On the reliability of reverse engineering results
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Determination of actual parameters of manufactured optical coatings (reverse engineering of optical
coatings) provides feedback to the design-production chain and thus plays an important role in raising
the quality of optical coatings production. In this paper, the reliability of reverse engineering results
obtained using different types of experimental data is investigated. Considered experimental data include offline normal incidence transmittance data, offline ellipsometric data, and online transmittance
monitoring data recorded during depositions of all coating layers. Experimental data are obtained for
special test quarter-wave mirrors with intentional errors in some layers. These mirrors were produced
by a well-calibrated magnetron-sputtering process. The intentional errors are several times higher than
estimated errors of layer thickness monitoring, and the reliability of their detection is used as a measure
of reliability of reverse engineering results. It is demonstrated that the most reliable results are provided
by online transmittance data. © 2012 Optical Society of America
OCIS codes: 310.6805, 310.3840, 310.1620, 310.1860, 310.6860.

1. Introduction

Reliable determination of actual optical parameters
of layers of deposited multilayer coatings (so-called
reverse engineering of optical coatings [1,2]) plays a
key role in advancing the quality of optical coatings
production. Reverse engineering results provide feedback to the design-production chain because they
can be used for adjusting deposition parameters, recalibrating monitoring systems, and improving control of thicknesses of individual layers [1,3]. These
results may also be useful in the course of establishing adequate levels of simulation parameters in cases
when computational manufacturing is incorporated
into the design-production chain [4].
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From a mathematical point of view, reverse engineering is a typical ill-posed inverse problem, and
specific numerical algorithms are required to solve
this problem [5]. The complexity of this problem is
connected with the ambiguity and instability of
the problem solution [6–8].
One of the most popular approaches to reverse engineering is based on the postproduction analysis of
normal incidence or quasi-normal incidence transmittance (T) and/or reflectance (R) data related to a produced coating sample. This approach is simple from
an experimental point of view. Normal incidence
transmittance and quasi-normal incidence reflectance
can be measured with a sufficient accuracy using any
UV-visible–near-IR dispersive or Fourier-transform
spectrophotometer. However, this approach is quite
complicated from a mathematical point of view because many unknown parameters are found from a
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single R or/and T data array. In order to determine
layer parameters reliably, one should apply a sequence of physically meaningful models of optical constants and thickness errors [8]. There are situations
when it is not possible in principle to find layer parameters from single R or/and T data arrays. As an example of such a situation, the reverse engineering of
dispersive mirrors working in broadband spectral
ranges can be considered. In this case, reflectance data
are not informative, and other spectral characteristics
(group delay or group delay dispersion) should be
measured [8].
Another approach to reverse engineering is based
on the analysis of multiangle R and T measurements
taken for a produced multilayer coating [9]. In [9] we
demonstrated that simultaneous analysis of reflectance and transmittance data taken at different angles of incidence (AOI) and for different polarization
states increased the reliability of reverse engineering
results.
Spectral ellipsometric data are used mainly for
optical characterization of single thin films [10,11].
Numerical algorithms for reverse engineering of
multilayer optical coatings on the basis of spectral
ellipsometry are provided by several commercial
software packages (see, for example, [10,12]). It is
known that in some cases, ellipsometric data significantly reduce ambiguity and provide unique
solutions to reverse engineering problems. In [13], ellipsometric data were used for characterization of digitized rugate coatings with the help of a general
regularization approach [5]. In [14] it was proved
that three layer structures “dielectric film–ultrathin
metal-dielectric composite film–dielectric film” can
be reliably characterized on the basis of ellipsometric
data. Authors of [6] used ellipsometric measurements in combination with photometric measurements to reduce instability in the course of reverse
engineering of hybrid antireflection coatings.
In recent years, reverse engineering algorithms
based on multiscan measurements have been elaborated [4,15–17]. These multiscan measurements are
typically transmittance or reflectance data recorded
in-situ during the deposition process. Such multiscan
data sets can be provided by broadband monitoring
(BBM) systems [2,3,18]. Using multiscan data allows
one to involve more input information in solving
reverse engineering problems and to reduce the
ambiguity of its solution.
In this paper, we investigated the reliability of reverse engineering results obtained on the basis of
analysis of different experimental data sets. At the
current state of art, this question has not been studied systematically. The primary goal of our paper
was to reveal measurement data sets that are sufficient for providing reliable reverse engineering
results. Our secondary goal was to demonstrate examples of data sets that may give wrong reverse
engineering results.
As experimental basis, we produced samples of
single layers and multilayer stacks. These stacks
5544
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were quarter-wave mirrors (QWM) with intentionally imposed errors on thicknesses of several layers.
We knew these errors with a high accuracy because
the mirrors were produced using well-calibrated
time monitoring control [19]. In our disposal we
had several sets of measurement data, namely, multiscan transmittance measurements recorded in the
course of the deposition process, quasi-normal R and
T data related to produced samples, and ellipsometric data taken for the samples. We used two reverse engineering software tools in our research.
These tools were OptiRE module of OptiLayer software ver. 8.85 [12] and Woollam WVASE32 ver.
3.770 [10].
In Section 2, we describe in detail our experimental samples and measurement data. In Section 3, we
obtain reverse engineering results on the basis of
analysis of different sets of measurement data and
find that data sets provide reliable results. Our final
conclusions are presented in Section 4.
2. Experimental Samples and Measurement Data

