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A class of problem dealing with narrow-band reflectors under oblique light incidence has been selected,
and a group of design procedures leading to satisfactory results is analyzed. Initially performance
criteria and design restrictions are set. Various designs are then created and analyzed. Conclusions can
then be drawn on the relative merits of the designs. Two different types of target function have been
chosen. A global search for 50 or more layers with varied optical thicknesses between 0 and ly2 and a
needle design method have been applied to the synthesis. Gradient and variable metrics have been used
for further refinement. Results are compared, and it is shown that all the design methods used yield
similar results for this problem. The issue of how to determine the best method is addressed. © 1998
Optical Society of America
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1. Introduction

Sophisticated interference coatings have been intro-
duced into many applications in optics and optoelec-
tronics. The demand for such coatings is a new
challenge to designers. Often these demands are
not purely scientific considerations but also demands
restricted by the available technology and time. De-
signers are often faced with demanding requests from
customers. Even worse, there may be no appropri-
ate solutions already available ~no procedures in
handbooks!, so they must look for an original solu-
tion, which takes time and increases product price.

For these problems selecting a suitable starting
design is not easy. Here thin-film synthesis meth-
ods can be quite effective because they do not require
a starting design, or if they do, they generate their
own starting design automatically. The synthesis is
then followed by a refinement method. A good com-
parison of the different refinement methods and their
effectiveness has been presented by Dobrowolski and
Kemp.1 We checked some of the refinement meth-
ods and noted that, in the sense of finding the mini-
mum, they work in a similar way. Thus full
attention is given to the synthesis strategy.

In this paper we define a case study for analyzing
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the efficiency of some synthesis methods and for de-
termining the best strategy. Two synthesis meth-
ods have been chosen for analysis and comparison:
global synthesis, sometimes called also the compre-
hensive search,2,3 and Tikhonravov’s needle design
method.4,5 Gradient and variable metrics have been
used for refinement. In Refs. 6–8 the effect of the
needle design method on some different types of coat-
ings is described, but in this paper we attempt to
analyze how the chosen methods and the strategy of
their application have led to solutions. Solutions
are different, and here we try to select the best or the
most typical one for the chosen case study. We per-
formed all calculations using TFCalc software.9

2. Case Study and Synthesis Procedures

We have chosen a type of problem dealing with
narrow-band reflectors under oblique incidence.
Initially goals and restrictions are defined. We then
analyzed and compared the various designs. We im-
pose the following requirements at oblique incidence
~45 deg!:

~A! Reflectance, ,1% for wavelengths of 420–530
nm.

~B! Reflectance, .99% for wavelengths of 530–570
nm.

~C! Reflectance, ,1% for wavelengths of 570–600
nm.

~D! Reflectance, .99% for wavelengths of 600–650
nm.

~E! Reflectance, ,1% for wavelengths of 650–750
nm.
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Reflectance is the average reflectance 2R 5
~Rs 1 Rp!y2. The refractive indices used for the de-
sign were as follows: H, n 5 2.35, k 5 5 3 1024;
L, n 5 1.46, k 5 0. The refractive indices were not
dispersed. The incident medium was air, and the
substrate material was BK7 optical glass. The num-
ber of layers should not exceed 50, and the minimum
physical thickness of a layer was restricted to 10 nm.
The maximum thickness was restricted to 300 nm.

The multilayer synthesis and refinement have
been performed by use of two target functions: a
discrete target function consisting of 226 points
spaced 2 nm apart and a continuous target function
in which requirements ~A!–~E! were entered as five
continuous optimization targets. The target func-
tions have been constructed following these require-
ments. The reflectance bands had half of the
tolerance of the transmittance bands.

Optical thicknesses in the global search synthesis
have been varied between 0 and ly2. For all design
strategies l was 550 nm. It actually has no special
meaning, because the final results are physical thick-
nesses, but l has been given only to simplify the
descriptions of some of the starting designs. A wider
range of starting optical thicknesses was analyzed as
well ~0–l! but, surprisingly, with no improvements!
It was expected that this approach might yield addi-
tional good designs owing to the half-order phenom-
ena. It seems that this starting range has been
restricted too much to reach them and still achieve
better results.

