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Abstract: In this study, a novel approach for characterizing the optical properties of inhomogeneous
thin films is presented, with a particular focus on samples exhibiting absorption in some part of the
measured spectral range. Conventional methods of measuring the samples only from the film side
can be limited by incomplete information at the lower boundary of the film, leading to potentially
unreliable results. To address this issue, depositing the thin films onto non-absorbing substrates to
enable measurements from both sides of the sample is proposed. To demonstrate the efficacy of this
approach, a combination of variable-angle spectroscopic ellipsometry and spectrophotometry at near-
normal incidence was employed to optically characterize three inhomogeneous polymer-like thin
films. The spectral dependencies of the optical constants were modeled using the Kramers-Kronig
consistent model. It was found that it is necessary to consider thin, weakly absorbing transition
layers between the films and the substrates. The obtained results show excellent agreement between
the fits and the measured data, providing validation of the structural and dispersion models, as
well as the overall characterization procedure. The proposed approach offers a method for optically
characterizing a diverse range of inhomogeneous thin films, providing more reliable results when
compared to traditional one-sided measurements.

Keywords: optical characterization; inhomogeneous thin films; non-absorbing substrates; dual-side
measurements; spectroscopic ellipsometry; spectrophotometry; polymer-like thin films; optical
properties

1. Introduction

Efficient and reliable characterization techniques for thin films are essential for in-
vestigating their optical properties in various fields, including fundamental research, ap-
plied research, and industrial innovations. As a result, the development of such methods
is imperative.

While significant attention has been dedicated to developing suitable methods for
the optical characterization of homogeneous thin films, as evidenced by the abundance of
publications on the subject represented here by a small selection [1-9], much less attention
has been paid to the optical characterization of inhomogeneous thin films with refractive
index profiles along the axis perpendicular to the film boundaries. Nevertheless, several
papers have addressed this issue [10-24]. The optical characterization of inhomogeneous
thin films is more complicated than that of homogeneous thin films, mainly due to a
larger number of parameters that need to be determined. Despite this, interest in the
optical characterization of inhomogeneous thin films has been growing in recent years for
three reasons.

First, the production of multilayer systems tends towards inhomogeneous thin films
that can substitute these systems. A typical example of this is represented by Rugate filters
formed by inhomogeneous thin films with special refractive index profiles. These Rugate
filters are employed as optical devices with high reflectance in certain spectral ranges
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(see, e.g., [25]). Optical devices based on inhomogeneous thin films exhibit several ad-
vantages from a practical point of view. For example, they exhibit a substantially lower
scattering of light, caused by boundary roughness rather than the multilayer systems
containing homogeneous thin films.

Second, the development in the optics industry, solar energetics, semiconductor tech-
nology, and other modern industrial branches requires creating new thin films consisting
of complex materials. These complex thin films often exhibit optical inhomogeneity that
must be characterized by specific optical methods. The typical examples of such films are
represented by various thin films containing nanometric structures.

Third, some special methods of optical characterization for inhomogeneous thin films
are also utilized for checking their growth in technological equipment (in situ methods). A
sufficient speed must be achieved using efficient computer algorithms utilized within these
in situ methods. Such methods enable us to accomplish real-time monitoring and feedback
control of the inhomogeneous thin films during their depositions.