For our study, we produced six experimental samples. Two samples were the samples of single
Ta2 O5 and Si2 O2 films on Suprasil substrates of
6.35 mm thickness. Geometrical thicknesses of the
films were about 290 and 400 nm, respectively. We
used these samples to verify consistency of characterization results obtained from different measurement
data sets.
Four samples were the test samples of 15 layer
QWM with a central wavelength of 600 nm. We used
tantalum pentoxide as a high index material (odd
layers) and silicon dioxide as a low index material
(even layers). In the course of the deposition of test
samples, intentional errors were imposed on thicknesses of several layers. We used these samples to
check the reliability of reverse engineering results
obtained on the basis of analysis of different measurement data sets.
The experimental samples were produced with
magnetron-sputtering plant (HELIOS, Leybold
Optics GmbH). This plant was equipped with two
proprietary TwinMags magnetrons and a plasma
source for plasma/ion assisting. The system was
pumped by turbo-molecular pumps to 1 · 10−6 m
bar before the sputtering. Argon and oxygen were
used for both magnetrons. The cathode power for
Si (purity 99.999%) and Ta (purity 99.8%) targets
were 4500 and 2500 W, respectively. The power applied to the Ta cathode was not constant because
it operated in the oxygen control mode that guaranteed stable film properties. The gas pressure was 1 ·
10−3 m bar during the sputtering process. Oxygen
was fed near the targets to oxidize the sputtering
films. The distance from targets to the substrates
was 100 mm. The deposition rates were approximately 0.5 nm ∕ s for both materials.
In total, we performed four deposition runs. In
the first and second deposition runs, we produced
samples of single Ta2 O5 and SiO2 films.

3. Reverse Engineering of Deposited Coatings
A. Refractive Indices of Layer Materials

Knowing refractive indices of layers with a high accuracy is important for successful reverse engineering of multilayer coatings [9,16,26]. For this reason,
we started our study with specification of refractive
indices used for calculations of theoretical characteristics and verification of consistency of films refractive indices obtained from different experimental
data sets.
For calculating theoretical characteristics of test
samples, we used so-called nominal refractive indices
of Ta2 O5 and SiO2 . These refractive indices were
specified by the Cauchy formula:
nλ  A0  A1

 2
 4
λ0
λ
 A2 0 ;
λ
λ

(1)

