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In the present study we determine the optical parameters of thin metal–dielectric films using two different characterization techniques based on nonparametric and multiple oscillator models. We consider
four series of thin metal–dielectric films produced under various deposition conditions with different
optical properties. We compare characterization results obtained by nonparametric and multiple oscillator techniques and demonstrate that the results are consistent. The consistency of the results proves
their reliability. © 2011 Optical Society of America
OCIS codes: 310.3840, 310.1620, 310.1860, 310.3915, 310.6860.

1. Introduction

In recent years, a number of papers related to characterization and modeling of metal–dielectric thin
films have been published [1–16]. The permanently
growing interest in the study of thin metal and
metal–dielectric films is explained by their specific
optical properties, which allow using these films in
the design of multilayer structures of special types
[4,6,14,15,17–21]. In order to design and produce
multilayer structures containing metal–dielectric
films, it is required to know accurately the optical
parameters of such films. In the case of metal–
dielectric structures, characterization results and
design process are interconnected in a more complicated way than in the case of conventional dielectric
coatings. The reason is that wavelength dependencies of the optical constants of thin metal–dielectric
films are strongly dependent on film thickness
[5,7,9,12,13,16,22]. This means that for design purposes, not one but a series of metal–dielectric films
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with a growing amount of deposited metal is to be
carefully characterized.
Recently, an approach to reliable characterization
of such metal–dielectric film series was proposed
[16]. It was shown in [16] that optical parameters
of thin metal films can be reliably determined from
ellipsometric measurement data. In [16], a nonparametric model, describing refractive index and extinction coefficient wavelength dependencies nðλÞ and
kðλÞ as arbitrary smooth functions, was applied.
At the same time, the most commonly used characterization techniques exploit parametric models
to describe dispersion behavior of optical constants of
metal–dielectric films. The most popular technique is
based on a well-known oscillator model [23–25].
However, wavelength dependencies of the optical
constants of thin metal–dielectric films in the visible
and infrared spectral ranges are quite complicated
[1,7–9,13,26–28], and multiple oscillator models
have to be used. Because each oscillator is defined
by several parameters, a large number of parameters
has to be determined in the course of the characterization process using a multiple oscillator model
[23–25,29].
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The use of the multiple oscillator model requires
knowledge on the material structure, as the optical
constants’ dispersion is strongly dependent on the
composite arrangement: composites consisting of isolated metal clusters are characterized by large absorption within some limited spectral range due to
the surface plasmon resonance phenomena [23,25],
while composites with a percolated metal phase show
metal-like behavior [25,29]. Thus, in a general case,
the choice of the number of required oscillators
and an initial guess for parameter values are not
straightforward tasks.
The main advantage of the nonparametric technique in comparison with the multiple oscillator technique is its flexibility and universality: the n and k
wavelength dependencies can be determined without
special knowledge about thin-film structures.
Nonparametric and multiple oscillator characterization techniques are absolutely different from both
the mathematical and physical points of view. Taking
into account the complexity of the n and k wavelength dependencies and the possible instability of
characterization solutions [16], there are some concerns that these two techniques may provide different characterization results. This would mean that
none of the results obtained by the nonparametric
technique or by the multiple oscillator technique
are considered to be reliable, at least until the correctness of one of them is confirmed by nonoptical
characterization methods. It is important, therefore,
to compare characterization results obtained by two
characterization techniques.
The goal of this paper is to compare two characterization techniques and verify whether they provide
close characterization results. Consistency of the obtained results would indicate their reliability. This
issue can be very useful for researchers who do not
have deep knowledge about metal–dielectric film
structures, because then the requirements of the
multiple oscillator model are not necessary, as they
can obtain the reliable results using the nonparametric model.
In order to provide a sufficient experimental basis
for comparing the two characterization techniques,
we produced four series of gold and silver metal–
dielectric samples. In the course of production, we
used different deposition parameters for each series.
Because of the fact that the structures and optical
properties of metal–dielectric films are strongly dependent on deposition parameters, we possess a variety of dispersion dependencies to be determined.
In Section 2 we present our experiment samples
and measurement data that we have at our disposal.
In Section 3 we briefly describe nonparametric and
multiple oscillator characterization techniques. In
Section 4 we characterize thin metal–dielectric films
using nonparametric and multiple oscillator techniques and compare the results. Our conclusions are
given in Section 5.
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2. Experimental Samples and Measurement Data