Both homogeneous and inhomogeneous thin films often exhibit various types of de-
fects, including thickness non-uniformity, random roughness at boundaries, overlayers,
and transition layers. The inhomogeneity of intended homogeneous thin films is also
considered an unwanted defect. Optical characterization of thin films with defects is
significantly more complex than that of films without defects, irrespective of film homo-
geneity. Similarly, just as less attention is given to inhomogeneous films compared to
homogeneous ones, fewer resources are devoted to analyzing films with defects compared
to those without, regardless of the homogeneity of the samples. The method allowing
to carry out the optical characterization of homogeneous thin films exhibiting thickness
non-uniformity is presented and applied in papers [26-29]. The methods of the optical
characterization of the inhomogeneous thin films with the non-uniformity in thickness
are described and applied in papers [30,31]. By means of the application of the methods
published in papers [26-28,30,31] the spectral dependencies of the optical constants and
thickness values describing the films together with the parameters characterizing their
thickness non-uniformity were determined. The methods for the optical characterization of
homogeneous thin films with randomly rough boundaries were described, for example,
in [32-34]. The methods presented in [35,36] enable to perform the optical characterization
of the inhomogeneous thin films exhibiting randomly rough boundaries. The results of
the optical characterization of the homogeneous and inhomogeneous thin films with ran-
domly rough boundaries consist in the determined spectral dependencies of the optical
constants, thickness values, and values of the parameters describing random roughness of
the boundaries (see papers [32-36]). The results concerning the optical characterization of
the homogeneous thin films with overlayers are published, for example, in papers [37,38].
In these papers, the thickness values of the overlayers are determined together with the
values of the other parameters describing the films under these overlayers. The overlayers
exhibiting inhomogeneity were characterized, for example, in [39,40]. The optical char-
acterization of the transition layers was realized, for instance, in [41-46]. The spectral
dependencies of the optical constants and thickness values of these transition layers are
determined within this characterization. Simultaneously, the complete optical characteri-
zation of the films occurring above the transition layers is performed too (see, e.g., [43]).
It should be noted that the optical characterization of the thin films and their overlayers
or transition layers presented in the literature was carried out using the optical quantities
corresponding to reflected light (see, e.g., [38—46]).

From this, one can see that the optical characterization of thin films is a continually
developing branch of optical thin films.

In this paper, the method enabling us to perform the reliable and efficient optical
characterization of inhomogeneous partially absorbing thin films placed on non-absorbing
substrates is described. Within this method, the optical characterization of the transition
layers occurring at the lower boundaries of these films is also performed. The method is
based on the simultaneous processing of experimental data obtained by means of variable



Coatings 2023, 13, 873

30f16

angle spectroscopic ellipsometry and spectroscopic photometry. Indispensable parts of the
method are ellipsometric and reflectometric measurements from both sides of the samples
as well as the measurements of transmittance. The method will be illustrated through the
optical characterization of samples of polymer-like thin films deposited onto fused silica
(Lithosil) substrates.

2. Experiment

The results concerning three samples of inhomogeneous polymer-like thin films are
presented in this paper. All the samples were prepared such that they should differ only in
the thickness of the films.

2.1. Sample Preparation

The studied films were deposited onto LithosilQ1 fused silica optical substrates using
plasma-enhanced chemical vapor deposition (PECVD) in a capacitively coupled radio
frequency—glow discharge at a working frequency of 13.56 MHz. PECVD is a versatile
technique for developing advanced thin film materials from various vapors and gases. The
advantage of this technique lies in the possibility to change the parameters of the deposited
material only by changing deposition process parameters, such as the applied power,
negative bias voltage, flow rates of precursors and carrier gases, deposition pressure, etc.
Using this method, it is possible to prepare inorganic materials (such as SiO, and diamond-
like carbon) as well as polymer-like materials (so-called plasma-polymer). Plasma polymers
(polymer-like materials) differ from conventional polymers from a chemical and physical
point of view. One of the main differences is the more random organization and the devia-
tion from the chemical structure of the monomer used [47]. One of the most well-known
polymer-like thin film materials prepared using PECVD is the polymer-like carbon [48-50].
Another group of well-known polymer-like layers are organosilicon (5i0,C,H;) plasma
polymers [51,52]. A combination of these two types of materials in films with a gradient
structure may serve as protective coatings on plastic materials with a gradient change from
a softer transparent polymer-like structure with similar mechanical properties as polycar-
bonate to a harder but more absorbing polymer-like a-C:H/SiO, film structure [53-55].
The presented work uses this type of gradient polymer-like layers to illustrate the novel
approach to optical characterization.

