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A post-production characterization approach based on spectral photometric and ellipsometric data related to a spe-
cially prepared set of samples is proposed. Single-layer (SL) and multilayer (ML) sets of samples presenting building
blocks of the final sample were measured ex-situ, and reliable thicknesses and refractive indices of the final ML were
determined. Different characterization strategies based on ex-situ measurements of the final ML sample were tried,
reliability of their results was compared, and the best characterization approach for practical use, when preparation
of the mentioned set of samples would be aluxury, is proposed.  © 2022 Optica Publishing Group
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1. INTRODUCTION

Characterization of e-beam deposited TiO,/SiO; coatings
is not a straightforward task. It is known that the refractive
indices of evaporated TiO; layers are dependent on deposition
conditions [1,2]; in additions, may vary from layer to layer [1].
It may also happen that the nominal refractive indices, i.e., the
refractive indices used in the process of theoretical designing,
may differ from the actual refractive indices of coating layers
[3]. Very often, nominal refractive indices determined based on
characterization of thick single layers may be slightly different
from the optical constants of coating layers, which are usually
thinner.

A series of papers reporting various aspects of post-
production characterization of multilayer (ML) coatings
has been published. In [4], quarter-wave mirrors were charac-
terized on the basis of multi-scan transmittance measurements
recorded by a broadband monitoring (BBM) device [5]. The
coatings were produced using magnetron sputtering, and layer
thicknesses were controlled by very accurate time monitoring,.
During the deposition, the errors were induced on some layer
thicknesses that allowed considering this characterization prob-
lem as an academic example, i.c., a problem with a known result.
Knowing the layer errors with good accuracy allowed one to
compare triangular and sequential characterization algorithms
[6] and to prove that a triangular algorithm provides more
reliable results, atleast in the case of BBM data.
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In [7], similar quarter-wave mirrors with known induced
errors in some layer thicknesses were used to select a dataset
providing reliable characterization results. It was demonstrated
that ex-situ reflectance/transmittance (R/T) measurements,
including informative features (characteristic minima and
maxima, noticeable variations of the curves) in the short wave-
length spectral range, can be considered as a basis for reliable
post-production characterization.

In [8], complex oblique incidence coatings were carefully
characterized, namely, a 28-layer edge filter deposited by
ion-assisted deposition, a 52-layer beam splitter deposited by
magnetron sputtering, and a 43-layer quarter-wave mirror
produced by e-beam evaporation. The layer thicknesses were
controlled by three different monitoring methods: BBM, time
monitoring, and quartz crystal monitoring, respectively. The
parameters of the coatings were estimated based on normal inci-
dence BBM transmittance scans and ex-sit# normal incidence
spectral photometric measurements. Characterization results
were validated with the help of multi-angular measurements [9].

In works [4,7,8], mainly coatings with dense layers and stable
refractive indices were investigated. In such a case, it might be
expected that characterization results obtained from in-situ
BBM data and ex-sizu R/T measurements are identical or very
similar. In the case of e-beam deposited coatings, layer parame-
ters obtained based on BBM data can be considered as a starting
approximation of the actual coating parameters only. Since
the microstructure of the films deposited by an evaporation
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technique may change after exposition to the atmosphere due to
the absorption of humidity, their optical constants may change
as well. This phenomenon is well known as vacuum shift (see,
for example, [10]). The layer thicknesses may also have slight
changes due to the “swelling” of the layers. In [8], in order to
simplify the coatings model, it was assumed that the layer thick-
nesses do not change, and the refractive indices of all high index
layers vary at the same value.

E-beam evaporation is an industrially well-established thin
film technique due to the high deposition rates of the layers,
large area uniformity of the coatings, and wide choice of materi-
als that can be used. The porosity in the layers can be minimized
by careful optimization of deposition conditions, or it can be
taken into account during design and characterization of the
coatings.

