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We present a novel fast robust design method of multilayer optical coatings. The sensitivity of optical films to production errors
is controlled in the whole optimization design procedure. We derive an analytical calculation model for fast robust design of
multilayer optical coatings. We demonstrate its effectiveness by successful application of the robust design method to a neutral
beam splitter. It is showed that the novel robust design method owns an inherent fast computation characteristic and the designed
film is insensitive to the monitoring thickness errors in deposition process. This method is especially of practical significance to
improve the mass production yields and repetitive production of high-quality optical coatings.

The control concept of film sensitivity with respect to
layer parameters errors might be firstly put forward in
the design of multilayer optical coatings by Dobrowolski
in their further publication of the film program FILTER
developed at National Research Council of Canada [1, 2].
It was done by adding the sum of derivatives of the basic
design merit function with respect to any chosen set of
construction parameters into the basic design merit function
in the optimization procedure, but no actual applications
were given. Zorc also pointed the feasibility of choosing
practically optimum design film in relation to production
errors in his research on a V-type AR coating at 1064 nm
[3]. Actually the true application of robust optical coating
design might be realized by Zheng and Tang with the
effect of monitoring errors on the spectral characteristics
considered [4]. The merit function in their design includes
two parts, one is the optical property and the other is
the calculated yield of finished products of the multilayer
coatings, which is taken as an end optimization goal. The
disadvantage of Zheng’s method is that the computation
accuracy and time of the calculated yield depend on the
number of computer simulation, which is the worst when
the layer bumper is large. Another notable progress of robust
optical coating design was accomplished by Greiner with
the expected optical performance optimized in the design
procedure under some known statistical distribution of the

layer parameters variations [5]. However, there is also a
confliction between the computation accuracy and time
of the expected optical performance in Greiner’s method.
In the following design contests of 1998 and 2001 topical
meeting on Optical Interference Coatings, practical demands
of robustness with manufacturing errors were emphasized
in the design contests of a dual-band antireflection coating
and a gain-flattening filter (GFF) for erbium-doped fiber
amplifier [6, 7]. Verly, the winner of GFF contest, reported
his design philosophy using semiautomatic techniques to
optimize a standard RMS-type merit function without errors
stability of the solutions. The errors stability was checked by
plotting the sensitivity curve at intervals during the design
process and lastly confirmed by random error calculations
[8]. In the year of 2003, Tikhonravov et al. present a
new robust design concept based on optimization of a
design merit function including the spectral characteristics
stability of optical coatings with respect to layer thicknesses
errors, but no actual applications or algorithm details were
published [9]. Recently Trubestkov et al. proposed a robust
synthesis method based on simultaneous optimization of
the spectral characteristcs of many local designs in the
neighborhood of a pivotal design (caused by layer thicknesses
errors) in order to solve the most complicated design
problems such as dispersive mirrors [10, 11].



2 ISRN Optics

One common disadvantage of the main robust, thin-film
design methods is the considerable long time consumption
for the stability calculation of multilayer coatings with
respect to layer thicknesses and refractive indices errors. In its
early stage thin-film stability calculation was solved approxi-
matively by statistical simulation of random layer parameters
errors with large simulation number. Compromise must be
made between computation accuracy and time consumption
by using a moderate simulation number when incorporating
the stability with respect to layer parameters errors into the
optimization procedure. In this paper we will derive a fast
robust design method of multilayer optical coatings based
on an analytical calculation model for film sensitivity to
layer parameters errors. We demonstrate its fast computation
characteristic and effectiveness by numerical design results of
a neutral beam splitter.

One of the most popular basic design merit functions in
the numerical optimization of multilayer optical coatings is
defined as follows:
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where Tl(n, d, λl),
∧
Tl (λl), and ΔTl are the theoretical, target,

tolerance transmittance of the design film at wavelength
point λl from a given wavelength grid with total number
of L points, respectively, n, d are the design film’s refractive
indices and geometric thickness vector. For the sake of
convenience and clarity, we call the thin film design based
on optimization of expression (1) “Conventional Design”
to distinguish from the robust design to be presented in
the paper. Suppose the error vectors of refractive indices
and thicknesses are Δn = (Δn1,Δn2, . . . ,Δnm) and Δd =
(Δd1,Δd2, . . . ,Δdm), respectively, (where m is the layer
number of design film), we can define the film errors
sensitivity S(n, d) to layer parameters errors approximately
as
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where Δn(i),Δd(i) are the ith simulated film refractive indices
and thicknesses errors vector with the total simulation
number of N ,E(�) refering to the mathematical expectation
operation. When N increases to infinite, expression (2)
converges to the accurate film errors sensitivity. However, it
is really time consuming for numerical calculation, which
is formidable in the optimization procedure of multilayer
optical coatings.