In order to provide an experimental basis for comparison of the two characterization techniques, we produced four series of metal–dielectric samples. The
samples were prepared by electron beam evaporation in a modified Varian 3117 chamber. The BK7
substrates were positioned onto a rotating fixturing
to ensure a uniform thickness of the layers over the
sample surface. Base pressure was 4–8 · 10−6 Torr.
The layer mass thickness was controlled by a quartz
crystal monitor. Deposition rates were 10Å=s for
SiO2 and 0:5 − 1Å=s for both Au and Ag. All the samples had one metal layer embedded between silica
layers, so the structure is SiO2 =metal=SiO2. The
mass thickness of the silica layers is 78 nm.
The first and second series consist of the samples
where the substrates were preheated to 255 °C to enhance island growth of the metal [5,22]. The samples
within each series differ in the deposited mass thickness of the metal. We refer to these series as S1 with
samples S1-1; …; S1-5 containing gold and S2 with
samples S2-1; …; S2-5 containing silver. The corresponding mass thicknesses of metal are presented
in the second column of Tables 1 and 2.
The third series has samples containing silver
deposited on substrates that were not preheated.
We refer to this series as S3 with samples S3-1; …;
S3-5. The mass thicknesses of silver are presented
in the second column of Table 3.
The fourth series includes the samples with silver,
all of the same deposited mass thickness, 20 nm. The
samples differ by the temperature to what the substrate was preheated, which is presented in Table 4
for each sample. We refer to this series as S4 with
samples S4-1; …; S4-5.
Based on the results obtained in our previous
publication [16], we provide ellipsometric and photometric data for all samples. The ellipsometric angles
Ψ and Δ and depolarization q for three angles of incidence 45°, 55°, and 65°, normal incidence transmittance data t were measured in the spectral range
from 285 to 2200 nm using a Woollam VASE variable
angle spectroscopic ellipsometer. Reflectance (R) and
transmittance (T) measurements of samples were
measured at near-normal incidence in the spectral
range from 350 to 1100 nm using a PerkinElmer
Lambda 25 spectrophotometer. Both T and t
Table 1.

Comparison of Characterization Results for Samples
of Series S1

Nonparametric
Technique

Sample

Mass
thickness
(nm)

Effective
thickness
(nm)

S1-1
S1-2
S1-3
S1-4
S1-5

6.0
9.0
12.0
15.0
18.0

7.8
12.4
15.0
20.3
22.7

Multiple Oscillator
Technique

DFNP

Effective
thickness
(nm)

DFMO

107.8
25.0
30.4
68.2
70.8

7.7
12.4
14.7
20.0
22.6

140.0
60.0
77.3
80.1
76.5

Table 2.

Comparison of Characterization Results for Samples
of Series S2

Nonparametric
Technique

Sample

Mass
thickness
(nm)

Effective
thickness
(nm)

S2-1
S2-2
S2-3
S2-4
S2-5

6.0
9.0
12.0
15.0
18.0

12.3
15.4
18.5
24.3
25.4

Comparison of Characterization Results for Samples
of Series S3

Multiple Oscillator
Technique

DFNP

Effective
thickness
(nm)

DFMO

44.2
21.38
16.6
11.2
15.7

12.9
15.7
18.7
23.5
27.0

49.5
41.7
74.5
64.4
94.2

measurements are in good agreement. The transmittance measured with the ellipsometer has a larger
experimental error than the transmittance measured with the spectrophotometer. However, we use
t in the optical characterization in order to guarantee
that all the measurements are taken exactly at the
same point and to avoid dealing simultaneously with
measurements taken with different instruments.
3. Description of Characterization Techniques
A.