Post-production characterization of e-beam deposited coat-
ings is a complicated task, even if researchers have BBM scans
at their disposal. As mentioned before. the optical properties of
coatings differ in vacuum and after exposition to the atmosphere
because the layers absorb water from air, and their structures
change. BBM data are related to the coating in vacuum and,
therefore, by analyzing this data with the help of a triangular
algorithm, it is possible to obtain estimations of errors in layer
thicknesses only. The final determination of the layer parame-
ters of the produced coatings can be done on the basis of ex-sizu
spectral photometric and/or ellipsometric data. The errors
in the layer thicknesses obtained from BBM characterization
are to be considered as good approximations for actual errors.
This means that if the errors determined from ex-situ R/ T or
ellipsometric data differ essentially from the ones obtained from
BBM data; then these errors and layer optical constants cannot
be considered as reliable ones.

It should be noted that not all deposition plants are equipped
with BBM devices. At the same time, careful characterization
of e-beam deposited coatings is required. This problem is
especially important if new materials are introduced or mod-
ifications of the deposition plant that affect the conditions of
evaporation were made (new equipment, cleaning, etc.). In the
present study, a unique set of e-beam deposited coatings was
produced, and a series of spectral photometric and ellipsometric
measurements related to these samples was performed. Based
on the experimental data, the produced samples were carefully
characterized. In the process of characterization, the following
questions were answered:

* Which minimum experimental dataset is enough for the
reliable characterization of e-beam deposited coatings?

e Which coating model describes such coatings with
sufficient accuracy?

e Which  numerical algorithm
post-production characterization results?

reliable

provides

A new post-production characterization approach has been
applied to find a numerical algorithm providing reliable values
of the final multilayer, which practical, even when only one set
of ex-situ measurements of the complete coating is available.
Thus, the presented approach enabled finding a combination
of a coating model and the corresponding numerical algorithm
providing reliable results. The approach is highly appropriate in
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the typical cases when in-situ BBM scans are not available. The
approach steps include:

* Production of a test set of single-layer and multilayer
samples.

¢ Characterization of single layers.

* Characterization of multilayer samples with the help of
various combinations of coating model and algorithm, and verifi-
cation of the results. The selection of a numerical algorithm that,
using one set of measurements of a final multilayer only, results
in the most reliable coating model.

2. EXPERIMENTAL SAMPLES AND
MEASUREMENT DATA

For the present study, an 11-layer coating with theoretical
transmittance plotted in Fig. 1 was chosen. The coating was
supposed to have high transmittance in the spectral range from
515 to 545 nm and low transmittance in the range from 1000
to 1100 nm. The choice of the design structure does not play
an important role in this study. (1) The chosen design contains
an average number of layers; (2) the spectral characteristics of
the design after the deposition of each new layer contain many
informative features; (3) the design does not contain ultrathin
layers; (4) the chosen layer thicknesses are typical for a visible-
near-infrared spectral range. The coating was designed for a
TiO,/SiO, material pair and BK7 substrate of 1 mm thickness.
Nominal optical constants of the high and low index materials,
n(X), k(L) and 727 (L), as well as a refractive index of the BK7
substrate, are described by Cauchy and exponential formulas,
respectively [wavelength A is given in micronsin Eq. (1)]:

n(A) = Ay + A2 72+ An 74,
k(L) = Byexp {BiA~" + BoA}. (1)

In Eq. (1), Ay = 2.154648, A; =0.02567, A, =0.00449,
By =1.1394-10°, B, = —1.446876, B, — 35.415620 for
TiO,, Ag=1.447, A; =0.00313, A, =4.3353-107> for
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Fig.1. Modeland target transmittance of the 11-layer design.
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SiO; and Ay =1.503538, A; =0.005213, A, —9.06137 -
107 for BK7. The nominal refractive index values at the wave-
length of 600 nm are 2.262 (TiO2), 1.458 (§i02), and 1.517
(BK?7); the extinction coefficient (TiO2) is 2.58 - 10~7. The
extinction coefficients of SiO, and BK7 were set to zero, since
the absorption is negligible in the spectral range of interest from
350 to 1100 nm. The refractive indices of many typical thin film
materials operate in the visible-near-infrared spectral ranges.
The approach suggested in this work can be applied for other
dispersion models, for example, the Sellmeier model, or more
complex models described by alarger number of parameters.