The gradient film deposition was carried out using a parallel plate reactor made of a
glass cylinder closed by two stainless steel flanges and with two parallel electrodes made
of graphite. The RF power was applied to the lower electrode, together with a negative DC
self-bias voltage induced in order to control the ion bombardment of the sample surface.
Prior to film deposition, the substrates were pretreated for 5 min in an argon discharge
at an applied power of 50 W, a bias voltage of —240V, and a flow rate of argon of 5sccm.
The discharge used for film deposition was ignited in a mixture of methane (CH,4) and
hexamethyldisiloxane (CgH;35i,O—HMDSO) supplied into the reactor chamber by a glass
torus with many outlets on its perimeter, in order to achieve a homogeneous distribution of
the gas mixture. The flow of HMDSO was maintained at 1 sccm. To vary the composition
of the growing films, the methane flow rate was gradually increased from 0sccm to 5scem
for three different deposition times (170 s, 220 s, and 360 s) to create three samples with
different thicknesses. The supplied power was 50 W. The negative self-bias voltage on the
bottom electrode gradually increased from —110V at the beginning of the deposition to
—190V at its end. The pressure at the beginning of the deposition was 33 Pa and decreased
to 15Pa at the end. The process of film preparation is summarized in Table 1.



Coatings 2023, 13, 873

40f16

Table 1. Summary of the film preparation process.

Step Conditions
1. Argon plasma treatment of Applied power: 50 W; Argon flow rate: 5sccm; Self-bias voltage on the
the substrate substrate holder electrode: —240V; Pressure: 17 Pa; Deposition time: 5 min
2. Deposition input parameters Applied power: 50 W; HMDSO flow rate: 1sccm; CHy flow rate: 5 scem;
Self bias voltage on the substrate holder electrode: —110V; Pressure: 33 Pa
3. Gradual change of methane Applied power: 50 W; HMDSO flow rate: maintained at 1 sccm; CHy flow
flow rate rate: decrease from 5 to 0 sccm; Self-bias voltage: decrease from —110 to
—190'V; Deposition pressure: decrease from 33 to 15 Pa;
4. Process conditions before the Applied power 50 W; HMDSO flow rate: 1sccm; CHy flow rate: 0 scem;
end of the deposition Self-bias voltage: —190 V; Deposition pressure: 15 Pa

2.2. Experimental Arrangement

Experimental data were acquired using variable angle spectroscopic phase modulated
ellipsometer Horiba Jobin Yvon UVISEL and spectrophotometer Perkin Elmer Lambda 1050.
Concrete experimental arrangements of such instruments can be found, for example,
in [55,56]. Spectrophotometric data were obtained with a near-normal incidence regime,
the ellipsometric data at the angle of incidence in the range from 55° to 75° with the step
of 5°. The data cover the spectral range of 0.6 to 6.5eV (190-2066 nm) and 190-1800 nm
(0.688 to 6.5 eV) for ellipsometry and spectrophotometry, respectively.

The complete set of experimental data for each sample consists of ellipsometric mea-
surements from the side of the deposited film (front side), ellipsometric measurements
from the substrate side (back side), reflectance measurements from both sides of the sample,
and transmittance measurements.

In the region of transparency, reflectance data exhibit small differences between mea-
surements taken from the front and back sides with the dominant features corresponding
to the substrate. To mitigate the influence of the substrate and enhance the sensitivity to the
properties of the film, this set of data was extended with the values of relative reflectance.
The relative reflectance, denoted by be, represents the ratio between the front-side (Rf)
and back-side (RP) reflectances: .

R
=5 M

These additional datasets are not independent of the already included experimental
data, but they help to stabilize the fits. The complete list of datasets used for optical
characterization is summarized in Table 2.

R® =

Table 2. List of datasets used for optical characterization.

Instrument Quantity Mode Spectral Range AOI

Horiba Jobin Yvon UVISEL I, I, I front 0.6-6.5eV 55-75°, step 5°
Horiba Jobin Yvon UVISEL I, I, I back 0.6-6.5eV 55-75°, step 5°
Perkin Elmer Lambda 1050  Rf front 190-1800 nm 6°

Perkin Elmer Lambda 1050 ~ RP back 190-1800 nm 6°

Perkin Elmer Lambda 1050  Rf/RP relative  190-1800 nm 6°

Perkin Elmer Lambda 1050 T 190-1800 nm 0°

3. Structural Model

The samples consist of LithosilQ1 fused silica substrates with a nominal thickness of
0.5 mm, onto which inhomogeneous polymer-like thin films were deposited. The substrate
is assumed to be plan-parallel and isotropic with smooth boundaries. However, the harsh
cleaning procedure necessary for adequate adhesion of the polymer-like thin film to the
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substrate resulted in the alteration of excitation states near the surface, necessitating the
introduction of a thin transition layer into the structural model. The film itself is considered
to be inhomogeneous but with smooth boundaries, and its inhomogeneity is mathematically
described as a stack of homogeneous films with changing parameters. In this study, we
divided the inhomogeneous film into 64 homogeneous layers.