Table 3.

Nonparametric Characterization Technique

This technique is based on a nonparametric model,
assuming nðλÞ and kðλÞ are arbitrary smooth functions [16,30,31]. Application of this technique to
characterization of thin metal–dielectric films has
been demonstrated in [16,32,33]. The novelty of
the nonparametric characterization technique that
we use in the present study is that the depolarization
effect caused by back-side reflections was taken into
account. Other possible reasons for depolarization
(such as layer thickness inhomogeneity, light bandwidth, or beam angular spread) were estimated to
be negligible compared to the substrate back-side
contribution. Depolarization of the samples is calculated using the relations presented in [34].
In this research, we determine dependencies nðλÞ,
kðλÞ and effective thickness of the metal–dielectric
film δ. We also search for thicknesses of silica layers,
dð1Þ and dð2Þ , surrounding metal–dielectric films. The
discrepancy function estimating deviations of model
spectral characteristics from measured characteristics is written in the following way:

Nonparametric
Technique

Sample

Mass
thickness
(nm)

Effective
thickness
(nm)

S3-1
S3-2
S3-3
S3-4
S3-5

6.0
9.0
12.0
15.0
18.0

8.4
8.6
10.8
12.0
13.7

Table 4.

Multiple Oscillator
Technique

DFNP

Effective
thickness
(nm)

DFMO

31.9
37.2
20.0
19.4
8.1

8.8
9.3
10.4
12.2
13.4

35.2
45.8
58.7
53.8
14.8

Comparison of Characterization Results for Samples
of Series S4

Nonparametric
Technique

Multiple
Oscillator
Technique

Substrate Mass
Effective
Effective
temp. thickness thickness
thickness
Sample
(°C)
(nm)
(nm)
DFNP
(nm)
DFMO
S4-1
S4-2
S4-3
S4-4
S4-5

45
70
100
115
225

20.0
20.0
20.0
20.0
20.0

15.0
16.6
20.0
21.9
25.4

15.3
14.2
12.8
16.4
13.1

13.8
16.2
20.6
23.4
25.7

131.6
100.6
88.2
94.9
87.7

where θ1 ¼ 45°, θ2 ¼ 55°, θ3 ¼ 65°; fλj g is the wavelength grid in the spectral range from 285 to
2200 nm; Ψð·Þ and Δð·Þ are the model ellipsometric
angles of the sample; qð·Þ is the model depolarization;
^ Δ,
^ q
^,
tð·Þ is the model transmittance of the sample; Ψ,
^t are corresponding measured spectral characteristics; and ΔΨj , ΔΔj , Δqj , and Δtj are experimental
errors recorded by Woollam VASE ellipsometer. In
Eq. (1) n00 ðλÞ and k00 ðλÞ denote the numerical secondorder derivatives of the refractive index and extinction coefficient and α1 and α2 are weight factors
controlling the correlation between the smoothness
demand and demand on a good fit of measurement
data by model data. M ¼ 10 is the total number of
measurement data arrays: two ellipsometric angles
measured at three different angles of incidence;

X
3 X
190 
^ ; θ Þ 2
Ψðnðλj Þ; kðλj Þ; δ; λj ; dð1Þ ; dð2Þ ; θk Þ − Ψðλ
1
j k
DF ¼
190M k¼1 j¼1
ΔΨj

3 X
190 
3 X
190 
^ ; θ Þ 2 X
X
^ðλj ; θk Þ 2
Δðnðλj Þ; kðλj Þ; δ; λj ; dð1Þ ; dð2Þ ; θk Þ − Δðλ
qðnðλj Þ; kðλj Þ; δ; λj ; dð1Þ ; dð2Þ ; θk Þ − q
j k
þ
þ
ΔΔj
Δqj
k¼1 j¼1
k¼1 j¼1