where A0  2.06572, A1  0.016830, and A2 
0.001686 for Ta2 O5 and A0  1.46529, A1  0, and
A2  0.0004708 for SiO2 ; if wavelength λ in this
formula is expressed in nanometers, then λ0 
1000 nm. Dispersion data of Suprasil substrate were
taken from Heraeus Quartzglas Catalog [27]. Refractive index of Glass B260 substrate was described by
the Cauchy formula with A0  1.500859, A1 
3.26477 · 10−3 , and A2  5.0404 · 10−4 ; these coefficients were preliminary determined by fitting
transmittance measurement data.
The nominal refractive indices were obtained on
the basis of multiple characterization attempts of
single layer and multilayer samples in the course of
careful time-calibration of the HELIOS plant. These
indices had typically been used in the course of the
deposition of complicated dispersive mirrors containing dozens of layers. The indices therefore are known
quite reliably, since dispersive mirrors are very
sensitive to refractive index variations [20,22–24].
Nominal refractive indices are shown in Fig. 1 by solid black curves. Dashed gray curves in the same
figure show refractive indices of Ta2 O5 and SiO2 obtained in [28] from measured transmittance data.
In Fig. 1, solid gray curves represent refractive indices of Ta2 O5 and SiO2 determined in the course of
1.51
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In the third deposition run, we deposited two of the
test samples simultaneously. Our turntable had
16 sample positions, located at the same distance
from the center of rotation. We placed two substrates,
namely, Suprasil substrate of 6.35 mm thickness and
Glass B260 substrate of 1 mm thickness, exactly at
the same distance from the rotation center of the
turntable. At these positions, two corresponding
samples denoted as QWM-2-Suprasil and QWM-2Glass were produced. Uniformity between different
positions was better than 0.2% of layer thickness.
Magnetron sputtering is known as a process with
a stable deposition rate and very dense layers (see,
for example, [20,21]). In this situation, stability, homogeneity, and amorphous structure of produced
films are provided.
Layer thicknesses were controlled using wellcalibrated time monitoring [22,23]. The estimated level of thickness errors did not exceed 1% [19,20,24].
During the deposition of QWM-2-Suprasil and
QWM-2-Glass samples, intentional relative errors
equal to −7% and 7% were imposed on the third
and twelfth layers, respectively. These errors were
several times higher than the estimated level of errors
associated with the monitoring procedure, and we expected that the reverse engineering algorithm was to
be able to detect these intentional thickness errors.
By the analogy, in the fourth deposition run, we deposited two samples QWM-4-Suprasil and QWM-4Glass with the intentional relative errors of 7%,
−7%, −5%, and 5% made in thicknesses of the third,
eighth, fourteenth, and fifteenth layers.
The HELIOS plant was also equipped with a BBM
system [25]. In the course of the deposition, the BBM
device worked in a passive mode for data acquisition
only: broadband transmittance scans were recorded
after deposition of each layer. The test samples
QWM-2-Glass and QWM-4-Glass were placed on
the position where the BBM monitoring system performed measurements. As a result, we had multiscan
transmittance data related to the samples QWM-2Glass and QWM-4-Glass. Transmittance data were
taken in the spectral range from 400 to 950 nm,
and the number of spectral points was 1239.
After the deposition, transmittance data of the
QWM-2-Suprasil and QWM-4-Suprasil samples
were taken at normal incidence in the spectral range
from 330 to 1100 nm using Perkin Elmer Lambda
900 spectrophotometer. The number of spectral
points was 771.
Then, for the single layer samples and the test
samples QWM-2-Suprasil and QWM-4-Suprasil, ellipsometric measurements were performed using the
M−2000UITM Spectroscopic Ellipsometer (J.A.
Woollam Co., Inc.). For QWM-2-Suprasil and QWM4-Suprasil samples, ellipsometric angles Ψ and Δ for
AOI  65° were measured in the spectral range from
245 to 1700 nm. For Ta2 O5 and SiO2 samples, ellipsometric angles Ψ and Δ were taken for AOI  70° and
AOI  55.5°, respectively. The spectral range was from
245 to 1700 nm.
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Fig. 1. Refractive indices of Ta2 O5 films (left side) and SiO2 films
(right side): nominal indices (solid black curve), indices obtained in
[28] (dashed gray curve), indices determined in [9] (solid gray
curve), and indices obtained from ellipsometric measurement data
(dashed black curve).
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the characterization process based on multiangle
spectral photometric data related to single layer
samples [9]. Geometrical thicknesses of Ta2 O5
and SiO2 films were obtained equal to 292.3 and
401.4 nm, respectively.
In Fig. 1, dashed black curves present refractive
index wavelength dependencies obtained as a result
of a characterization process utilizing spectral ellipsometric data. Geometrical thicknesses of Ta2 O5
and SiO2 were found equal to 293.4 and 405.0 nm,
respectively.
In Fig. 1, one can observe that determined refractive indices marked by solid gray curves and dashed
black curves are consistent, although they were
found from measurement data sets taken at completely different devices. There is also a good correspondence between determined geometrical thicknesses
of the considered films: deviations between thickness
values are 0.4% and 0.9% for Ta2 O5 and SiO2 films,
respectively.
At the same time, it is seen from Fig. 1 that the
determined refractive indices are shifted upwards
in comparison with nominal refractive indices. Dispersion behavior of determined and nominal refractive indices is very similar. Determined refractive
indices deviate from the nominal ones for 0.035 in
the case of Ta2 O5 films and for 0.02 in the case of
SiO2 films, which corresponds to 1.6% and 1.4% of
the nominal refractive index values. These deviations can be explained by the fact that the nominal
indices were obtained from experimental data related to coatings deposited on B260 Glass substrates
of 1 mm thickness, while the determined refractive
indices were obtained from data related to single
layers on Suprasil substrates of 6.35 mm thickness.
The difference in refractive indices may be connected
with different microscopic structures of thin films deposited on different substrates and differences of
optical properties of single films and films in a multilayer coating [29,30]. The difference can be explained
also by the differences in measurements. They are
more complicated in the case of thicker substrates,
since both the main transmittance beam and at least
the first double internal reflection (in transmission)
or main beam and first reflection from the back
face (in reflection) needed to be unobstructed and
included in the measurements [9] and in the corresponding characterization model.
Comparison of Ta2 O5 and SiO2 refractive index
wavelength dependencies convinced us that refractive indices of layers should be fitted in the course
of the reverse engineering process. It is possible that
refractive indices of films in a multilayer stack are
slightly different from the refractive indices of single
thin films used for optical characterization, since single films are several times thicker than typical thicknesses of layers forming a multilayer stack (see, for
example, [31]). In our case, thicknesses of Ta2 O5 and
SiO2 layers in the single layer samples were about
four times more than thicknesses of corresponding
layers in test samples. For this reason, we started
5546
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our reverse engineering procedure by accounting
for possible offsets of layer refractive indices from
nominal ones. In this case, only two parameters have
to be determined. This raises the stability of the the
reverse engineering procedure, since attempts to simultaneously determine offsets of refractive indices
and errors in layer thicknesses lead to unstable
physically meaningless results.
B. Reverse Engineering Results Obtained on the Basis of
Multiscan Measurements