When the design film is to be deposited by quartz
crystal monitoring or time monitoring method of layer
thicknesses, errors in layer refractive indices and thickness
are independent and not correlated between different layers
[12–14], and we can simulate these errors as random ones
distributed in accordance with the normal distribution law

with zero mathematical expectation and some given standard
deviations. Thus according to the second-order segment of
the Taylor series of perturbed basic design merit function
listed as follows:
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we can derive an accurate analytical expression of the film
errors sensitivity S(n, d) to layer parameters errors by the
probability statistics principle on the mathematical expecta-
tion of independent random variables. When we calculate
the mathematical expectation of the above Taylor series,
most of the summation parts become to be zeros except the
product of ΔniΔnj and ΔdiΔdj in the last summation part
when i = j = 1, 2, . . . ,m, because all the random errors
are independent variables. So we can apply this conclusion
into the mathematical expectation operation of expression
(2) and can obtain
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where σn, j , σd, j are the standard deviation of the jth layer’s
refractive index error and thickness error, respectively,
∂2F/∂n2

j , ∂
2F/∂d2

j are the main diagonal elements of basic
design merit function’s Hess Matrix with respect to layer
refractive indices and thicknesses. In order to improve the
calculation speed of film errors sensitivity by expression
(4), it is advisable to use the analytical model of spectral
coefficient’s first- and second-order partial derivatives of
multilayer optical coatings with respect to layer parameters
[14–18]. It is necessary to mention that the reason why
the optical property used here in the basic design merit
function is transmittance rather than reflectance is that the
second-order partial derivatives of transmittance are less in
calculation amounts than reflectance [17, 18].

Now we can obtain a robust design merit function of
multilayer optical coatings by incorporating the film errors
sensitivity into the basic design merit function as follows:

FF(n, d) = F(n, d) + S(n, d). (5)

For the sake of convenience and clarity, we call the thin film
design based on optimization of expressions (1), (4), and (5)
as “Sensitivity Control Design”.

In order to test the calculation accuracy and time
consumption of thin film robust designs based on film errors
sensitivity by expression (4) compared with expression (2),
we use a 21-layer ramp transmittance filter to calculate the
new robust design merit function FF by expressions (1), (2),
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Figure 1: The robust design merit function value and the time
consumption calculated by expressions (1), (2), (5) or (1), (4), (5)
with different total simulation numbers.

(5) and (1), (4), (5), and the corresponding computation
time as showed in Figure 1. As we can see from Figure 1,
the robust design merit function value based on expressions
(1), (2), (5) is converged gradually to the real value obtained
by expressions (1), (4), (5). And the computation time by
expressions (1), (2), (5) when the total simulation number N
is large is many times longer than the time by expressions (1),
(4), (5). So we demonstrate that the film errors sensitivity
model based on expressions (1), (4), (5) is really accurate and
inherently fast.

When the same optimization technique is used to solve
the Conventional Design and Sensitivity Control Design of
multilayer optical coatings defined as above, the total design
time consumption comparison can be approximately made
by comparison of their corresponding merit function com-
putation time. In order to find a more universal conclusion,
we plot the computation time ratio of the robust design
merit function based on expressions (1), (4), (5) to the basic
design merit function based on expression (1) with respect to
different total layer number as showed in Figure 2. A linear
relationship is found between the total layer number and
the computation time ratio of Sensitivity Control Design to
Conventional Design of multilayer optical coatings. And the
computation time ratio is about (m+ 9) (where m is the total
layer number). This time ratio is much less than the smallest
time ratio (usually equal N to whose value is very large, seen
from Figure 1) based on expressions (1), (2), (5) in order to
obtain a good accuracy of film errors sensitivity, because the
analytical computation model of film errors sensitivity plays
a vital role in speeding up. This quantitative conclusion is
applicable to a variety of optical coatings.
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Figure 2: The computation time ratio of the robust design merit
function based on expressions (1), (4), (5) to basic design merit
function based on expression (1) with different total layer numbers.

In order to illustrate the effectiveness of the above novel
fast robust design method, we use the neutral beam splitter
in the spectral region from 400 to 700 nm cited from
[19] as a design example. The target transmittance in the
whole spectral band is 50% at normal incidence with the
reflection from the substrate back side considered together.
The refractive indices of the substrate, incident medium, and
available materials are 1.52, 1.0, 2.35, and 1.45. Most modern
coating machines are capabale of reproducing the refractive
index as such and eventual variations in the refractive index
are negligible. So we do not take random layer refractive
indices errors into account here. We also assume that random
thickness errors with normal distributions and standard
deviations of 0.2 nm that were made directly in all layers
which is the same as [19]. The specified transmittance is
allowed in the corridor of ±1% deviations from 50% in the
whole given spectral band.