The theoretical thicknesses 4, ..., 411 of coating layers are
100.3, 154.9, 132.5, 187.6, 122.9, 179.7, 125.7, 163.4, 86.6,
255.3, and 112.3 nm; the layers are numbered starting from the
substrate, the first layer is the TiO; layer.

The samples were produced by an electron beam evaporation
technique. The layers were deposited onto substrates pre-heated
to 230°C positioned at rotating calotte. The base pressure was
5107 Torr, and the O, partial pressure during the deposition
of TiO, was 9 - 107 Torr. The deposition rates were 10 /s for
both SiO; and TiO; materials. The mass thickness of the layers
was controlled by the quartz crystal monitor. All the layers of the
same thickness were prepared in the same run. Since the goal was
to get the optical measurements of the multilayer at all steps of
the fabrication, as with the single material coating, the chamber
had to be opened and the corresponding samples had to be taken
out after the deposition of each successive layer.

Therefore, the schematic of our experiment was as follows.
First, 11 uncoated BK7 substrates were put into the deposition
plant. After the deposition of the first layer, the sample number
1 (SL1 = ML1) was taken out, and a new bare substrate for the
next single material coating was added into the chamber. After
the deposition of the second layer, another single layer (SL2)
and the first multilayer sample (ML2) were finished. Each layer
followed the same procedure. Schematic of the experimen-
tal samples is shown in Fig. 2. As the result, 21 experimental
samples were produced, among them:

e Six single-layer samples of TiO,, denoted as SLi,
SLs, ..., SLy1; planned layer thicknesses d, ds, ..., di1,

respectively;

e Five single-layer samples of SiO;, denoted as SL,,
SLy, ..., SLig; planned  thicknesses dy, ds, ..., do,
respectively;

* Ten multilayer coatings containing 2, 3, 4, ..., 11 layers

and denotedas ML,, ..., ML,;.

Two sets of experimental data were collected for each sample:
spectrophotometric measurements of transmittance (T) and
reflectance (R) under normal incidence (Fig. 3). The reflec-
tion was measured using a Perkin—Elmer relative specular
reflectance attachment and calibrated reference mirror. The
spectrometric measurements of ellipsometric functions (¥ and
A) were performed with angles of incidence 45°, 55°, and 65°.
Spectrophotometry was performed with Perkin—Elmer Lambda
25, and ellipsometry was performed with a J.A. Woollam V-
VASE ellipsometer. The measurements for all samples were
made one week after their exposure to the atmosphere. Each of
the design layers &; was also deposited as one of the SL samples
and in (12 — 7) ML samples ML;, ..., MLy;. In an ideal case,
the layers 4; in the SL and ML samples would be expected to
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Fig.2. Schematic of the experimental samples.

be identical. In reality, of course, this is not possible. Due to the
experimental conditions, one cannot expect that the optical
parameters of the layers in the SL and ML samples are identical.
SL samples remained in the atmosphere after a single run, while
the ML samples were exposed several times to the environmental
conditions and then vacuum before their completing. Due to
this procedure, the dynamics of the water absorption process
is different in the SL and ML samples and might result in a
slight difference in optical properties of the layers. Besides, SLs
were grown on bare substrates, while MLs were grown at pre-
viously deposited film that may result in different growths and
structures of successive layers. Characterization was performed
independently based on either spectrophotometric measure-
ments or ellipsometric measurements; the datasets were never
combined.