The profile of the optical constants is modeled by assuming profiles of the dispersion
parameters p,(z), where the index a distinguishes individual dispersion parameters and z
is the depth inside the film. The optical constants for the given photon energy E and depth
inside the inhomogeneous film were then calculated using the considered dispersion model
and the values of the dispersion parameters corresponding to this depth. In particular, the
susceptibility as a function of the photon energy and the position inside the inhomogeneous
film can be expressed as

R(E,z) = R(E; pu(2))-

The profile of the dispersion parameters was assumed to be in the form of

pulz) = p¥ + (pk — p¥) (g)k, 0)

where 4 is the thickness of the inhomogeneous film and the upper indices U and L denote
the values of said parameters at the upper and lower boundary. The k exponent allows for
modeling the shape of the profile (for k = 1, the resulting profile is linear).

The used structural model of the samples is schematically depicted in Figure 1.

U —
!
!
L d
P4
L Polymer-like thin film _:_
Transition layer ! d,
i
| ds
!

Fused silica substrate |

Figure 1. Schematic diagram of the structural model.

To summarize:

The surrounding medium is assumed to be air.
Studied film is optically isotropic and inhomogeneous with the profile of optical
constants perpendicular to the film boundary.
The transition layer is modeled by an isotropic homogeneous thin layer.
The substrate is also isotropic, homogeneous, and of sufficient thickness to disregard
light interference within the substrate.

o All boundaries are assumed to be smooth and parallel.

4. Dispersion Model of the Inhomogeneous Film

The model of the dielectric response of the inhomogeneous films is based on the
universal dispersion model [57,58], which makes it easy to construct complex models ful-
filling the basic requirements of physically correct models, namely, time-reversal symmetry,
Kramers—Kronig relations, and consistency with sum rules. In this model, the dielectric
response is expressed as a sum of contributions representing individual absorption pro-
cesses. The polymer-like thin films containing larger amounts of carbon, especially those
transitioning to diamond-like carbon, often exhibit complicated dielectric response. To
correctly interpret their dielectric response, it is necessary to think about the sp? and sp?
orbital hybridization. In the model of dielectric response, it is useful to distinguish between
the contributions from ¢ electrons which exhibit stronger bonding, and the contribution
from weakly bonded 7 electrons. In our model, this is accomplished by describing the
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interband transitions using two separate (but partially overlapping) absorption bands, each
having its own band-gap energy. In particular, the susceptibility is written as

R(E) = Now £9t(E; Eg.e) + No X2 (E; Eg.0 Ec.or, Bo) + Nt R2c(E; Eg e, Eet, Bx),  (3)

where the first two contributions describe the absorption band corresponding to electrons
exhibiting stronger bonding and the last contribution represents the absorption band
corresponding to weakly bonded 7t electrons. The functions with superscript 0 denote
contributions to susceptibility normalized using the sum rule integral, such that

/ EXON(E;.. )dE =1, 4)

where v = ibt, CC and the symbols x? . (E; . ..) denote the imaginary parts of the normalized
contributions to susceptibility. The factors with Nypo, Ny and N then determine the
strengths of individual contributions. The symbols Eg, and Eg ; denote the band gap
energies of the two absorption bands. It is obvious that total transition strength, which can
be calculated using the sum rule integral, is given as

AEMDM=MHWHNm 5)

where x;(E) is the imaginary part of susceptibility.
The contribution £}, (E; Eg ) represents the absorption band starting at the band gap
energy Eg , and extending to infinity. Its imaginary part is given as

