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Wavelength dependencies of refractive indices of thin film materials differ for various deposition
conditions, and it is practically impossible to attribute a single refractive index wavelength dependence
to any typical thin film material. Besides objective reasons, differences in the optical parameters of thin
films may also be connected with nonadequate choices of models and algorithms used for the processing
of measurement data. The main goal of this paper is to present reliable wavelength dependencies of
refractive indices of the most widely used slightly absorbing oxide thin film materials. These dependen-
cies can be used by other researchers for comparison and verification of their own characterization

results. © 2010 Optical Society of America
OCIS codes:  310.3840, 310.6860.

1. Introduction

Despite an old history of optical characterization of
thin films, this topic is still at the center of interest
of the optical coatings community. Evidence of this
fact is that at the last three Optical Interference
Coatings (OIC) Topical Meetings in 2004, 2007, and
2010, special measurement problems were added to
the traditional design and manufacturing problems
[1-3]. Unlike bulk material refractive indices, there
are still no commonly used databases providing spec-
tral dependencies of thin film material refractive in-
dices. An absence of such databases and permanent
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interest in optical characterization of thin films are
connected with the fact that it is practically impossi-
ble to attribute a single refractive index wavelength
dependence to any typical thin film material. Optical
parameters of thin films are very much dependent on
a type of deposition process and on specific para-
meters of this process [4,5].

Besides the above-mentioned objective reason,
there are also other reasons for obtaining different
optical parameters of the same thin film material
by different researchers. There are differences in the
measurement data used and the accuracy of these
data and differences in models and algorithms ap-
plied for extracting the optical parameters of thin
films from experimental information. Depending on
the choices of measurement data, a thin film model
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and algorithm for data processing of various charac-
terization results can be obtained. This was clearly
demonstrated in Ref. [6], where results from several
laboratories for analogous thin film samples were
presented and compared.

In what follows, we shall refer to a combination of
the measurement data used, thin film model, and al-
gorithm for data processing for a characterization ap-
proach. A useful classification of a great variety of
existing characterization approaches was proposed
in Ref. [7]. According to this classification, all
approaches are subdivided into single- and multiwa-
velength approaches. Typical examples of single-
wavelength approaches can be found in Refs. [8-11].
They are based on successive determinations of the
refractive index (n) and extinction coefficient (%) va-
lues at every wavelength where measurement data
are available. These data are typically reflectance
(R) and transmittance (T') data. Specific approaches
differ mainly by algorithms used for extracting n and
k values from R and T values.

Multiwavelength characterization approaches are
currently the most widely used. They are based on
the fitting of measured reflectance and transmit-
tance curves by respective theoretical spectral de-
pendencies calculated in the frame of some chosen
thin film model [7]. A great portion of multiwave-
length characterization approaches is based on the
minimization of a function estimating the discre-
pancy between measured and model spectral curves
[6,7]. In what follows, we call such a function a dis-
crepancy function. Parameters of a thin film model
providing the minimum value of a discrepancy func-
tion are usually considered as searched-for optical
parameters of investigated thin film [7].

Results obtained by the minimization of the
discrepancy function are dependent on the choice
of a thin film model. For example, refractive index
wavelength dependencies obtained in the frames of
homogeneous and inhomogeneous film models may
differ considerably [12-14]. Thus a proper choice of
a thin film model is one of the key issues for thin film
characterization.

The choice of a thin film model is dependent on the
type of available measurement data. For example, it
may be difficult to accurately determine the thin film
extinction coefficient if only transmittance data are
available for thin film characterization [15]. In prin-
ciple, applying more sophisticated thin film models
requires using wider combinations of photometric
data [16].

Because different types of measurement data and
different thin film models used for data processing
may give different characterization results, verifica-
tion of these results is required [17,18]. Several ap-
proaches to such verification were discussed in
Ref. [18]. Knowing the influence of systematic and
random errors in measurement data on characteriza-
tion results is also important for estimating the va-
lidity and accuracy of these results [17,19].
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The main goal of this paper is to present reliable
wavelength dependencies of refractive indices of
the most widely used oxide thin film materials in
the visible spectral range. In connection with the
above-discussed issues, the presentation of any
refractive index wavelength dependence is accompa-
nied by the descriptions of the deposition technique,
measurement data, and thin film model applied for
data processing. In fact, we make an attempt to pro-
vide some sort of database of thin film refractive in-
dices that can be used by other researchers for
comparison and verification of their own characteri-
zation results.