190
190
190
X
X
X
tðnðλj Þ; kðλj Þ; δ; λj ; dð1Þ ; dð2Þ Þ − ^tðλj Þ 2
ð1Þ
þ
þ α1
½n00 ðλj Þ2 þ α2
½k00 ðλj Þ2 ;
Δt
j
j¼1
j¼1
j¼1
2
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depolarization is also measured at three incidence
angles and normal incidence transmittance.
For all samples, in the course of the characterization procedure, the parameters α1 and α2 were equal
to each other and were gradually decreased from
1 · 10−2 to 1 · 10−8 to reach a good fitting of the measurement data on the one hand, and to keep the stability of the solutions on the other hand.
The characterization algorithm based on minimization of the discrepancy function (1) is incorporated
in OptiRE module of OptiLayer thin-film software
[35]. We used this algorithm in our characterization
process.

DF2

B.

X
2
3 X
190 
^
ΨðA; B; Ec ; Ej ; δ; dð1Þ ; dð2Þ ; θk Þ − ΨðE
1
j ; θk Þ
¼
ΔΨj
190 · M − p k¼1 j¼1

2 X

3 X
190
3 X
190 
^
X
^ðEj ; θk Þ 2
ΔðA; B; Ec ; Ej ; δ; dð1Þ ; dð2Þ ; θk Þ − ΔðE
qðA; B; Ec ; Ej ; δ; dð1Þ ; dð2Þ ; θk Þ − q
j ; θk Þ
þ
þ
ΔΔj
Δqj
k¼1 j¼1
k¼1 j¼1



190
X
tðA; B; Ec ; Ej ; δ; dð1Þ ; dð2Þ Þ − ^tðEj Þ 2
þ
;
ð3Þ
Δtj
j¼1

Multiple Oscillator Characterization Technique

The multiple oscillator technique is based on the
multiple oscillator model. In the frame of this model
we describe the nðλÞ and kðλÞ dispersion behavior
using Gauss oscillators. Although the classical
Lorentz oscillators are widely used [12], it has been
shown that Gauss oscillators are more flexible and
provide better data fits than Lorentz oscillators
[25,36]. The reason is that in random metal–
dielectric composites, particles present a size and
shape distribution and one may expect that the absorption is due to a distribution of resonances rather
than to a single resonance. Assuming a Gaussian
distribution of resonances and that the width of this
distribution is large enough, the imaginary part of
the dielectric function may present a Gaussian line
shape [23,37]. In this case the dielectric function is
written in the following way:

εðEÞ ¼ ε∞ þ

N
X

εGauss;i ðEÞ;

i¼1

 
 
E − Ec;i 2
ImεGauss;i ðEÞ ¼ Ai exp −
Bi
 
 
E þ Ec;i 2
;
− Ai exp −
Bi
Z þ∞
ξImεGauss;i ðEÞ
2
dξ;
ReεGauss;i ðEÞ ¼ P
π
ξ2 − E 2
0
6192

where εðEÞ ¼ ðnðEÞ − ikðEÞÞ2 is the dimensionless dielectric function, E ¼ 1240=λ, ε∞ is the value of the
real part of the dielectric function at very large
photon energies, and N is the number of oscillators.
Each oscillator is described by three parameters: Ai
is the dimensionless amplitude of the ith oscillator,
Bi and Ec;i are the broadening and center energy
of the ith oscillator, respectively; they have units of
electron volts. P is the Cauchy principal value of
the integral.
In order to estimate deviations between the model
and measurement spectral characteristics, we calculate discrepancy function in the following way [38]:

ð2Þ
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where Ej ¼ 1240=λj . Here A ¼ fA1 ; :::; AN g, B ¼
fB1 ; :::; BN g, Ec ¼ fEc;1 ; :::; Ec;N g are sets of unknown
model parameters and p is the total number of optimized parameters.
The characterization algorithm based on minimization of DF in Eq. (3) is incorporated in Woollam
WVASE32 software [38]. As mentioned before, the
dispersion of optical constants of metal–dielectric
composites is strongly dependent on the composite
microstructure and an initial guess of the number
and parameters of required oscillators is not
straightforward. Thus, our characterization procedure has been as follows: first we start with a
wavelength-by-wavelength inversion of the optical
constants of the metal–dielectric composite layer, fixing the thicknesses of the layers to the design values.
From the obtained optical constants, the number of
oscillators parameters can be estimated by analyzing
the presence of peaks in the imaginary part of the
dielectric function. Initial values of the parameters
can be obtained by fitting the optical constants determined wavelength-by-wavelength to a fixed number
of oscillators. This analysis is performed using the
“GenOsc” function of the WVASE32 software. Once
an initial guess of the oscillator parameters is obtained, the final fitting is performed by simultaneously optimizing the oscillator parameters and
the thicknesses of layers.
In our characterization procedure we use six oscillators to approximate n and k wavelength dependencies, so N ¼ 6. Therefore, the number of unknown
parameters p in Eq. (3) is 22: three parameters for

each oscillator, one parameter ε∞, and thicknesses δ,
dð1Þ , dð2Þ .
4. Characterization of Experimental Samples

It has been mentioned in the Introduction that in the
case of metal–dielectric film characterization, not
one but a series of films with increasing thicknesses
is to be performed. In order to obtain reliable results,
two important issues should be taken into account in
the course of the characterization process. The first
issue is that the samples are to be ranged with respect to effective thickness δ. This ranging cannot
be done only based on mass thickness values, because these values are delivered by a quartz crystal
monitor and some errors are possible. In order to
range the samples in a proper sequence according
to δ values, a priori information should be used. In
our research we use spectrophotometric data R
and T to range samples in each series from minimal
to maximal δ values. For each series we give a physical explanation of how to use spectrophotometric
data for this purpose.
The second issue related to the characterization
of the sample series is that the obtained patterns
of wavelength dependencies of optical constants
are expected to form a regular physically sensible sequence. For example, physical explanation of resonance positions and amplitudes of Ag–SiO2 films
was provided in [16].
A.

Characterization of Series S1

According to our previous investigations [36] and
taking into account the deposition conditions, we expect that the films of the first series consist of nanometric and well-separated Au islands, with the
island size increasing and the island density decreasing with the increase of the deposited metal amount.
In order to check that higher values of effective
thickness correspond to higher values of mass thickness, we compare total losses LðλÞ ¼ 100% − RðλÞ −
TðλÞ in samples S1-1; …; S1-5 of this series (see
Fig. 1). The spectral behavior of LðλÞ for all the sam-

Total losses, %

60

S1-5

S1-4

40
S1-3

20
S1-2
S1-1

0
400

600

800

1000

Wavelength, nm
Fig. 1. Comparison of total losses in samples of series S1. The
labels S1-1; …; S1-5 indicate the corresponding samples.

