme values of this signal recorded during the coating
deposition [4-6].

In the context of monitoring with correction of termination levels, the concept of monitoring
signal swing is very useful ([7], pp.194-196). In particular, the formula for correction of termination
levels follows directly from the consideration of this concept [7]. It is also important for creating
monitoring spreadsheets, the correct specification of which allows for the full utilization of all the
advantages of modern monitoring equipment.

In the case of direct monochromatic monitoring, when all layers are monitored on one of the
produced samples, the monitoring spreadsheet is a table in which each layer is assigned a specific
monitoring wavelength and a signal termination level. This table may also contain sets of other
parameters important for accurate layer thickness control. For many years, the creation of monitoring
spreadsheets depended almost entirely on the practical experience of the optical coatings engineer.
Early attempts to automate this procedure [8,9] were not oriented towards the use of monitoring with
termination level correction. Automated procedures that take into account specific requirements for
reliable monitoring with termination level correction were proposed in [10,11].

This paper proposes a new computationally efficient algorithm for creating monitoring
spreadsheets for coatings with large numbers of layers and virtually unlimited number of monitoring
wavelength switches between groups of layers, with each of these groups being monitored at an
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optimally selected monitoring wavelength. A description of the algorithm is given in Section 2.
Examples of the application of this algorithm with requirements similar to those considered in [11]
are given in Section 3. Conclusions are presented in Section 4.

2. Algorithm for Creating a Monitoring Spreadsheet

This section discusses the algorithm for direct monitoring in transmission mode, but it can also
be used for monitoring in reflection mode and for creating monitoring spreadsheets for witness chips,
if a strategy with multiple monitoring chips is used [6]. As in [10,11], the selection of monitoring
wavelengths for the coating layers is based on several criteria specified for the dependence of
monitoring signal (transmittance) on the deposited layer thickness. As an example, we will use the
criteria discussed in [11] as the most important ones. These are the criteria specified for the start
amplitude of the monitoring signal and for its swing value at the beginning and end of layer
deposition. It will be seen that the main part of the algorithm is independent of the set of selected
criteria, and the algorithm can be directly used for any other combination of the criteria discussed in
[10,11].

In [11], the start amplitude of the monitoring signal is the difference between the transmittance
level at the beginning of layer deposition (the initial level) and the first transmittance extremum
during the layer deposition. Since this difference can be either positive or negative, we will consider
its absolute value and denote it as EV value (see Figure 1). This quantity will be called entry variation.
The extremum of the monitoring signal is not necessarily reached during the layer deposition, and
we will extend the definition of the entry variation for such situations. If there is no signal extremum
during the layer deposition, then EV is equal to the absolute value of the difference between the
transmittance initial level and the termination level (the transmittance level at the end of layer
deposition).

Along with the EV value, we will consider the initial and final swing values, Swing;, and
Swingsy. By definition, Swingy;, is related to the termination level, Tieym jever by the formula:

_ Ttermievet — Tiast extr

Swingsm =

)

Tprev extr Tlast extr

Here Tygs¢ extr and Tprey exer are the last two monitoring signal extrema recorded during layer
deposition. The values included in this formula are shown in Figure 1. The Swing;, value is
calculated similarly to the Swingy;, value, but the equation uses the initial level Tip;tiq; 1ever instead

of Tterm level-
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Figure 1. To the introduction of the entry variation EV and swing values.

We assume that the transmittance is measured as a percentage. Consequently, EV is also
measured as a percentage. The same applies to the Swing;, and Swingg;,. Figure 1 shows that their
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values are close to 0% or 100% if the initial or termination levels are close to the maximum or
minimum values of the monitoring signal.

Figure 1 illustrates the monitoring of a relatively thick layer, for which two monitoring signal
extrema are reached during the deposition process. However, extending the concept of initial and
final swing values to thinner layers, when only one or even no extremes are reached, presents no
problem. The expected monitoring signal is pre-calculated using the well-known analytical formulas
[7], and in these formulas we can extend the deposition time to the left from the start of the layer
deposition. This allows calculating the virtual last and previous monitoring extrema [12].

As noted in the introduction, the use of monochromatic monitoring with termination level
correction requires the creation of monitoring spreadsheets with specific requirements to the
monitoring signal behavior. Such requirements are particularly important for the monitoring signal
at the beginning and end of layer deposition [10,11]. As an example, we will use the requirements
that are considered most important in [11]. We require that the entry variation EV exceeds a%, and
that the initial and final swing values be within the specified limits. The specific values of 2 and swing
limits in percentage will be set in Section 3.

To take these requirements into account, we introduce three partial penalty functions, for EV

(a —EV)P,if EV < q,
= {0 ifEI;Z 0 @)

for Swingsi,

[W(b - SWingfin)]p: if 5Wingfl-n <b

[w(Swing iy — c)]p,if Swing iy > c.

and for Swing;, similarly to the Equation (3).
The penalty function fis the sum of these partial penalty functions:

f=fe+ fSwingin + fSwingﬁn (4)

Note that the penalty functions f is zero if all requirements are met. The parameters p and w
in Equations (2) and (3) will be specified in Section 3.