0, for E < Eg o,

0 =
Xivi (B Ege) = 4 3Eg o (E — Ego)? ' ©
ibti\ = =g % for E > Eg g,

The contributions {2 (E; Eg ],EC jBj), with j = o, 7 correspond to the Campi-
Coriasso dispersion model with imaginary part given as [58,59]

0, forE < Eg;,
2
X%Cl(E'Eg]'ECJ'B ) = 2 Bj(E_Eg’j) for E > Eg;
2 / &1’
E [(Eej— Eg )2 — (E — Egj)?]" + B]Z(E — Egj)?

where the parameters E ; (with E.j > E ;) and B; determine the position and width of the
absorption peak. Note that the contributions 9 and £2 fulfill the Tauc’s law above the
band gap energy and have classical E~3 decay at large energies [60-62].

The real parts of the above contributions can be calculated from their imaginary parts
using the Kramers—-Kronig relations. Details can be found in [63].

5. Dispersion Model of the Transition Layer

It is assumed that the transition layer corresponds mostly to the upper layer of the
fused silica substrate modified by cleaning in the argon plasma prior to the deposition of the
inhomogeneous film. Because the number of dispersion parameters needed to describe the
inhomogeneous film is already large, it was desirable to use as few parameters as possible
in the dispersion model of the transition layer. The reason for using a simple model for
the transition layer is also motivated by the fact that this layer is very thin; therefore, the
sensitivity of the experimental data to the precise course of its optical constants is low. It
was found that it was sufficient to use a model assuming the susceptibility given as a sum
of the susceptibility of the substrate {supstrate multiplied by dimensionless scaling factor f
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and a contribution corresponding to the exponential tail, which models weak absorption
below the band gap energy. The susceptibility is given as

Xﬂ(E) = szubstrate(E> + NEt X(e)t(E; Egr EEt)r (7)

where N determines the strength of the contribution representing the exponential tail.
The susceptibility of the substrate {supstrate(E) corresponds to fixed values of the optical
constants, which were determined separately by the optical characterization of bare sub-
strates without deposited films. The imaginary part of the contribution representing the
exponential tail is given as

Cat (eE/Eet 4+ e—E/Eet _ 2)
for E < Eg,

th,i(E/' Eg/ Eet) = E ) ' , (8)
CetAx(E — Ex)

E>5 ’

for E > Eg,

where Eg is the energy determining the decay rate of the exponentials and the value
of Cet is calculated such that this function fulfills the normalization condition (4). This
function is chosen such that below the band gap energy E; it is modeled using exponentials
and above the band gap energy it transitions to a function having the same shape as the
function X?bt,i (6), but with Ey in place of Eg ;. The values of Ex and Ay are not independent

parameters, they are calculated such that the function th,i and its first derivative are
continuous at E = Eg. The real part of the susceptibility is calculated from the imaginary
part using the Kramers—Kronig relations.

Only three dispersion parameters f, Net, and E¢t are used in the dispersion model of
the transition layer, the value of Eg used in the formulae for the exponential tail was fixed
in the value 8.352 eV determined for the substrate. In fact, only two of the parameters were
free, as the parameter f tended towards zero for all samples and was, therefore, fixed at
that value. Consequently, the susceptibility of the transition layer is solely described by the
exponential term.

6. Data Processing

The quantities obtained through phase-modulated ellipsometry, called associated ellip-
sometric parameters, are not immediately self-explanatory, unlike the measured quantities
of spectrophotometry. These parameters, denoted by I, I, and I, correspond to the three
independent elements of the normalized Mueller matrix of isotropic systems, which can be
expressed as

1 —-I, 0 0
ol-m1 0 o

M=R| ", o L L )
0 0 —I I

where R = (Rp + R5)/2is the average reflectance with Rp and R; being reflectances of p-
and s-polarized light, respectively. The relationships between the associated ellipsometric
parameters and well-known ellipsometric angles are given by

Is = Psin2¥ sin A, (10)
I. = Psin2¥ cos A, (11)
I, = Pcos2¥, (12)

where P represents the observed degree of polarization.