We performed reverse engineering on the basis of
analysis of transmittance scans taken for a set of
wavelengths denoted as fλj g, j  1; …; L, where L is
i
the number of wavelength points. Denote T^ λj  as
the transmittance scan acquired after terminating
deposition of the ith layer. Denote as Td1 ; …; di ;
nH λj ; nL λj ; λj  the model transmittance data for
the first i deposited coating layers. In our reverse engineering procedure, we utilized all transmittance
scans simultaneously and used the triangular algorithm for layer parameters determination [16].
In order to estimate a closeness between theoretical and experimental data, we introduced the
multiscan discrepancy function:
MDF2 

N X
L
1 X
2
i
TX; λj  − T^ λj  ;
NL i1 j1

(2)

where N  15 is the number of layers in the coating
and X is the vector of parameters describing our coating. The MDF values [Eq. (2)] were 3.06 for QWM-2Glass sample and 4.13 for QWM-4-Glass sample.
Our reverse engineering procedure consisted of
two steps. At the first step, we introduced a model,
in which the theoretical transmittance TX; λ in
Eq. (2) depends on two unknown parameters, namely
refractive index offsets hH and hL :
TX; λ  Td1 ; …; di ; nH λ  hH ; nL λ  hL ; λ. (3)
This model reduced the multiscan discrepancy function Eq. (2) to the function of two parameters
MDF2  MDF2 hH ; hL :

(4)

After minimization of the MDF function with respect
to these two parameters hH and hL , MDF values became 2.6 for QWM-2-Glass and 2.8 for QWM-4-Glass
samples. Corrected refractive indices n~ H  nH  hH
and n~ L  nL  hL corresponding to QWM-2-Glass
and QWM-4-Glass samples are shown in Fig. 2 by
gray curve (2) and black curve (3), respectively.
At the second step of our reverse engineering procedure, we introduced a model of relative errors in
layer thicknesses:
TX; λ  T1  δ1 d1 ; …; 1  δi di ; n~ H λ; n~ L λ; λ:
(5)
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C. Reverse Engineering Results Obtained Using Offline
Transmittance Data Array
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Fig. 2. (Color online) Refractive indices of Ta2 O5 films (left panel)
and SiO2 films (right panel): nominal indices (1—solid blue curve),
indices obtained from multiscan measurements related to
QWM-2-Glass sample (2—gray curve) and to QWM-4-Glass
sample (3—black curve), indices determined from Perkin Elmer
measurements related to QWM-2-Suprasil sample (4—red curve)
and to QWM-4-Suprasil sample (5—green curve). Curves 3 and 4
are almost undistinguishable at the left panel.