Our optimization technique is based on a hybrid
genetic algorithm which might be firstly presented by
Martin et al. [20]. The optimization technique utilizes
genetic algorithm based on elite selection strategy to find
the neighborhood region of overall minimum or quasi-
minimum and then utilizes nonlinear least-squares method
based on Levenberg-Marquardt algorithm to refine the
genetic algorithm designed coating to quickly and stably
converge to the overall minimum or quasiminimum [21].
This hybrid optimization algorithm incorporates the overall
search ability of genetic algorithm and refinement accuracy
and speed of nonlinear least-squares method together, which
avoids the deficiency of slow refinement speed and some kind
of random characteristic of standard genetic algorithm. We
have verified the ability of the hybrid genetic algorithm to
effectively design many kinds of multilayer optical coatings
[21]. When the hybrid genetic algorithm is used to deal with
the robust thin film design problems under layer parameters
errors, we take the robust design merit function based
on expressions (1), (4), (5) as the fitness function of the
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Table 1: Properties of the neutral beam splitter (n0 = 1.0, nL = 1.45, nH = 2.35, ns = 1.52).

d(nm) Conventional design 1 Conventional design 2 Sensitivity control design 1 Sensitivity control design 2

Substrate Massive

1 H 9.416 7.836 11.3461 16.6216

2 L 70.040 55.305 35.4709 28.0701

3 H 24.597 31.419 113.1081 139.6693

4 L 87.878 23.621 164.3371 7.5744

5 H 21.941 82.439 72.6831 135.0514

6 L 87.775 44.960 93.5646 85.1263

7 H 58.533 26.888 35.5054 54.3485

8 L 114.755 86.482 91.1863

9 H 57.279 55.507 215.1898

10 L 65.784 115.317 87.6283

11 H 52.603

12 L 64.619

Air Massive√
F 0.0200 0.0026 0.1046 0.0832

S 0.1391 0.1466 0.0603 0.0595√
FF 0.3735 0.3829 0.2668 0.2577
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Figure 3: The theoretical transmittance T , mathematical expectation transmittance T + MΔT , and its triple standard deviation corridor
T + MΔT ± 3SΔT of the neutral beam splitters listed in Table 1 at normal incidence with the given 0.2 nm layer thicknesses errors level.
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population in the whole genetic optimization procedure.
After the stopping criteria are fulfilled, the robust design
merit function of the genetic algorithm designed coating is
further minimized by nonlinear least-squares method based
on Levenberg-Marquardt algorithm to its minimum. At
present we have compiled this optimization technique into
our home-made film design software package [21].

In our design experiment, we use uniform wavelength
grid with 61 total spectral points and the transmittance
tolerance are set to 1%. Based on our home-made film design
software package [21], we obtain two Conventional Design
coatings based on optimization of expression (1) and two
Sensitivity Control Design coatings based on optimization
of expressions (1), (4), (5) with layer thicknesses listed
in Table 1 and perturbed spectral properties by random
thicknesses errors showed in Figure 3. The perturbed spectral
transmittance under the given standard deviations of 0.2 nm
thicknesses errors is supposed to be within the triple stan-
dard deviation transmittance corridor with a probability of
99.74% according to the probability statistics principle. As we
can see from Figure 3, the theoretical transmittance curves
of the two Conventional Design coatings are excellently
flat at 50%. But, under the given standard deviations of
0.2 nm thicknesses errors, the perturbed transmittance can
run out of the allowed region of ±1% deviations from
50% in the whole given spectral band. However, the two
Sensitivity Control Design Coatings have more theoretical
transmittance curve ripples but obviously controlled smaller
film errors sensitivities with almost 100% production yield.
Another better feature of the two Sensitivity Control Design
Coatings is their smaller layer number compared with the
two Conventional Design coatings and the 11-layer coating
in [19]. In a word, the novel robust design method is
demonstrated to be able to design coatings insensitive to layer
parameters errors.

Let us talk about the application conditions of our
method. The deduction of expression (4) is under the
assumption that the deposited errors in layer refractive
indices and thickness are independent and not correlated
between different layers. This situation is typical of coatings
deposited by quartz crystal monitoring or time monitoring
method of layer thickness, which is commonly used in thin
film factories and laboratories. So our robust design method
is more significant from the practical point of view. At
present our method cannot be applied to coatings deposited
with correlated layer parameters errors. Secondly, it is hard
to estimate the probability of our method to find a design
with a low sensitivity to manufacturing errors for all types
of coatings. The success of our method depends partly on
the design possibility of the spectral targets of the required
thin films. So it is advisable to try to search with convetional
design methods first to get an estimate of the difficulty of the
success of our robust design method.

In conclusion, we present a novel fast robust design
method of multilayer optical coatings. The sensitivity of
optical films to production errors is controlled in the whole
optimization design procedure. We derive an analytical
calculation model for fast robust design of multilayer optical
coatings. We demonstrate its effectiveness by successful

application of the robust design method to a neutral beam
splitter. It is showed that the novel robust design method
owns an inherent fast computation characteristic and the
designed film is insensitive to the monitoring thickness
errors in deposition process. This method is especially of
practical significance to improve the mass production yields
and repetitive production of high-quality optical coatings.
Additionally this design technique can make the planning
of manufacture process possible without expensive sampling
and make a shortening facility cycle for new coating systems.
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