Another reason for deviations between the layer parame-
ters in the SL and ML samples might be the microstructure
of the underlying film propagating into the following film;
in addition, different material growth on a bare substrate or
pre-deposited layer is possible [11].

At the same time, one can expect that the corresponding layer
thicknesses in the SL and ML samples are close. This reasoning
allows consideration of the characterization of the produced
samples as an academic example. The characterization results
related to the ML samples can be verified by comparing them
with the results found in the course of the SL characteriza-
tion. The layer thicknesses obtained from the characterization
process of the SL can be considered as the actual thicknesses
dy, ..., d;, ..., d; with sufficient accuracy. Refractive indices
of layers in the ML may slightly differ from the ones obtained in
the course of the characterization of the SL samples but abrupt
variations are not realistic.

It should be noted here that, to the best of our knowledge,
this is the first time that such an experimental dataset has been
studied. For characterization purposes, OptiLayer Thin Film
software [12] was used.

To estimate the closeness between experimental and model
coating characteristics, discrepancy functions (DFs) DFgy and
DF, were introduced:
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Fig. 3. Comparison of the model design spectral characteristics
of 11-layer coating and experimental measurements of the produced
sample ML11 (initial comparison): (a) spectrophotometric data R, T
(b) ellipsometric data at AOT = 45°.
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in the cases of photometric [Eq. (2)] and ellipsometric [Eq. (3)]
data. The angles of incidence 6, =45° 6, =55 0;=
GSOZT()»]‘), R(Aj), WO, Aj)s AOy; X)), (0,5 Aj)  are

Table 1. DF and GDF Values Achieved by Different
Characterization Algorithms

General
Algorithm Discrepancy  Discrepancy
Fitting DFRT DFEH GDFRT GDFeu
Initial comparison 93 1332 87 165.0
SL characterization 29 620 2.6 63.6

Multi-sample(n — &) algorithm 2.9 83.1 3.6 78.9
Multi-sample (4 — 7) algorithm 3.6 66.4 2.9 55.18
Multi-sample one-step algorithm 3.5 59.7 3.3 46.8
RE (multiple offsets) 3.6 54.5 3.2 68.9
RE (two-component) 3.4 73.1 3.1 86.3

Research Article

measured transmittance, reflectance, ellipsometric angles, and
the depolarization factor, respectively; 1, v;, x; are experi-
mental uncertainties measured by a Woollam ellipsometer. The
measurement data are related to the sample My . In the follow-
ing, X is the vector of the model parameters describing optical
coating. Initially, X ={d, ..., d11; ny, nr, kr}, where {d;}
are the theoretical thicknesses of layers, and {npy 1, by} are
nominal refractive indices and extinction coefficients. The
initial DFgr and DF,j values are equal t0 9.3 and 133.2, respec-
tively (Table 1). The theoretical and experimental data related
to the ML;; sample are compared in Fig. 1. The deviations
between the theoretical and experimental data demonstrate the
presence of errors in layer parameters.

3. CHARACTERIZATION OF SINGLE LAYERS

In the case of R/T measurements, it was assumed that the refrac-
tive index and extinction coefficient wavelength dependencies
of TiO; are described by Cauchy and exponential models
[Eq. (1)], respectively. The refractive indices of SiO; layers were
described by the Cauchy model; the extinction coefficient was
equal to zero. The refractive indices of TiO; and SiO; layers in
SL;, SL, ..., SLy; samples obtained from spectrophotomet-
ric and ellipsometric measurements are shown in Fig. 4; the
refractive index values at 600 nm estimated from R/T and the
ellipsometric data are compared in Fig. 5; the errors in the layer
thicknesses are compared in Fig. 6.