Let m be the number of coating layers, and L be the number of wavelength points in the
wavelength grid used to select monitoring wavelengths. When creating a monitoring spreadsheet,
our goal is to assign to each coating layer a monitoring wavelength at which the deposition of this
layer should be monitored. The penalty function f introduced above depends on the number of the
design layer i and the number of the monitoring wavelength [ in the specified wavelength grid (I
varies from 1 to L). Therefore, we will denote as f;; the penalty function value for the i-th layer
monitored at [-th wavelength. In the algorithm under consideration, the selection of monitoring
wavelengths is based on minimizing the penalty function values f;,. Furthermore, the algorithm also
takes into account the requirement to limit the number of wavelength switches during coating
deposition. This means that the algorithm generates a specified number of groups of successive
design layers, with each group monitored at its own monitoring wavelength. This is shown
schematically in Figure 2.

Layers monitored
at a single wavelength

1 i j m

Layer numbers

Figure 2. Dividing the design into groups of layers, with each group monitored at its own wavelength.
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The algorithm begins by generating a matrix F with the elements f;, specified above. This is an
m by L matrix, where L is typically significantly larger than m. The next step is to generate an m
by L matrix 1, the elements of which are

l
¢i,l = Z fk,l @)
k=1

When choosing the optimal monitoring wavelength for a sequence of layers, starting with layer
i and ending with layer j, we consider the sums of penalty functions for all these layers at different
monitoring wavelengths. It is natural to choose the monitoring wavelength so that this sum is
minimal. It is easy to see that these sums are equal to the differences y;; — ;_;;. We denote the
minimum of this sum by ¢, ;:

@ij=min@®i; — Yi-11) (6)

and the monitoring wavelength at which this minimum is achieved by 4, ;.

We now introduce the ¢ table with elements ¢, ; defined by Eq. (6). Note that this is an m by
m table. Since i < j, we only specify its elements on and above the main diagonal. Along with the
minimum values defined by Eq. (6), this table also stores the wavelengths 4; ; at which the minima
are reached. This table is the key element of our algorithm. It allows us to select the optimal layer
sequences and the optimal monitoring wavelengths for these sequences for any given number of
wavelength switches during coating deposition.

In the extreme case where the monitoring wavelength is the same for all coating layers, the
optimal monitoring wavelength is the one listed along with ¢, ,, in the upper right corner of the
table. If one or more wavelength switches are set, the optimal combinations are also easily found
from this table. Because the table has small dimensions, all calculations are fast. In all the examples
discussed in the next section, the calculations take fractions of a second on a typical laptop.

3. Examples of Application of the Algorithm

In all examples of this section, we set the following requirements for EV, Swing;, and
Swingsiyvalues. We require that EV = 4% and both swing values be between 10% and 90%. The
parameters p and w in Equations (2) and (3) are equal to 4 and 0.2, respectively. We consider three
filters with significantly different structures. In all three cases, the monitoring wavelengths are
selected in the spectral range from 400 to 800 nm with a wavelength step of 5 nm.

3.1. Cut Filter

In this sub-section, we consider a 36-layer cut filter similar to that considered in [5]. As in [5], the
layer materials are TiOz2and SiOz, and the substrate is BK7 glass. The first layer from the substrate is
a high index layer. The theoretical transmittance of the filter and the physical thicknesses of its layers
are shown in Figure 3. The filter under consideration has 36 layers instead of 42 in [5], but its
structural properties are similar to those in [5]. It has two fairly thin first layers.

T.%
=3
Physical thickness, nm

Wavelength, nm
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Figure 3. (a) Theoretical transmittance (a) andlayer physical thicknesses (b) of a 36-layer cut filter.

When constructing the monitoring spreadsheet, we successively increase the number of
monitoring wavelengths that can be used to monitor the filter. When only one monitoring
wavelength is allowed for all layers, the algorithm selects 555 nm. It turns out that with this selection,
the monitoring requirements (see above) are violated for six design layers: layers 1 through 4, as well
as layers 34 and 36. Increasing the number of different wavelengths to 2 and then to 3 reduces the
number of layers with violated requirements to 4 and 3, respectively.

Figure 4 shows the monitoring signal corresponding to three different monitoring wavelengths.
The signal is highlighted in pink in the layers where monitoring requirements are violated. These are
layers 2, 4, and 36.

N S | H 'l
anon 3500

Thickness, nm

Figure 4. Monitoring signal for a 36-layer cut filter: layers 1-3 are monitored at 400 nm, layers 4-35 at 590 nm,
and layer 36 at 645 nm.