ples is characterized by a broad peak centered at
550–600 nm, corresponding to the surface plasmon
resonance. The intensity of this resonance grows
as the amount of deposited metal increases, while
its position slightly shifts to longer wavelengths.
This behavior can be understood as an increase of
the concentration of metal in the metal–dielectric
composite layer [39]. In addition, there is a secondary
peak, centered at approximately 400 nm, corresponding to the interband absorption in gold [26,28]. The
intensity of this peak should become larger as the total amount of metal in the composite layer increases.
We perform characterization of the samples
S1-1; …; S1-5 using the nonparametric and multiple
oscillator techniques described in the previous
section. In order to compare the achieved closeness
between the measured and model spectral characteristics, we compare the values, DFNP and DFMO , obtained by nonparametric and multiple oscillator
techniques, respectively. Both values are calculated
as weighted rms deviations of model data from experimental data. These values allow one to compare
fittings achieved in the course of the characterization
procedure. We compare DFNP and DFMO values in
the fourth and sixth columns of Table 1 and observe
that DFMO are larger than DFNP for all the samples
of series S1. This indicates that the nonparametric
model might yield better fitting than the multiple oscillator model.
In Fig. 2 we compare the n and k wavelength dependencies determined by nonparametric (solid
curves) and multiple oscillator (dashed curves) models. Effective thicknesses of Au–SiO2 films obtained
by two techniques are presented in Table 1. It should
be noted here that in the course of characterization
process we utilize measurement data from the
spectral range of 285 to 2200 nm, but in Fig. 2 we
compare n, k in the spectral range from 285 to
1100 nm. This is due to the fact that the main features of n and k curves are observed in the visible and
near-infrared spectral ranges. In Fig. 2 and Table 1,
one can observe a remarkable agreement between
characterization results obtained by two absolutely
different techniques. In the range of 1100 to 2175 nm,
obtained refractive indices and extinction coefficients for all samples are very close for both characterization techniques.
From Fig. 2 it is obvious that the n and k curves
form a physically sensible regular sequence with respect to the effective thickness of Au−SiO2 films. The
dispersion of the effective optical constants is mainly
determined by the surface plasmon resonance, which
increases in intensity and redshifts as the amount of
metal increases, as already discussed above. The refractive index shows the typical dispersion around a
resonance. In addition to the surface plasmon resonance, a secondary and less intense resonance is evidenced at shorter wavelengths, connected to the
interband transitions in gold.
20 November 2011 / Vol. 50, No. 33 / APPLIED OPTICS
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S1-3

4
3
S1-2
S1-1

2

4

3
S1-3

2
S1-4

400

600

800

S1-5

1
S1-2

400

1000

600

800

3
2
S2-1

S2-2

1

S2-4
S2-2

S2-3

2
S2-5

1
S2-1

Fig. 2. Wavelength dependencies of refractive indices and extinction coefficients of Au−SiO2 composite films deposited on preheated substrates (series S1). The labels S1-1; …; S1-5 indicate
the corresponding samples.

Characterization of Series S2

The films of the second series are characterized by
well-separated Ag islands, and their optical properties are identified by the surface plasmon resonance
that increases in intensity and redshifts as the
amount of deposited Ag increases [39].
As in the case with gold-silica films, in order to
check that higher values of effective thickness of
Ag–SiO2 films correspond to higher values of mass
thicknesses, we compare total losses in samples
S2-1; …; S2-5 of this series (see Fig. 3). The absorption behavior of this series closely resembles the
one of the S1 series and obeys the same physical
phenomena: an increase and redshift of the surfaceplasmon-resonance-related absorption that can be
associated to the larger amount of metal in the
metal–dielectric composite.
In Fig. 4 we compare nðλÞ and kðλÞ obtained using
nonparametric (solid curves) and multiple oscillator
(dashed curves) techniques. Effective thicknesses of
Ag–SiO2 films obtained by two techniques are
presented in Table 2. In Fig. 4 and Table 2, a good
agreement between characterization results obtained by two different techniques is observed. As
for series S1, a comparison of DFNP and DFMO values

0

0

1000

400

Wavelength, nm

Wavelength, nm

B.

S2-5

S1-1

0

1

3

S2-3
S2-4

Refractive index

Extinction coefficient

Refractive index

S1-4 S1-5

Extinction coefficient

4

5

600

800

400

1000

600

800

1000

Wavelength, nm

Wavelength, nm

Fig. 4. Wavelength dependencies of refractive indices and extinction coefficients of Ag−SiO2 composite films deposited on preheated substrates (series S2). The labels S2-1; …; S2-5 indicate
the corresponding samples.

presented in Table 2 indicates better fittings
achieved by the nonparametric model.
It is seen from Fig. 4 that the n and k curves form a
physically sensible sequence with the growing effective thickness of Ag–SiO2 films. The same as for series S1, the wavelength dependence of the effective
optical constants is dominated by the surface plasmon resonance.
C.