In the case of ellipsometric measurements, absorption in
TiO, layers was not considered because W, A ellipsometric
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Fig.4. Wavelength dependencies of (a), (b) TiO, and (c), (d) SiO,
refractive indices obtained from (a), (c) R/ 7 and (b), (d) ellipsometric
measurements related to SL samples.
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Fig. 5. Comparison of (a) TiO, and (b) SiO, refractive index val-
ues at 600 nm determined from R, T and ellipsometric measurements.
The blue markers indicate nominal values.
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Fig.6. Relative thickness errors determined during characterization
of SL samples on the basis of R, 7"and ellipsometric data.

angles are almost insensitive to absorption. Even more, intro-
duction of absorption in a thin film model might lead to wrong
characterization results in the case of ellipsometry. In the case
of ellipsometric measurements, surface roughness of all single
TiO; layers was estimated. The thicknesses of the overlayers
are 2.3 (SL1), 1.5 (SL3), 1.4 (SL5), 1.6 (SL7), 3.2 (SL9), and
2.8nm (SL11).

It is seen from Fig. 6 that the differences in determined errors
in the layer thicknesses in the case of photometric and ellipso-
metric measurements are small. The maximum deviation does
not exceed 2.2% of the planned thickness, which is even less
than the similar deviations obtained by the authors of [13]. The
refractive index values determined from the ellipsometric data
are slightly lower than the ones obtained from the R, 7 data
(see Fig. 5); the deviations do not exceed 0.028, which is the
same level as that obtained by the authors of [ 13]. One reason for
these deviations is that ellipsometry is very sensitive to surface
roughness, which was not included in the models [14]. TiO,
films, produced by e-beam evaporation, are typically polycrys-
talline and should have some roughness, so the refractive index
of the film obtained from the model based on ellipsometry data
is lower than it would be in the case of the refractive index of an
amorphous dense film, as spectrophotometric measurements
“see” it. Another explanation is that during the characteriza-
tion process based on the ellipsometric data, absorption was
neglected and was compensated for by a lower refractive index.
However, it should not have strong weight, as it affects only the
short wavelength part of the spectra. Similarly, the ellipsometry-
obtained SiO; refractive index is lower as well but, in this case,
no absorption is expected. At the same time, it can be observed
in Fig. 4 that the refractive index patterns (variations from
sample to sample) are similar for both sets of measurement data.

To understand the TiO; film structure deeper, packing den-
sities p of the TiO, layers were estimated using Bruggemann’s
formula:

p=0Bp—Dni+Q2—3p)n?

1
n= P,

+\/((3p— 1)ni+(2—3p)n%)2+8nﬁni, 4)

where 7, and 7, are the refractive indices of bulk material and
water, respectively. The refractive index of the dense TiO; film
of an ion-beam sputtered process was taken as 7; [15]. The
packing densities can be estimated as 78—-80%. Assuming that
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the pores are filled not by water but by air, or a mixture of water
and air, there will be similar results: the packing densities differ
by 2-3% only. This is correlated with the densities of TiO; films
produced by e-beam evaporation at the SyrusPro710 deposition
plant from Biihler Leybold Optics and reported in our previous
work [1].

4. MULTI-SAMPLE CHARACTERIZATION

In Fig. 7, the experimental data related to the ML11 sample
(11-layer coating) and its model data are compared. The model
data are calculated with the assumption that the multilayer con-
sists of layers with thicknesses and optical constants obtained as
the results of SL sample characterization. The DF values were
calculated to be equal to 2.9 and 62.0 (see Table 1). In Egs. (2)
and 3), X =(d\, ..., dn; n1, ..., n11), where {4;} and {n;}
are taken from the results of SL characterization process.