For layer 2, EV = 3% and Swings;, = 6.1%. Layer 2 is one of two thin design layers. Meeting
all the requirements for such layers is often difficult. However, the algorithm selected a wavelength
that best meets both requirements. For layer 4, Swing;, = 5.3% and for layer 36, Swings;, = 94.3%.
Further increasing the number of wavelength switches does not improve these figures.

3.2. Hot Mirror

Here we consider a 44-layer hot mirror with model high and low refractive indices of its layers
equal to 2.35 and 1.45, and a substrate refractive index of 1.52. The first layer from the substrate is a
high index layer. The theoretical transmittance of the hot mirror and the physical thickness of its
layers are shown in Figure 5.

MAWWMAN~ AN TT
x BILDG, ¢l BLMY, 42 2885 zaut

T.%

400 600 800 1000 1200 s 10 5 20 2 30 ES a0

Wavelength, nm Layer Number

Figure 5. Theoretical transmittance (a) and layer physical thicknesses (b) of a 44-layer hot mirror.

The hot mirror has no thin layers. However, it turns out that to meet the monitoring
requirements formulated at the beginning of this section, we need a relatively large number of
wavelengths switches. With three different monitoring wavelengths, the monitoring requirements
are violated for eight design layers, with four wavelengths, for seven layers, and only with seven
different monitoring wavelengths is the number of such layers reduced to three.

Figure 6 shows the monitoring signal corresponding to seven monitoring wavelengths. The
signal is highlighted in pink in the layers where monitoring requirements are violated. These are
layers 24, 26, and 32.
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Figure 6. Monitoring signal for a 44-layer hot mirror: layers 1-2 are monitored at 595 nm, layers 3-27 at 665 nm,
layer 28 at 490 nm, layers 29-38 at 405 nm, layers 39-41 at 410 nm, layers 42-43 at 660 nm, and layer 44 at 490 nm.

For layer 24, Swinggy, = 90.3%, for layer 26, Swing;, = 9.4%. and for layer 32, EV = 3,9%.
Clearly, the violations of the formulated requirements should be considered minor.

3.3. Long Pass Filter

The long pass filter discussed in this subsection has 42 layers, model high and low refractive
indices of 2.35 and 1.45, and a substrate refractive index of 1.52. The first layer from the substrate is a
high index layer. The theoretical transmittance of the filter and the physical thickness of its layers are
shown in Figure 7.
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Figure 7. Theoretical transmittance (a) and layer physical thicknesses (b) of a 42-layer long pass filter.

The layers of this filter are thinner than those of the hot mirror. Therefore, one might expect that
more wavelengths switches would be required to meet monitoring requirements. And this is indeed
the case. With seven different monitoring wavelengths, we are left with eight layers where
monitoring requirements are violated. Increasing the number of different monitoring wavelengths to
eight reduces the number of such layers to five.

Figure 8 shows the monitoring signal corresponding to eight monitoring wavelengths. The
signal is highlighted in pink in the layers where monitoring requirements are violated. These are
layers 2, 4, 14, 16, and 40.

Lo ] b . Lk | L
1500 2000 2500 3000

Thickness, nm

Figure 8. Monitoring signal for a 42-layer long pass filter: layers 1-4 are monitored at 800 nm, layers 5-6 at 575
nm, layers 7-10 at 520 nm, layers 11-15 at 545 nm, layers 16-20 at 530 nm, layers 21-22 at 535 nm, layers 23-41 at
745 nm, and layer 42 at 705 nm.
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For layer 2, EV = 2.5%, for layer 4, EV =3.3%, for layer 14, Swings, = 7%, for layer 16,
Swingg, = 82%., and for layer 40, Swingsy, = 9.9% .. Further complication of the monitoring
strategy does not lead to significant improvement in the results.

4. Conclusions

A new algorithm for generating monitoring spreadsheets for the coating production with
monochromatic monitoring of layer thicknesses is presented. The algorithm is based on assessing the
quality of monitoring of successive groups of coating layers at a given monitoring wavelength. To
assess this quality, various criteria for selecting a monitoring wavelength can be specified, and a
penalty function is introduced that takes these criteria into account. The key element of the algorithm
is the construction of a table that stores the minimum values of the penalty function and the optimal
monitoring wavelengths for different groups of coating layers. Due to a small dimension of the
introduced table, the computational efficiency of the proposed algorithm is high, and it has no
limitations on the number of different wavelengths used to monitor the coating production.

The algorithm’s application is demonstrated using the examples of generating monitoring
spreadsheets for three structurally different multilayer filters. In these examples, we used monitoring
wavelength selection criteria that are essential for the reliable application of monochromatic
monitoring procedures with on-line correction of the monitoring signal termination levels. In all
examples, monitoring spreadsheets containing up to eight different monitoring wavelengths are
generated in a fraction of a second on a standard laptop.
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