Since this research is very basic, full attention is
given to determining the most suitable strategy and
not to the time it will require. All calculations were
performed on a 166-MHz personal computer. Sev-
eral stopping criteria during minimization were ap-
plied, i.e., deviation of the obtained spectra from the
target value ~D!, the number of layers, the total thick-
ness. Designing on the best final design was not
easy. The greater the number of parameters cho-
sen, the more difficult it is to determine the best
design. Tikhonravov recently discussed the di-
lemma of choosing the “best” design.10

A. Global Search

We started the global search from 50 alternating lay-
ers, where thicknesses were set at ly4 initially.
Random variations of layer thicknesses were then
performed. All generated thicknesses were in the
range between 0 and ly2. Typically 1000 designs
have been generated, in which 5–10 of the best were
chosen for further refinement. Later we note that
the generation of multilayers starting with 70–75
layers yielded better results because of the decrease
in the number of layers during the refinement proce-
dure. Thus the final design fell into the given
frames. The five best results of that design strategy
are presented in Fig. 1.

B. Modified Global Search

This procedure enables some layers to have more
freedom than others. Therefore we call the proce-
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dure modified. Namely, we gave a kind of direction
to the global search, using what could be called a
pseudomulticavity bandpass filter. So, for the initial
design for the global search, a six-cavity narrow-band
filter—~HLHL2HLHLHL!6—centered at 585 nm, al-
lowing 100% variations in thicknesses, was chosen at
the start, and then the global search was performed.
H and L are high- and low-index materials as men-
tioned above. More about multiple-cavity filters can
be found in Ref. 11. In this way the spacer layers are
favored, i.e., they obtained a higher level of freedom.
In other words, the shape of the multidimensional
space was significantly changed. We hoped that this
approach would enable the minima regions to be found
more easily and efficiently. In Fig. 2 we present the
best results from using the modified global search
method followed by a final refinement.

C. Needle Design

The needle design started from a single H layer. The
optical thickness of the starting layer was varied be-
tween 7l and 20l, where l was again 550 nm. A

Fig. 1. Reflectance versus wavelength ~nanometers! for the filter
obtained from the global search.

Fig. 2. Reflectance versus wavelength ~nanometers! for the filter
obtained from the modified global search.



thicker starting layer yielded more layers in the mul-
tilayer. The best result was obtained with a starting
thickness of 20l. Larger starting thicknesses yielded
too many layers, and their contribution to the perfor-
mance was insignificant. Layers were added simul-
taneously and step by step. The step-by-step needle
addition of layers enabled better control of the number
of layers but yielded slightly greater deviations. The
best results were obtained with a design process con-
sisting of three or four simultaneous needle proce-
dures, followed by refinement. The optimization of
layers, which temporarily had zero thickness, has not
stopped, but they are able to develop again. This ap-
proach actually increases the design time but yields
better results. In other words, we did not artificially
change the dimensions of the hyperspace, keeping the
process going to the end as the needle method pre-
dicted.

The spectral characteristics of the filters, obtained
by the above-mentioned needle design methods, are
presented in Figs. 3 and 4. Figure 3 corresponds to
the needle design with the simultaneous insertion of
layers and Fig. 4 to the step-by-step addition.

D. Needle-Composite Design

Two notch filters ~centered at 550 and 625 nm! have
been designed with the needle design and some refine-
ment procedures. The starting thicknesses of a
high-index layer for the two needle designs are 10l.
The first notch filter, having a high reflectance of
530–570 nm, has 39 layers, and the second, having a
high reflectance of 600–650 nm, has 41 layers. Two
notch filters were assembled through a simple L tran-
sition layer, and then the final variable metric refine-
ment was performed. This approach has been found
to give very good results in a relatively short time.
The results of the described method are in Fig. 5.

E. Composition of Two Narrow-Band Reflectors

In the fifth method we composed the filter of two
narrow-band reflectors of the ~L3H!n type followed by

Fig. 3. Reflectance versus wavelength ~nanometers! for the filter
obtained from the needle method and the simultaneous insertion of
layers.
a refinement technique. We tried to overcome the
fact discussed above that the restrictions on varia-
tions of the thicknesses for global search have been
chosen too narrowly. This method did not yield bet-
ter results than others because the local minima de-
fined by the narrow-band reflectors were obviously
too deep. The result, Fig. 6, is an illustration that
the solution for the given case study could not be
constructed simply by following the described proce-
dure.

3. Discussion and Conclusions

An overview of the results, which illustrates and com-
pares the final values obtained by different design
strategies described in Section 2, is given in Table 1.
The profiles of the refractive indices for all five solu-
tions are given in Fig. 7. The metric thicknesses are
expressed in micrometers. Following the design
strategies above, we tried to determine which ap-
proach from the chosen synthesis and refinement

Fig. 4. Reflectance versus wavelength ~nanometers! for the filter
obtained from the needle method and the step-by-step insertion of
layers.