A generalized multi-sample algorithm can be applied to
estimation of the optical parameters of the produced samples
MLI, ..., ML11. Multi-sample measurements related to ML
samples can be considered as analogs of BBM measurement
scans recorded after the deposition of the 7th layer. The differ-
ence is that multi-sample measurements were recorded ex-situ
seven days after exposing to the atmosphere, in order to allow
the vacuum shift to reach its final state. Essential advantage
of the multi-sample measurements in comparison with BBM
measurements is that the accuracy of the ex-sizu data is higher.
In addition to this, not only the transmittance data, but also the
reflectance data and ellipsometric data are available. The multi-
sample algorithm estimates the layer parameters on the basis of
the minimization of the generalized DF GDFgr [4,16,17]:
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Fig. 7. Comparison of the experimental data related to the ML11
sample, and the model data calculated with the assumption that mul-
tilayer coating consists of layers with thicknesses and optical constants
obtained during SL characterization: (a) spectral photometric data;

(b) ellipsometric data, AOI = 45°.
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In Egs. (5) and (6), the vector X describes the i-layer
coating the ML;: X© = (dy(1+81),...,d;i(1+8;), ny +
g1, n;,+& nyg+&s, ..., ng+¢;); where §; is the thickness
relative error in the 7th layer, and &; and ¢ are the refractive index
offsets in the 7th layer of the TiO; and SiO; layers, respectively.
Compared with the DFs defined by Egs. (2) and (3), the gener-
alized DFs take the data related to all ML samples into account,
not only the last one. The last vector X! was considered as the
characterization result delivered by the multi-sample algorithm.
Asthe SiO; layers are more stable, it was assumed that its offset £
is the same for all layers. The generalized DFs [Eqs. (5) and (6)]
can be optimized with respect to the model vector X in different
ways.

At the first characterization astempr (briefly, n — d algorithm),
the GDF function was minimized in two steps: first, by the
refractive index offsets ¢;, ¢ and, secondly, with respect to
the relative errors §;. The results of this two-step algorithm
are presented in Fig. 8. It is seen that the estimated thickness
errors do not correspond to the errors determined during SL
characterization. Additionally, the refractive index values take
absolute non-realistic values. These observations are valid for
both datasets: R/7 and W/A. Due to this comparison, it was
stated that two-step optimization of GDF does not provide
reliable values of the actual layer parameters. In addition, the
thickness errors and refractive indices estimated from R/ 7 and
ellipsometry are not correlated.

At the second characterization attempt (briefly, d — n algo-
rithm), the GDF function was minimized in two steps: first,
by the relative errors 8; and then by the refractive index offsets
€;, €. The results (Fig. 8) obtained in this way are in better
correspondence with the parameters obtained during SL
characterization.

At the third characterization attempt (briefly, one-step algo-
rithm), the GDF function was minimized simultaneously with
respect to the relative errors 8; as well as the refractive index
offsets ¢;, €. In Fig. 9, characterization results obtained by a
one-step algorithm and SL characterization results are com-
pared. One can observe a good correspondence between the
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Fig. 8. Comparison of the relative errors in the (a), (b) layer
thicknesses and (c), (d) refractive indices determined during the
SL characterization and in the course of two-step 7 —d and d —n
algorithms: (a), (c) R/ T dataand (b), (d) ellipsometric measurements.

determined layer parameters. Small deviations between the
parameter values might have their origin in slightly different
structures of the SLand ML samples, as mentioned before.

5. SELECTION OF CHARACTERIZATION
APPROACH FOR THE FINAL ML COATING
BASED ON STANDARD EX-SITU
MEASUREMENTS

It was shown in Section 4 that, in the case of e-beam deposited
coatings, a one-step multi-sample algorithm provides reliable
characterization results, similar to the results obtained from the
single-layer samples.

Evidently, the proposed experiment is too complicated and
time consuming to be carried out on a regular basis. At the same
time, not all researchers are able to get in-situ measurements (for
example, BBM measurements) and, as it had been mentioned
in the Introduction, these measurements do not provide direct
characterization of e-beam evaporated coatings. Typically,
researchers try to extract the layer parameters from R/T or W/A
data related to a produced sample. However, it is quite easy to
obtain unreliable results based on just a single measurement.
Some examples of such reliable and unreliable characterization
are presented in [7].