To explain why specific thin film models are used
for data processing, in Section 2 we provide a short
summary of the main results related to a theoreti-
cally substantiated choice of a thin film model. In
Section 3 we provide examples of a methodology of
data processing aimed at obtaining the most reliable
characterization results. The wavelength dependen-
cies of refractive indices of six thin film oxide mate-
rials are presented in Section 4. Final conclusions are
given in Section 5.

2. Theoretical Results Related to the Choice of Thin
Film Model

In this paper we limit our considerations to high-
quality dielectric films. The term high-quality means
here that films can be only slightly absorbing, that
they are rather dense, and, as a consequence, their
bulk inhomogeneity is not too big and surface micro-
roughness is not too high. Oxide thin films used for
visible applications obviously fall into this category.
Theoretical results considered in this section are re-
lated to the influence of low absorption, low bulk in-
homogeneity, and low surface roughness on spectral
properties of such dielectric thin films.

One of the most important theoretical results is
traced back to the early history of thin film optics.
In 1941 the German scientist Schroder derived an
approximation for the reflection coefficient of a
slightly inhomogeneous dielectric film [20]. The
physical ideas used by Schréder in his derivations
are illustrated by Fig. 1. Schroder assumed that the
refractive index of inhomogeneous film is smooth and
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Fig. 1. Schematic of a slightly inhomogeneous dielectric thin film.



varies slightly from the mean refractive index value
n. Under this assumption, all interference effects
connected with the refractive index inhomogeneity
inside the film can be ignored and only interference
effects connected with the abrupt variations of the
refractive index at the film boundaries should be ta-
ken into account.

In the frame of the Schrider approximation, a spe-
cific type of refractive index variation from its mean
value is not essential. Carniglia showed [21] that this
approximation can be derived, assuming that the
film refractive index varies linearly between the n;
and n, values. An incline of the linear refractive in-
dex profile can be characterized by the value

n, —n;
S=-2 "1 1
2 (1)

which is wusually called the degree of film
inhomogeneity.

One can see from Eq. (1) that in the case of a po-
sitive degree of inhomogeneity, the film refractive in-
dex increases from the substrate boundary to the
outer boundary while in the case of a negative degree
of inhomogeneity, it decreases in this direction.

The degree of film inhomogeneity is a convenient
parameter for representing the bulk inhomogeneity
of dielectric thin films. It is often presented in a per-
centage scale. To obtain a percentage value of §, one
should multiply Eq. (1) by 100%.

Using the mean refractive index value n and the
degree of inhomogeneity § the main equation of
the Schrioder approximation can be represented in
the following form:

{(na -ng)-3(n, +ns)} cosp+i (%—n) sing

r= .
[(na +ng)-5(n, —ns)} cosg+i (%4%) sing

(2)

Twenty years after the original Schroder work,
Koppelmann and Krebs used this approximation to
obtain their famous conclusions related to the shifts
of spectral characteristics of inhomogeneous thin
films [22]. It was shown in Ref. [22] that in the case
when the film refractive index n is higher than the
substrate refractive index n,, a film inhomogeneity
results in shifts of the transmittance maxima from
the transmittance of the uncoated substrate. In
the case when n is less than n,, transmittance mini-
ma are shifted from the uncoated substrate transmit-
tance. These conclusions are illustrated in Figs. 2
and 3.

Figures 2 and 3 show shifts of transmittance extre-
ma in the case of a positive degree of inhomogeneity.
In the case of negative § values, these extrema are
shifted in the opposite direction. The equation for
variations of transmittance extrema is as follows:
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Fig. 2. Shifts of transmittance maxima from the transmittance of
the uncoated substrate in the case of n > n, and positive film in-
homogeneity (a model niobium pentoxide film with physical thick-
ness of 400nm on quartz substrate is used as an example): solid
curve, transmittance of a homogeneous film; dashed curve, trans-
mittance in the case of § = 3%; and dotted curve, transmittance of
the uncoated substrate.
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In the case n > n,, this equation gives variations of

the transmittance maxima 5T ,,,, and, in the case

of n < ng, it gives variations of the transmittance

minima 67 ;.