With this model, the multiscan discrepancy function
was reduced to the function of N  15 parameters
MDF2  MDF2 δ1 ; …; δN ;

(6)

8

Relative errors, %

Relative errors, %

and the minimization of MDF function (6) with
respect to δ1 ; …; δN provided final discrepancies
0.87 and 0.5 for QWM-2-Glass and QWM-4-Glass
samples, respectively.
Determined relative errors are shown in Fig. 3 by
black bars. The intended errors are shown in this
figure by gray bars. In Fig. 3, one can observe that
the intended errors were detected reliably; the difference between determined relative errors does not exceed the estimated accuracy of thickness monitoring.
Errors in layers without imposed thickness errors do
not exceed 2%. These errors can be caused by two
reasons. The first one is some inaccuracy of the time
monitoring. The second one is the instability of the
reverse engineering procedure as well as the effect
of errors in measurement data. It was demonstrated
in [16] that errors of 1% magnitude can be caused by
random noise and systematic offsets of measurement
transmittance scans.
In this subsection, we have shown that reverse engineering results obtained on the basis of analysis
of multiscan measurements can be considered as
reliable ones.

4
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DF2 

L
1X
TX; λj  − T̂λj 2 .
L j1

(7)

The initial DF values were 7.60 for the QWM-2Suprasil sample and 4.45 for the QWM-4-Suprasil
sample. The number of spectral points L was 551.
For the reverse engineering, we applied a sequence
of models similar to the previous subsection. At the
first step, we introduced a model, in which the theoretical transmittance TX; λ in Eq. (7) depends on
two unknown refractive index offsets hH and hL :
TX; λ  Td1 ; …; dN ; nH λ  hH ; nL λ  hL ; λ.
(8)
This model reduced the discrepancy function Eq. (7)
to the function of two parameters
DF2  DF2 hH ; hL ;

(9)

and after minimization DF values became 3.14 and
4.28 for QWM-2-Suprasil and QWM-4-Suprasil
samples, respectively.
At the second step of our reverse engineering procedure, we introduced a model of relative errors in
layer thicknesses:
TX; λ  T1  δ1 d1 ; …; 1  δN 
× dN ; n~ H λ; n~ L λ; λ:

(10)

8

With this model, the discrepancy function was
reduced to the function of N  15 parameters

4

DF2  DF2 δ1 ; …; δN ;

0
-4
-8

3

At our disposal, we had normal incidence transmit^ j  taken by a Perkin Elmer spectrophotance data Tλ
tometer in the spectral range from 330 to 950 nm. We
performed two reverse engineering attempts. First,
we performed reverse engineering on the basis of
transmittance data taken in the visible spectral
range. Data taken in the range from 380–400 nm
to 800–1000 nm are frequently used in the reverse
engineering procedure [15,32].
In order to estimate a closeness between theoretical and experimental data, we introduced a
discrepancy function:

3

6

9

12

15

Layer number

Fig. 3. Black bars present relative errors in layer thicknesses of
QWM-2-Glass sample (left panel) and QWM-4-Glass sample (right
panel) determined on the basis of multiscan transmittance data.
Gray bars show errors imposed on layer thicknesses.

(11)

and minimization of this function allowed us to obtain relative errors in layer thicknesses δ1 ; …; δN .
The achieved final discrepancies were equal to
0.67 and 0.65 for QWM-2-Suprasil and QWM-4Suprasil samples, respectively. Estimated δ1 ; …; δN
values are presented in Fig. 4. In this figure one
can see that in the case of the QWM-2-Suprasil sample, only the error in twelfth layer was detected with
a sufficient accuracy. The error in the third layer was
reproduced with an accuracy of 2%. The obtained
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Fig. 4. Black bars present relative errors in layer thicknesses
of QWM-2-Suprasil sample (left panel) and QWM-4-Suprasil
sample (right panel) determined on the basis of transmittance
data taken by the Perkin Elmer spectrophotometer in the spectral
range from 400 to 950 nm. Gray bars show errors imposed on layer
thicknesses.
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error of about 4% in the fourth layer is incorrect. In
the case of the QWM-4-Suprasil sample, the estimated relative errors do not correspond to the
intended errors.
At the second reverse engineering attempt, we
utilized the transmittance data from the range
330–950 nm; the number of spectral points was
L  621. This spectral range was wider than the
range used in the first reverse engineering attempt.
For this attempt, we used the same reverse engineering procedure as for the first attempt.
In this case, the initial discrepancies were 4.47 and
4.37; intermediate DF values [Eq. (10)] 4.3 and 4.2
were obtained for QWM-2-Suprasil and QWM-4Suprasil samples, respectively. Corrected refractive
indices are shown in Fig. 2 by red curve (4) and green
curve (5). At the second step of the reverse engineering procedure, final discrepancy values equal to 0.57
and 0.66 were achieved for QWM-2-Suprasil and
QWM-4-Suprasil samples, respectively. Determined
relative errors δ1 ; …; δN are presented in Fig. 5 by
black bars. In the case of the QWM-2-Suprasil sample, the intended errors in the third and twelfth
layers were found correctly. The levels of errors in
other layers do not exceed estimated accuracy of the
time monitoring procedure. In the case of the QWM4-Suprasil sample, the imposed errors were detected
with good accuracy. Some other errors reach 3%,
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Analysis of Spectral Ellipsometric Data