Fig. 5. Reflectance versus wavelength ~nm! for the filter obtained
by use of the composition of two notch filters created by the needle
method.
1 July 1998 y Vol. 37, No. 19 y APPLIED OPTICS 4251



method combinations gave the best results. The
best result, in the sense of deviation from the target
value, was obtained by a global search followed by
variable metrics refinement. Whether this solution
should really be considered to be the best is unclear.
Comparing the global-based designs with the needle-
based designs, we can see that they all have similar
deviations and total thicknesses. Which results are
the best is really not easy to answer. However, the
needle design implemented in Tfcalc 3.2 does not give
a superior solution. Maybe this is a possible answer
to a question of Tikhonravov et al.,6 namely, this is a
type of problem in which other methods give better
results even with a lower number of layers.

Two different types of target function have been
used for the design. The continuous target function,
where requirements ~A!–~E! were entered as five con-
tinuous optimization targets, yielded generally better
results, although the discrete target function has
been well defined in 226 points. On the other hand,
the use of a discrete target function enabled a faster
approach to the solution. Sometimes a combined
use of these two target functions decreases the design
time. This method has not been applied here, since
the intention was to distinguish one from the other in
order to come to reasonable conclusions.

Fig. 6. Reflectance versus wavelength ~nanometers! for the filter
obtained from a composition of two ~L3H!n-type filters.

Table 1. Comparison of Final Results from Different Design
Procedures

Synthesis Procedure Deviation

Number
of

Layers

Total
Thickness

~nm!

Global search 8.065 48 6044
Modified global search 8.198 48 5851
Needle design—

simultaneous
8.118 49 5807

Needle design—one by one 8.160 49 6227
Composition of two needles 8.344 49 5640
Composition of two narrow-

band reflectors
9.454 47 9292
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The strengths and the weaknesses of the software
used are reflected partially in the results of this pa-
per. We attempted to avoid erroneous conclusions
that might have been generated by the software it-
self.

4. Summary

In this paper different design procedures, in which a
given study is used, have been analyzed. The weak-
nesses and the strengths of each for the given prob-
lem have been discussed. It has been found that

Fig. 7. Refractive-index profile of the five designs ~n versus mi-
crometers!.



they all lead to more or less similar solutions, i.e.,
deviation values, but they are all different in the
physical sense. Determining the absolute best an-
swer is not possible, since it depends on many factors
and the specific needs and requirements of the appli-
cation. However, it is possible to conclude that the
global search and needle methods contain synthesis
methods that safely lead to excellent solutions. It is
not possible to conclude generally that they will al-
ways work in a similar way, but in this study they
both yielded similar results. The success of one
method or some other method depends also on the
fine structure of the software used, i.e., the algo-
rithms that support the method itself. Therefore
the multilayer design, except in its practical use, will
present a permanent challenge for applied mathe-
matics and physics.

References
1. J. A. Dobrowolski and R. A. Kemp, “Refinement of optical

multilayer systems with different optimization procedures,”
Appl. Opt. 29, 2876–2893 ~1990!.
2. J. A. Dobrowolski, “Completely automatic synthesis of optical
thin film systems,” Appl. Opt. 4, 937–946 ~1965!.

3. J. A. Dobrowolski, “Versatile computer program for absorbing
optical thin film systems,” Appl. Opt. 20, 74–81 ~1981!.

4. S. H. Furman and A. V. Tikhonravov, Optics of Multilayer
Systems ~Editions Frontieres, Gif-sur-Yvette Cedex, France,
1992!, p. 130.

5. P. Baumeister, “Starting designs for the computer optimiza-
tion of optical coatings,” Appl. Opt. 34, 4835–4843 ~1995!.

6. A. V. Tikhonravov, M. K. Trubetskov, and G. W. DeBell, “Ap-
plication of the needle optimization technique to the design of
optical coatings,” Appl. Opt. 35, 5493–5506 ~1996!.

7. B. T. Sullivan and J. A. Dobrowolski, “Implementation of a
numerical needle method for thin-film design,” Appl. Opt. 35,
5484–5492 ~1996!.

8. W. H. Southwell, “Scaling rules for quintic refractive index
matching semi-infinite antireflection coating,” in Optical Thin
Films V: New Developments, R. L. Hall, ed., Proc. SPIE 3133,
65–70 ~1997!.

9. TFCalc, 1985–1997 Software Spectra, Inc., 14025 N.W. Har-
vest Lane, Portland, Oreg. 97229.

10. A. V. Tikhonravov, “Needle optimization technique: the his-
tory and the future,” in Optical Thin Films V: New Develop-
ments, R. L. Hall, ed., Proc. SPIE 3133, 2–7 ~1997!.

11. H. A. Macleod, Thin Film Optical Filters ~Adam Hilger, Lon-
don, 1969!, pp. 172–184.
1 July 1998 y Vol. 37, No. 19 y APPLIED OPTICS 4253