Analogous conclusions are valid with respect to the
reflectance extrema. In the case of n > n, the reflec-
tance minima are shifted from the reflectance of the
uncoated substrate, and, in the case of n < n,, reflec-
tance maxima are shifted from this curve. Respective
variations 6R,;, and SR, are given by the same ex-
pression as in Eq. (3) but with the plus sign.

An attractive feature of the Schrioder approxima-
tion is that it allows describing bulk inhomogeneity
with only one parameter—degree of inhomogeneity 6.
As discussed in the next section, this enables one to
specify a model of an inhomogeneous thin film in a
simple and physically sensible way.

In Ref [15], the influence of small absorption
losses on spectral coefficients of a thin film was
considered and equations for variations of reflec-
tance and transmittance caused by these losses were

0T =
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Fig. 3. Shifts of transmittance minima from the transmittance of
the uncoated substrate in the case of n < n, and positive film in-
homogeneity (a model silicon dioxide film with physical thickness
of 400nm on BKY7 substrate is used as an example): solid curve,
transmittance of a homogeneous film; dashed curve, transmit-
tance in the case of § = 3%; and dotted curve, transmittance of
the uncoated substrate.
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derived. It follows from these equations that only a
spatial integral value of the film extinction coeffi-
cient has an effect on R and T variations. Therefore,
it might be practically impossible to determine a spa-
tial variation of a small absorption inside a film.

Another important conclusion of Ref. [15] is that
for typical dielectric thin films, a small absorption af-
fects the spectral reflectance much less that it affects
the spectral transmittance. In other words, spectral
reflectance is rather insensitive to a small extinction
coefficient. Therefore, applying thin film models, tak-
ing into account the film extinction coefficient, is not
reasonable when only reflectance measurements are
available.

As the last topic of this section, we discuss the in-
fluence of surface roughness on spectral coefficients
of a dielectric thin film. A practically oriented de-
scription of surface roughness that takes into ac-
count the difference of physical effects produced by
different spatial harmonics of surface roughness
was proposed in Ref. [23]. In that paper, two para-
meters: small-scale rms roughness o, and large-scale
rms roughness o; were introduced. The terms “small-
scale” and “large-scale” are related to spatial rough-
ness harmonics that are small and large compared
with the wavelength of the incident light.

Small- and large-scale roughness harmonics pro-
duce basically different effects on the reflected and
transmitted light. Small-scale roughness does not
cause light losses by scattering. It causes only a
redistribution of the energy between the reflected
and transmitted light beams. Large-scale roughness
harmonics causes light scattering in both media sur-
rounding the rough surface, and the sum of specular
reflectance and transmittance is not equal to 100%
anymore.

Small-scale surface roughness can be caused by
the columnar structure of a thin film deposited on
a substrate [23,24], while large-scale surface rough-
ness should be first attributed to the inaccuracies of
substrate polishing. Atomic force microscopy mea-
surements enable estimating the parameters o,
and o; [23]. For high-quality substrates and thin
films, both parameters are less than 1nm [23-25].

Equations for the variations of reflection and
transmission coefficients caused by small- and
large-scale roughness can be found in Ref. [23]. For
o, and o; values equal to 1nm, R and T variations
and light losses for scattering in the visible spectral
region are in the range of several hundred percent.
Such variations and losses are definitely below the
typical accuracy of measurement data, and it is
not necessary to take them into account. Thus, for
high-quality thin films, it is not reasonable to include
roughness parameters in the thin film model used for
characterization in the visible spectral region.

3. Methodology of Measurement Data Processing and
Verification of Characterization Results

In this section we consider two examples that illus-
trate the methodology of choosing thin film models
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for data processing based on a preliminary analysis
of available measurement data. Theoretical results
discussed in the previous section are used for this
analysis.

The first example is provided by the characteriza-
tion problem specified for the OIC 2004 meeting [1].
The requirement was to investigate the optical para-
meters of an unknown single layer deposited on a
fused silica substrate using transmittance and reflec-
tance spectra measured at a near normal light inci-
dence. For the goals of this section, thin film material
anonymity is not required and it is possible to an-
nounce that it was an HfO, layer deposited with
Advanced Plasma Source (APS) technology [26].

Measurements of reflectance and transmittance
were performed in the spectral range from 200 to
1600nm with a Cary 500 spectrophotometer at an
8° angle of incidence on the sample. The measured
data are shown in Fig. 4.