In this subsection, we investigate whether reliable
reverse engineering results can be obtained on the
basis of analysis of spectral ellipsometric data. In
100
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Fig. 5. Black bars present relative errors in layer thicknesses
of QWM-2-Suprasil sample (left panel) and QWM-4-Suprasil
sample (right panel) determined on the basis of transmittance
data taken by the Perkin Elmer spectrophotometer in the spectral
range from 330 to 950 nm. Gray bars show errors imposed on layer
thicknesses.
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D.

8

-8
3

which is a bit higher than estimated accuracy of
thickness control with time monitoring. This can
be considered as an effect of instability of the reverse
engineering procedure.
An additional comment should be made here. The
final discrepancies achieved in the course of two reverse engineering attempts were close: 0.67 and 0.57
for the QWM-2-Suprasil sample, and 0.57 and 0.66
for the QWM-4-Suprasil sample. At the same time,
reverse engineering results were absolutely different. Moreover, in the first attempt, these results were
wrong, and in the second attempt, the results were
correct. Therefore a small value of the discrepancy
(good fitting) cannot be considered as an indication
of reliable reverse engineering results. Utilization of
additional a priori information and careful checks of
results consistency should always be performed.
Reverse engineering results obtained above convinced us that the measurement spectral range
played an important role in optical parameters determination in cases when the offline spectral photometric data array related to produced samples was
used. For our test samples, the spectral range from
330 to 400 nm was critical because transmittance
spectral dependencies have informative oscillating
features in this range. In the left panel of Fig. 6,
we present fitting of measurement data in the spectral range from 330 to 950 nm by model transmittance calculated on the basis of layer thicknesses
found for the QWM-4-Suprasil sample in the course
of the first reverse engineering attempt (experimental data were taken from the range 400–950 nm). We
observe that fitting in the short wavelength spectral
range 330–400 nm is quite bad; oscillating features
are not fitted by model curve. In the right panel of
Fig. 6, we demonstrate the excellent fitting of the
same measurement data by model transmittance calculated on the basis of layer thicknesses found for the
QWM-4-Suprasil sample in the course of the second
reverse engineering attempt (experimental data
from the range 330–950 nm were explored).
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Fig. 6. (Color online) Fitting of experimental data (red crosses) by
model transmittance (black curve) when reverse engineering was
performed using experimental data in the range 400–950 nm (left
panel) and in the range 330–950 nm (right panel).
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ΨX; λ  Ψd1 ; …; dN ; nH λ  hH ; nL λ  hL ; λ;
ΔX; λ  Δd1 ; …; dN ; nH λ  hH ; nL λ  hL ; λ.
(13)
This model reduced the discrepancy function Eq. (12)
to the function of two parameters DF2 similar to
Eq. (9). After indices correction, DF values were
205.1 and 177.2 for QWM-2-Suprasil and QWM-4Suprasil test samples, respectively.
At the second step of the reverse engineering procedure, we introduced a model of relative errors in
layer thicknesses:
ΨX; λ  Ψ1  δ1 d1 ; …; 1  δN 
× dN ; n~ H λ; n~ L λ; λ;
ΔX; λ  Δ1  δ1 d1 ; …; 1  δN 
(14)

With this model, the discrepancy function was reduced to the function of N  15 parameters similar
to Eq. (11), and minimization of this function allowed
us to obtain final discrepancies equal to 62.4 and 58.5
for QWM-2-Suprasil and QWM-4-Suprasil samples,
respectively. The estimated relative errors are shown