Characterization of Series S3

In this case, the interpretation of the absorption
spectra is more complex, and two different phenomena are involved: the surface plasmon resonance of
isolated metal particles and the Drude-like absorption of the percolated metal network. In this case,
we range samples based on analysis of the measured
reflectance data (see Fig. 5). The increase of reflectance at longer wavelengths is related to the increase
of the Drude-like absorption; i.e., the metal phase becomes more percolated. On the other hand, the increase of reflectance below 400 nm is related to the
increase of absorption due to interband transitions,
indicating a larger amount of metal in the composite.
These observations suggest that by decreasing the
40

S3-5

S2-5
60

30

Reflectance, %

Total losses, %

S2-4

40

S2-3

S3-4
S3-3
20

S3-2

10

20

S2-2
S3-1

S2-1

0
400

0
400

600

800

1000

Wavelength, nm
Fig. 3. Comparison of total losses in samples of series S2. The
labels S2-1; …; S2-5 indicate the corresponding samples.
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600

800

1000

Wavelength, nm
Fig. 5. Comparison of measured reflectance data of samples
of series S3. The labels S3-1; …; S3-5 indicate the corresponding
samples.

Characterization of Series S4

Samples of this series can be ranged on the basis of
analysis of total losses, which are shown in Fig. 7. At
hotter substrates, the island formation is enhanced,
resulting in larger, more spherical, and well-isolated
particles, characterized by a narrow surface plasmon
resonance. On the other hand, as the substrate tem-

40

S4-2

S4-1
0
400

600

800

1000

Wavelength, nm
Fig. 7. Comparison of total losses in samples of series S4. The
labels S4-1; …; S4-5 indicate the corresponding samples.

perature decreases the islands become smaller, more
elliptical, and with some degree of interconnection.
In this case, the surface plasmon resonance becomes
broader and redshifted [25]. Therefore, one may expect that the samples deposited at hotter substrates
will have a larger effective thickness than those deposited on unheated substrates.
In Fig. 8 we compare nðλÞ and kðλÞ values determined by nonparametric (solid curves) and multiple
oscillator (dashed curves) techniques. Effective thicknesses of the films found by two techniques are compared in Table 4. It is seen from Fig. 8 and Table 4
that, in general, characterization results obtained by
two different techniques are in agreement, but differences in n, k, and δ values are observed. In Table 4 we
see that the DFMO values are significantly higher
than the DFNP values. These large differences indicate that fittings obtained using the nonparametric
model are essentially better than fittings achieved
by the multiple oscillator model. There are several
possible explanations of this fact. First, in the course
of the characterization procedure in the case of the
multiple oscillator technique, the optical constants
n and k are interconnected [see Eq. (2)], and in the
case of the nonparametric model they vary independently. Second, the dependencies of the optical parameters of the films in series S4 are to be described by

S3-2

3
S3-1

S3-4

1

S3-5

S3-5

400

600

800

1000

Wavelength, nm

S4-5

6
4

S3-3
S3-2

2
S3-1

0

0

8

5

S3-4

400

600

800

1000

Wavelength, nm

Fig. 6. Wavelength dependencies of refractive indices and extinction coefficients of Ag−SiO2 composite films deposited on unheated
substrates (series S3). The labels S3-1; …; S3-5 indicate the corresponding samples.

4

S4-4
S4-3

3

S4-2

2

S4-1

1

Extinctioncoefficient

S3-3

4

Extinction coefficient

Refractive index

S4-3

8

5

2

S4-4

20

Refractiveindex

D.