A very preliminary analysis of data in Fig. 4 tells
us that the film material has high absorption near
the left wavelength boundary of the measurement
region because the decrease of transmittance in this
region is obviously connected with the film and not
with the fused silica substrate, which is still trans-
parent around 200nm. In the following analysis
we exclude some measurements data in the region
near 200 nm, where the film is highly absorbing.

Quite useful information about the investigated
thin film and also about an accuracy of the measure-
ment data is provided by examining a spectral beha-
vior of the function A(1) = 100% — T'(1) — R(4). This
function accounts for total losses in the film and sub-
strate. Figure 5 presents the total losses in the spec-
tral region from 225 to 1600 nm. One can see that in
the UV region, a spectral behavior of A(1) is close to
that typical for conventional absorption losses in a
dielectric film and, thus, conventional extinction
coefficient models can be applied in this region.

A ripple of A(1) to the left from 1400 nm is ob-
viously connected with the presence of water in the
fused silica substrate. Except for this ripple, a spec-
tral behavior of A(1) above 800 nm is quite unusual.
Both the film and substrate have only very small
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Fig. 4. Reflectance and transmittance of the HfO, sample on a

fused silica substrate at 8° in the 200 to 1600 nm spectral region.
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Fig.5. Total losses in the film and substrate in the spectral region
from 225 to 1600 nm.

absorption losses in this region, and losses by scatter-
ing are also not possible because of the high quality of
the substrate used.

The only explanation for a strange behavior of A(4)
above 800nm is a presence of systematic errors
either in the T or R measurement data. At 800 nm,
the spectrophotometric light detector is changed for a
less reliable one and this explanation is quite reason-
able. We shall discuss what data are affected by the
detector later in this section. At the moment we
would like only to underline that systematic errors
in measurement data are especially dangerous for
thin film characterization [17,19]. For this reason
we now truncate our measurement data to the spec-
tral region from 225 to 800nm. We shall discuss
determining the refractive index wavelength depen-
dence in a wide spectral region a little bit later.

The next step of analyzing measurement data for
choosing a thin film model is a comparison of the
measured reflectance and transmittance data with
the reflectance and transmittance of the uncoated
substrate (see Fig. 6). The maximum of the measured
transmittance near 740 nm coincides with the trans-
mittance of the uncoated substrate. The deviations of
two other transmittance maxima down from this
curve should be attributed to the absorption in thin
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Fig. 6. Comparison of measured reflectance and transmittance
data in the 225 to 800 nm spectral region with reflectance and
transmittance of the uncoated fused silica substrate.

film and not to thin film inhomogeneity. An addi-
tional assurance that the film is fairly homogeneous
is provided by the examination of the measured re-
flectance data. According to Section 2, reflectance
data are much less influenced by a small absorption
than are transmittance data and, indeed, all minima
of the measured reflectance are close to the reflec-
tance of the uncoated substrate. Their deviations
from this curve are in the range of 0.1%—-0.2%, which
does not exceed an estimated accuracy of reflectance
measurement data. Thus the application of homoge-
neous film models for processing of measurement
data is well justified now.

For processing of T and R measurement data in the
225 to 800 nm spectral region, we use a homogeneous
thin film model that incorporates the following mod-
els for n(1) and k(4):

A B

n(i):nw +/1_2+ﬂ,—4’ k(/l):BOeXp(—Bl//l—Bz/l) (4)
According to our experience, this model works
quite well in the visible spectral region for slightly
absorbing thin films with extinction coefficient
values below 0.01 in this region. Equation (4) con-
tains six model parameters. The seventh unknown
model parameter is the film physical thickness, A.
The actual parameters of the film are found by the
minimization of the discrepancy function estimating
the closeness of measured R and T data to respective
model data. OptiChar characterization software is
used for this purpose [27]. The fitting of measure-
ment data by the model transmittance and reflec-
tance curves at the end of the discrepancy function
minimization is shown in Fig. 7. The obtained wave-
length dependencies of the refractive index and ex-
tinction coefficients are depicted in Fig. 8. The film
physical thickness is found to be equal to 190.9 nm.
It might be interesting to find the refractive index
wavelength dependence in the spectral region above
800 nm. Recall that either T or R data contain sys-
tematic errors in this region. A detailed examination