6

9
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Layer number

Fig. 7. Black bars present relative errors in layer thicknesses of
the QWM-2-Suprasil sample (left panel) and the QWM-4-Suprasil
sample (right panel) determined on the basis of ellipsometric measurements with the help of OptiRE software. Gray bars show
errors imposed on layer thicknesses.

in Fig. 7 by black bars. It is evident that the estimated
errors have nothing in common with intended
errors. This means that we obtained wrong reverse
engineering results. We can suppose therefore that ellipsometric data related to a produced multilayer
sample cannot be considered as a basis for reliable engineering of this sample, at least in the frame of the
selected models. It is likely that elaboration of more
complicated specialized models can improve the situation with ellipsometric data processing, but this
goes outside the scope of the current work.
There is another issue related to the reverse engineering procedure. One may ask whether a sequence
of reverse engineering steps or numerical algorithm
of discrepancy function minimization affect the results. In order to answer this question, we performed
reverse engineering of the test samples with the help
of Woollam software [10] using an approach similar
to that described above.
Relative errors in layer thicknesses are shown in
Fig. 8 by black bars. As in the case of reverse engineering with OptiRE software, one can observe disagreement between intended and estimated errors.
This inconsistency indicates that the reverse engineering results are unreliable.
On the basis of the analysis provided in this subsection, we demonstrated that in the cases of our test
samples, the reliable reverse engineering results
cannot be found from ellipsometric data. We do not
state here that ellipsometric data cannot be used
for reverse engineering at all. Probably, these data
provide reliable results in the cases when the
Relative errors, %

(12)

where ΔΨj and ΔΔj are measurement errors in Ψ
and Δ data delivered by the Woollam ellipsometer.
Initial discrepancies were equal to 226.0 and 191.9
for QWM-2-Suprasil and QWM-4-Suprasil samples,
respectively. Note that significantly higher values
of discrepancies in the case of ellipsometry are
caused by measurement errors ΔΨj varying in the
range [0.008, 0.2] and ΔΔj varying in the range
[0.016, 8.6] in Eq. (12). One should not compare these
values with spectrophotometric case discrepancies;
only relative decrease of the discrepancy value for
the same data set is important.
First, we performed reverse engineering of the test
coatings using OptiRE software [12]. The sequence of
models was selected analogous to the previous two
subsections.
At the first step, we introduced the model of refractive indices offsets:

× dN ; n~ H λ; n~ H λ; λ.
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our research, we processed the ellipsometric data
from the spectral range 330–1100 nm, where material absorption may be neglected.
In order to estimate the closeness between measured ellipsometric angles Ψλj  and Δλj  and theoretical ellipsometric angles ΨX; λj  and ΔX; λj , we
calculated discrepancies using the following formula:
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Fig. 8. Black bars present relative errors in layer thicknesses of
the QWM-2-Suprasil sample (left panel) and the QWM-4-Suprasil
sample (right panel) determined on the basis of ellipsometric measurements with the help of Woollam software. Gray bars show
errors imposed on layer thicknesses.
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number of coating layers is relatively small or if
these data are used in the combination with photometric data. This issue, however, requires a distinct
comprehensive study.
4. Conclusions

We performed reverse engineering of test samples
with known errors in layer thicknesses. As the basis
for the reverse engineering, we used different measurement data sets, namely, multiscan measurements
taken in situ by the BBM spectrophotometer, single
transmittance spectra measured using the Perkin
Elmer spectrophotometer, and ellipsometric angles.
In all reverse engineering attempts, we used the same
procedure: indices correction and successive estimation of errors in layer thicknesses. We demonstrated
the following:
• Multiscan transmittance spectra can be used
for reliable reverse engineering of multilayer optical
coatings.
• Reliability of the reverse engineering results
obtained from single measurement data array is
strongly dependent on the spectral range in which
the data are used. Measured spectral characteristic
should contain informative features in this range.
• Reliability of the reverse engineering results on
the basis of analysis of ellipsometric data is problematic. In our study, we demonstrated the situation
when ellipsometric measurements cannot be used
for reliable reverse engineering.
In our study, we demonstrated that there are data
sets that can be definitely used for reliable reverse
engineering and there are data sets that can provide
reliable and unreliable results. Future work on this
topic may include a comprehensive experimental and
numerical study aimed at revealing the dependence
of reverse engineering results on the number of coating layers.
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