When conducting measurements on a non-absorbing substrate, it is necessary to con-
sider the reflections that occur on the back side of the substrate. There are an infinite
number of internal reflections within the substrate that must be taken into account. For
measurements taken at near-normal incidence, such as reflectance and transmittance mea-
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surements, the task is relatively straightforward. However, for measurements taken at
oblique incidence, such as in ellipsometry, it is necessary to consider the finite width of the
incident beam. This is because the beam undergoes multiple reflections inside the substrate,
causing it to shift in relation to the beam reflected from the top interface of the substrate.
In this case, the Mueller matrix for the reflection in the case of front-side and back-side
measurement can be calculated as

R = R; + ¢, T/U'R,UT; + ¢, T{U'R, URJU'R,UT + ...

=Ri+ Z Cn+1T£U/RaU(R£U/RaU)an’ (13)
n=0

R =R} + ¢ T,URU'T, + c,T,UR;U'R,UR{U'T, +...

=R, + Y u TLURIU (R,URU) TS, (14)
n=0

where the notations R and T denote the Mueller matrices that correspond to reflection and
transmission, respectively. The subscripts f and a are used to distinguish the substrate
interfaces facing the film and facing the ambient (back side of the sample). The prime is
used for quantities corresponding to light incident from the ambient side (back side), while
the quantities without prime correspond to incidence from the film side. The propagation
through the isotropic substrate, which results in the attenuation of the beam, is described
by the Mueller matrix U, which, in the special case of the non-absorbing substrate, is equal
to the identity matrix. The beams corresponding to the second and subsequent terms in
the sum are shifted due to propagation through the substrate and as a result, only part of
them falls onto the detector. Therefore, their contribution to the sum must be appropriately
reduced, which is accomplished by introducing the factors c,. For example, the R Mueller
matrix representing reflection on the boundary between the film and substrate in the
situation when the wave is incident from the film side has the following form:

|7¢p|2"’|f’s,2 |?p|2_ 7|2 0 0
R, — 1 |?1:>|2_|’A’S|2 |7A’p|2+"78|2 0 0 15
) 0 0 PEP A PREiPEP. — i PE |7 (15)
p's p's p's p's
0 0 —iPiy —iPpPs  Fafs 4 PP

with 7, and 75 being the Fresnel coefficient for p and s polarization, respectively. The rest of
the matrices in Equations (13) and (14) has a similar form. Further details on these concepts
are provided in [20,64].

Ellipsometry and spectrophotometry are commonly used methods in optical charac-
terization, and while they are commonly used independently, combining them can offer
advantages by leveraging their strengths.

To ensure the reliability of the obtained results, all data for each sample, i.e., data from
both ellipsometric and spectrophotometric measurements, were processed simultaneously
using the least-squares method with our in-house developed newAD2 software [65] for
optical characterization. The contribution of individual datasets from different instruments
with different systematic errors and spectral ranges to the residual sum of squares is not
trivial to equalize in general, but newAD2 automatically accounts for these differences. By
using this approach, the reliability of the results is improved.

Two values of the thickness of each sample of the inhomogeneous film were de-
termined, one from the spectrophotometric measurements, and the other one from the
ellipsometric measurements. This division is necessary due to the different systematic
errors of the instruments. The second reason for the division lies in the fact that the samples
might exhibit slight non-uniformity in thickness and it is not possible to ensure that all
measurements were at the exact same spot on the sample.
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7. Results and Discussion

This section presents the results of the optical characterization of the investigated
samples. Although three samples differing in thickness were evaluated, full results for
just one sample are shown, specifically for sample #2, due to the vast amount of data. The
quality of the fits for the other two samples is comparable.

Figure 2 shows the spectral dependencies of the ellipsometric parameters and their
respective fits. The figure displays measured data from both sides of the sample and
indicates good agreement between experimental data and theoretical fits.

1200 600 400 Wavelength [nm] 200
10 ‘ f L _— N NENDN P
0.5+ i
Ic
0.0 x\/-\/\///- |
n IS
g
£ 05 7
3
g
&
S 1 1 1 1 1 1
& . - In
qé R s T s,
Z 05¢ I d
=

-0.5 -

-1 I I I I I I
1 2 3 4 Energy [eV] 6

Figure 2. Measured ellipsometric data (points) with their respective fits (solid lines) at angle of
incidence of 70°. The top panel of the figure represents measurements obtained from the front side of
the sample, while the bottom panel shows data obtained from the back side of the sample.