1O oo

0 w i T i T i
200 400 600 800
Wavelength, nm
Fig. 7. Fitting of measured reflectance and transmittance data in
the 225 to 800 nm spectral region (gray crosses) by model reflec-
tance and transmittance (solid curves) at the end of the discre-
pancy function minimization: absorbing model of HfO, film.
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Fig. 8. Wavelength dependencies of the refractive index (solid
curve) and extinction coefficient (dashed curve) of the HfO, film
found in the frame of the absorbing thin film model based on R
and T data.

of measurement data indicates that there is a leap of
measured 7' data around 800 nm. Thus, systematic
errors are associated with the transmittance data
and if one wants to use these data for optical charac-
terization above 800nm, it would be required to
improve the accuracy of transmittance data above
800 nm. An alternative would be to use only reflec-
tance data for further processing.

According to Section 2, reflectance data are rather
insensitive to small absorption in a thin film. There-
fore, we simplify a model for data processing by
excluding the extinction coefficient parameter from
the model. The remaining parameters are thin film
physical thickness and the three parameters of the
Cauchy dispersion formula for n(1) [see Eq. (4)].

It should be noted here that unjustified complica-
tion of a thin film model and the increase of a number
of unknown parameters may easily lead to the in-
stability of model parameter determination. This in-
stability usually reveals itself in obtaining physically
not sensible optical parameters of a thin film.

We apply the nonabsorbing four-parametric thin
film model for processing reflectance measurement
data in the spectral region from 250 to 1600 nm
where total losses are less than 5.5% (see Fig. 5).
The fitting of measurement data at the end of the dis-
crepancy function minimization is shown in Fig. 9.
The obtained wavelength dependence of the film
refractive index is depicted in Fig. 10 (solid curve).
The film physical thickness is found to be equal
to 191.2nm.

The dashed curve in Fig. 10 shows the previously
found refractive index wavelength dependence that
was obtained in the frame of the absorbing thin film
model based on R and T data. One can observe a good
correspondence between the results obtained in the
frames of two different thin film models. The differ-
ence between the two refractive index curves does
not exceed 0.4% in the spectral region from 275 to
800nm. The difference in the obtained physical
thickness values is even less (only 0.16%). Such
self-verification of the characterization results raises
assurance of their correctness.
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Fig. 9. Fitting of measured reflectance data (gray crosses) by
model reflectance (solid curve) at the end of discrepancy function
minimization: nonabsorbing model of HfO, film.

Consider one more example of choosing a thin film
model based on the analysis of measurement data. In
this case we have only transmittance data measured
in the spectral region from 400 to 1600 nm for the
niobium pentoxide film on a fused silica substrate.
The film was deposited on a superpolished fused si-
lica substrate using an ion beam sputtering process.
Transmittance measurements were made with a
Cary 500 spectrophotometer for the spectral region
where neither film nor substrate have noticeable ab-
sorption except for the substrate water absorption
band near 1380 nm. The measurements were made
with a reference to the uncoated substrate placed
in the reference arm of the spectrophotometer. For
this reason, measured transmittance data have no
ripple around 1380 nm.

Measured data are shown by crosses in Fig. 11.
The solid curve in this figure represents transmit-
tance of the uncoated fused silica substrate. Note
that the shift of the measured transmittance maxi-
mum from the transmittance of the uncoated sub-
strate observed in this figure is about 0.5%. An
estimated accuracy of transmittance data below

2.4

2.3

L
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1.9 : " w
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Fig. 10. Wavelength dependencies of the refractive index of HfO,
film found in the frame of nonabsorbing thin film model based on R
data (solid curve). Dashed curve shows the wavelength depen-
dence found in the frame of the absorbing model based on R
and T data.
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Fig. 11. Transmittance of the niobium pentoxide film on the

fused silica substrate (gray crosses) and transmittance of the
uncoated substrate (solid curve).

800nm is about 0.1%. So the observed shift of
the transmittance maximum cannot be connected
with measurement errors. It cannot be caused by
absorption or scattering losses because we use a
high-quality substrate and niobium pentoxide is non-
absorbing in the considered spectral region. Thus it
is necessary to conclude that the shift of the trans-
mittance maximum is caused by bulk inhomogeneity
of the discussed film sample.