S4-5
60

Total losses, %

deposition temperature, the metal is deposited more
compactly and the composite has a larger metal
fraction.
In Fig. 6 we compare wavelength dependencies of
refractive indices and extinction coefficients determined by nonparametric (solid curves) and multiple
oscillator (dashed curves) techniques. Effective thicknesses of the films found by two techniques are compared in Table 3. It is seen from Fig. 6 and Table 3
that the obtained characterization results are consistent. As in the previous cases DFNP < DFMO for all
samples of this series.
It is seen from Fig. 6 that the refractive indices
and extinction coefficients of films in samples
S3-1; …; S3-5 increase with growing effective thickness of Ag–SiO2 films. At small values of the mass
thickness, the layer is basically formed by isolated
metal particles and the effective optical behavior is
dominated by the surface plasmon resonance peak.
In this case, the resonance is broader and less intense than in the S2 series because the islands grow
more elliptical and denser at unheated substrates for
the same amount of deposited material [39]. As the
amount of metal increases, percolation among the
islands starts and the metal-like behavior, characterized by strong infrared absorption, becomes evident
in the effective optical constants.
According to our previous studies of thin metal
compact layers, deposited by the same technique
and conditions [25], the real film thickness is approximately 2=3 of the mass thickness values (i.e.,
the values provided by the quartz crystal monitor).
When this correction is applied to the mass thicknesses given in Table 3, then for the composites with
the largest mass thicknesses, the ratio to the effective thickness is close to 1, indicating that the metal
is forming an almost compact layer.
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Fig. 8. Wavelength dependencies of refractive indices and extinction coefficients of Ag−SiO2 composite films (series S4). The labels
S4-1; …; S4-5 indicate the corresponding samples.
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more complicated dispersion models having not six
but more oscillators. This means that the number
of unknown parameters will be increased and, therefore, instability of their determination will grow. At
the same time, introduction of more oscillators may
not have a physical sense. Third, due to the probable
anisotropic structure of metal island films, ellipsometric data obtained at incidence angles between
45° and 65° do not need to be consistent with normal
incidence transmittance data. This may lead to an
additional increase of the discrepancy in the case
of the multiple oscillator technique. These three explanations are valid also for series S1−S3, although
we observe much smaller differences in the characterization results there.
It is seen from Fig. 8 that the refractive indices and
extinction coefficients of films in samples S4-1; …;
S4-5 increase with the increasing temperature of
the substrate. In addition to this, we observe in
Table 4 that higher ratios of effective and mass thicknesses correspond to higher temperatures. The obtained dispersion of the optical constants reflects
the previous comments: the samples deposited on
preheated substrates are characterized by a narrow
surface plasmon resonance while the composites at
unheated substrates show a much broader resonance. In addition, the effective absorption of composites deposited at a low temperature is larger than
that of composites deposited at preheated substrates,
as the fraction of the metal in the composite is larger.
The increase of metal concentration in the composite
with lowering the deposition temperature is also confirmed by the decrease of the effective thickness.
5. Conclusions

In this work we applied nonparametric and multiple
oscillator characterization techniques to the determination of effective optical parameters of metal–
dielectric films. In order to provide a broad variety
of n and k dispersion dependencies to be determined,
we produced four series of samples of metal–
dielectric films using different deposition conditions.
We performed characterization of the samples and
compared results. This comparison showed that optical parameters determined by two techniques are
consistent for all samples. The differences between
the optical parameters determined using the two
techniques are correlated with differences in fittings
achieved in the course of the corresponding characterization procedures. For all samples, fittings provided by nonparametric technique were better
than fittings achieved by multiple oscillator technique. This is explained by the higher flexibility of
the nonparametric technique in comparison with the
multiple oscillator technique.
Our study benefits from the presence of a diverse
experimental basis, including a variety of samples
and combinations of measurement data. We considered films with different optical properties and demonstrated consistency of characterization results
for all films, we state that the nonparametric and
6196
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multiple oscillator techniques provide reliable characterization results for any types of metal–dielectric
films. This work is of a practical importance for researchers who do not have a deep knowledge of
metal–dielectric films structures that is necessary
for obtaining physically sensible results by the multiple oscillator technique. These researchers can use a
more flexible and universal nonparametric technique and be guaranteed reliability of the characterization results.
This work is supported by the National Foundation
of Science, Higher Education and Technological development of the Republic of Croatia and the Russian
Foundation for Basic Research (RFBR), project 1007-00480-a.
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