Having results obtained with the help of SL characterization
and the multi-sample algorithm, it is possible to select an ade-
quate coating model and a corresponding reliable numerical
algorithm. Thus, results obtained from characterization of the
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Fig. 9. Comparison of the relative errors in the (a), (b) layer thick-
nesses and (c), (d) refractive indices determined during the SL charac-
terization process and during a one-step multi-sample algorithm based
on the multi-sample data: (a), (c) R, T data and (b), (d) ellipsometric

measurements.

experimental dataset already presented in this work are useful
for the proper selection of the characterization approach, giving
reliable results as well, but based on a single measurement of the
final ML coating.

Typically, during a standard reverse engineering (RE) process,
the layer parameters are being estimated based on minimiza-
tion of the standard DF [Eq. (3) or (4)]. Based on the results of
multi-sample characterization performed above, the DF should
be minimized simultaneously with respect to the relative errors
in the layer thicknesses §; and refractive index offsets ¢;, €.
First, it was assumed that all refractive index offsets may take
different values, i.e., the set of the optimized parameters was the
same as in the multi-sample one-step characterization algorithm
(briefly, RE, multiple offsets). The layer parameters found during
the application of this algorithm are shown in Figs. 10(a) and
10(b) by blue bars and in Figs. 10(c) and 10(d) by blue markers.
It is seen that the correspondence between the thickness errors
is good, but the refractive index values differ significantly from
those obtained during SL characterization and estimated by the
multi-sample algorithm, especially in the case of the ellipsomet-
ric data. This inconsistency can be explained by the fact that too
many parameters (11 thicknesses 1, ..., di; and 7 refractive
index offsets €1, €3, ..., €11, & totally 18 parameters) were
estimated on the basis of one spectrum only.

To simplify the model, it was assumed that all refractive index
offsets &; take the same value (briefly, RE, rwo-component). In
this case, a good fitting of experimental data by model data was
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determined from (a), (c) R, 7 and (b), (d) ellipsometric data related to
the ML,; sample with the help of SL characterization, reverse engineer-
ing with multiple offsets, and reverse engineering with two offsets only.

achieved. The relative errors in the layer thicknesses are close to
the ones obtained from SL characterization.

The reverse engineering results obtained with the help of
the simplified model deliver not detailed but averaged results.
Nevertheless, these results can be considered to be reliable, and
they provide feedback to the deposition process.

In Table 1, the standard disc DF values and generalized
discrepancies GDF are summarized. One can observe that
all considered combinations, coating model and algorithm,
provide discrepancies that are significantly lower than initial
discrepancy. At the same time, only three of the combinations
deliver reliable post-production characterization results: SL,
multi-sample one-step, and RE two-component. This means
that essential decrease of the DF cannot be considered as an indi-
cation of the reliability of characterization results. Moreover,
there is no reason to state that one characterization approach is
more reliable than another only because it provides lower values
of the DE.

6. CONCLUSION

In the present work, a comprehensive study aimed at reliable
characterization of e-beam deposited coatings was performed.
In the course of the study, three questions formulated in the
Introduction were answered.
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¢ Reflectance and transmittance spectra and/or ellipso-
metric measurements related to the produced sample taken
in a broadband range are a sufficient experimental dataset for
reliable, but not detailed, results.

* Based on this data, only a simplified coating model can
be applied. The model assumes the random errors in the layer
thicknesses and the same offset in all layer refractive indices.

¢ The model does not provide detailed information about
layer index variations. The numerical method is to be based
on the simultaneous minimization of the DF with respect to
the random errors in the layer thicknesses and refractive index
offset.

The authors believe that the proposed approach will work
perfectly with any types of coatings, which do not contain opti-
cally thin layers. Additionally, it would be interesting to study
how this approach would manage with ultrathin layers. The
ellipsometric data can be used as a sensitive and informative tool
for such coatings.

Disclosures. Theauthors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are
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