The introduction of models for inhomogeneous thin
films was discussed in Ref. [15]. In general the refrac-
tive index of a film that is inhomogeneous along its
thickness should be described by the function of two
variables n(z,1). Such a function is, however, incon-
venient for further parametrization. For this reason
it was proposed to present the refractive index of a
slightly inhomogeneous thin film in the form [15]

n(z,4) = q(z)n(4), (5)

where n(1) is the mean refractive index of inho-
mogeneous film and g(z) is the function describing
film inhomogeneity. This function was called the in-
homogeneity factor.

Equation (5) separates the description of a bulk in-
homogeneity from the description of a dispersive
behavior of the film refractive index, and its fur-
ther parametrization is quite straightforward. As
discussed in Section 2 in the case of the Schroder
inhomogeneity model, it is enough to represent inho-
mogeneity by a single parameter called the degree of
film inhomogeneity. This is equivalent to the intro-
duction of a linear inhomogeneity factor. Using the
degree of film inhomogeneity § the inhomogeneity
factor q(z) is introduced by the equation

q(z) =1+6(z/h-1/2), (6)

where h is the physical thickness of the inhomoge-
neous film.

For the description of the dispersive behavior of
the mean refractive index n(1), any one of the com-
monly used parametric models can be applied. To
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Fig. 12. Fitting of measured transmittance data (gray crosses) by
model transmittance (solid curve) obtained in the frame of the in-
homogeneous model of NbyOj5 film.

process measurement data shown in Fig. 11, we
choose a standard three-parametric Cauchy model
[see Eq. (4)]. Thus, on a whole we have five unknown
model parameters. These are three parameters of the
Cauchy model, the degree of inhomogeneity §, and
the film physical thickness h.

As before, the actual parameters of the investi-
gated niobium pentoxide film are found by the mini-
mization of the discrepancy function, and OptiChar
characterization software is used for this purpose.
The fitting of the measured transmittance by the
model transmittance at the end of the discrepancy
function minimization is shown in Fig. 12. The ob-
tained wavelength dependence of the film refractive
index is presented in Fig. 13 by the solid curve. The
film physical thickness and degree of film inhomo-
geneity are found to be equal to 161.9nm and 3.2%,
respectively.

Verification of the obtained characterization re-
sults is always important. For the first sample
considered in this section, a self-verification of
results was demonstrated. A verification based on
previously obtained results for other samples of
the same thin film material is also possible. As dis-
cussed in Refs. [18,19], there are no physical reasons
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Fig. 13. Wavelength dependence of the refractive index of the

NbyOj5 film found in the frame of the inhomogeneous thin film

model (solid curve). The dashed curve shows the wavelength de-

pendence of the refractive index of NbyO5 from Ref. [28].
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Fig. 14. Refractive indices of HfO, films produced by ion beam
sputtering (solid curve), RF sputtering (dotted curve), and APS
technology (gray curve).

for basically different types of refractive index wave-
length dependencies of several samples of the same
amorphous thin film material produced in different
deposition environments. Variations of film density
result mainly in shifts of refractive index wavelength
dependencies up or down. More dense films should,
of course, exhibit higher refractive index values.

For the verification of the obtained refractive index
wavelength dependence (solid curve in Fig. 13), we
use the refractive index wavelength dependence of
NbyO5 film presented in Ref. [28]. This dependence
is shown in Fig. 13 by a dashed curve.

The film sample from Ref. [28] was deposited by ac
magnetron sputtering on a fused silica substrate
with a thickness of approximately 500 nm. Measure-
ment data were ellipsometric data obtained with a
Woollam ellipsometer in the spectral region from
400 to 850 nm at a 65° angle of incidence. For the pro-
cessing of ellipsometric data, an inhomogeneous film
model was applied. This model had one additional
parameter compared to the model used in this paper.
This parameter was a thickness of a surface over-
layer representing small-scale surface roughness
[23,28,29]. An introduction of this additional para-
meter was connected with a high sensitivity of ellip-
sometric data to small-scale roughness. The film
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Fig. 15. Refractive indices of NbyO5 films produced by ion beam
sputtering (solid curve), ac magnetron sputtering (dotted curve),
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Fig. 16. Refractive indices of TayOj5 films produced by ion beam
sputtering (solid curve), magnetron sputtering in the Helios coater
(dotted curve), and RF magnetron sputtering (gray curve).

physical thickness, the degree of inhomogeneity,
and the overlayer thickness were found equal to
423.2nm, 1.6%, and 1.2 nm, respectively.

It is not surprising that the refractive index wave-
length dependence found in Ref. [28] is somewhat dif-
ferent from that found in this paper. Recall that the
NbyOs film considered in this paper was deposited
using ion beam sputtering, while the NbyO5 film
from Ref. [28] was deposited using ac magnetron
sputtering. According to Fig. 13, the second film is
denser than the first film.

In Ref. [28] and in this paper, different measure-
ment data were used for thin film characterization.
The models applied for data processing were also dif-
ferent. Nevertheless, the patterns of the found re-
fractive index wavelength dependencies are
similar. This gives an assurance in the correctness
of the obtained results.

4. Refractive Indices of Typical Oxide Thin Film
Materials

In this section we provide a summary of results re-
lated to wavelength dependencies of refractive in-
dices of the most widely used oxide thin film
materials. This summary incorporates some of our
previous results presented in several publications.
But most of the presented results are new. Respective

1.51
157N
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Fig. 17. Refractive indices of SiO, films produced by ion beam
sputtering (solid curve) and magnetron sputtering in the Helios
coater (dotted curve).

and magnetron sputtering in the Helios coater (gray curve): note
that the second and third dependencies are almost undistin-
guished.
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Fig. 18. Refractive indices of Al;O3 films produced by ion beam
sputtering (solid curve) and RF sputtering (dotted curve).

samples were deposited and measured specifically
for this paper.

Spectral photometric measurements for the new
samples were performed in the spectral region some-
what broader than the visible spectral region. Thin
film models for data processing were chosen accord-
ing to the methodology discussed in the previous sec-
tion. Table 1 lists all new and previously investigated
samples and provides the most essential information
related to these samples. In particular, the deposi-
tion technique, type, and spectral region of measure-
ment data used and the chosen model are indicated
for each sample. In the last column of Table 1, the
discrepancy function values at the end of the minimi-
zation procedures are presented. These values repre-
sent the root mean square deviations of the model
data from the measured data, in percent. Wave-
length dependencies of the refractive indices are pre-
sented in Figs. 14-19 for each thin film material
separately. Because different samples of the same
oxide thin film material were produced using differ-
ent deposition techniques, their refractive indices ty-
pically differ. At the same time, the results presented
in Figs. 14-19 demonstrate good correspondences be-
tween the types of wavelength dependencies of the
refractive indices of various samples of the same ma-
terial. Sometimes there is even an amazing coinci-
dence between the refractive indices of samples
deposited using different techniques.
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Fig. 19. Refractive indices of TiO, films produced by ion beam
sputtering (solid curve) and electron beam evaporation (dotted
curve).
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Fig. 20. Extinction coefficients of HfO, films produced by APS
technology, RF sputtering, and ion beam sputtering of Al,O3 film
produced by RF sputtering and of TiO, film produced by ion beam
sputtering.

Results presented in this section can provide
guidelines for choosing thin film models for deter-
mining refractive indices of other samples of oxide
thin film materials. They can be also used for com-
parison and verification of refractive index wave-
length dependencies found for other samples. For
such comparison, additional information about the
samples of this section is required. For this reason,
Table 1 provides also physical thicknesses of all in-
vestigated samples and found values of the degree
of inhomogeneity when inhomogeneous thin film
models were used for data processing. Wavelength
dependencies of extinction coefficients of HfO,,
Al,0O3, and TiO, films found in the cases of absorbing
thin film models are presented in Fig. 20.

5. Conclusions

It is practically impossible to attribute a single re-
fractive index wavelength dependence to any thin
film material because their refractive indices depend
on deposition conditions. For this reason, there are
no commonly used databases of refractive indices
of thin film materials. It is, however, possible to cre-
ate a reference database that can be used for compar-
ison and verification of characterization results
obtained for thin film materials. This paper presents
such a database for six oxide thin film materials that
are widely used in optical coating production.

Despite a seeming simplicity of extracting optical
parameters of thin films from optical characteriza-
tion data, the analysis of available measurement
data is not a straightforward formal procedure. For
the correctness of this analysis, a proper choice of
thin film model is crucial. This choice must be corre-
lated with the available experimental information
and its accuracy. This paper summarizes the most
important theoretical results that are required for
a well-grounded choice of a thin film model and pres-
ents examples of the methodology of processing mea-
surement data.

This work was supported by the Deutsche For-
schungsgemeinschaft (DFG) Cluster of Excellence,
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