In the experiment, as mentioned, ellipsometric measurements were performed using
the Horiba Jobin Yvon UVISEL ellipsometer. Typical measurements require approximately
eight hours to complete. However, it should be noted that this particular ellipsometer
features a monochromator located after the sample, which can be problematic for samples
that are sensitive to UV radiation, such as our samples. This is due to the fact that during
the whole measurement process, the entire intensity and all wavelengths of light interact
with the sample, which could potentially damage the thin film. To mitigate this issue,
the ellipsometric measurements were divided into two procedures. The first procedure
utilized classical settings and a UV filter and was performed for energies below 2.5eV.
The second procedure involved a smaller number of measured data points and was used
for higher energies in order to reduce the exposure to UV radiation and accelerate the
measurement process.

The top panel of Figure 3 depicts the spectral dependencies of reflectance measure-
ments. Similar to the ellipsometric measurements, front-side and back-side measurements
are shown, with a small mismatch observed in the data around 1.5eV. To cover the wide
spectral range of the spectrophotometric measurements, the experiment had to be split
into two parts. Each part was measured with different settings and with different reference
samples, resulting in the observed mismatch. However, the presented fitting procedure
accounts for this mismatch, as evidenced by the fitted curves. It is worth noting that the
front-side and back-side data almost overlap each other in the transparent region (approxi-
mately below 2 eV). This behavior was expected and it is one of the reasons why previously
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mentioned additional relative reflectance data were included in the dataset. This additional
relative reflectance is plotted in the lower panel of Figure 3.

1200 600 400 Wavelength [nm] 200
0.20 T T T T T

0.15 -

0.01

Reflectance

0.05 -

N
o
\

g
o
\

[
ot
T

Relative reflectance

—_
o
T

0 . 5 1 1 1 1 1 1
1 2 3 4 Energy [eV] 6

Figure 3. Top panel: measured reflectance data (points) with their respective fits (solid lines). Front-
side and back-side measurements are shown. Bottom panel: relative reflectance with its fit.

All the datasets have been described, with the exception of one. The final set of data
used for optical characterization corresponds to the transmittance measurement and it is
depicted in Figure 4.

1200 600 400 Wavelength [nm] 200
T

S g e
=~ (=2} oo
T T T

Transmittance

o
o
T

1 2 3 4 Energy [eV] 6

Figure 4. Measured transmittance data (points) with its respective fit (solid line).

The good quality of the fits is readily apparent and serves as compelling evidence for
the validity of the performed optical analysis. This optical analysis resulted in a set of struc-
tural and dispersion parameters, which are listed in the following tables. Table 3 provides
an overview of the structural parameters obtained during the optical characterization.

As previously stated, two thicknesses were determined for each sample, one corre-
sponding to the ellipsometric and the other to the spectrophotometric measurements. As
can be seen, the two values differ only slightly, which supports the correctness of the fit.
The thicknesses of the transition layers which exhibit good correspondence with each other
are also included in the table. The last line of the table focuses on the k parameter of the
inhomogeneity profile described by the Equation (2). While the k parameter differs from
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sample to sample, the profiles of the optical constants obtained are consistent across all
samples, despite said variations in parameters and the uncertain repeatability of the depo-
sition process. Figure 5 depicts a comparison of the profile shapes of the optical constants
for the selected photon energies among the three samples. Note the small influence of the k
parameter on the resulting profiles.

Table 3. Structural parameters of inhomogeneous polymer-like thin films determined in the optical

characterization.
Sample #1 #2 #3
Thickness (ellipsometry) dfe [nm] 3989+£0.8 4925+06 6935+1.0
Thickness (spectrophotometry) dgs [nm] 399.54+0.8 4952406 6959+0.7
Transition layer thickness dp [nm] 20.1£0.9 21.1+0.8 214+0.3
Profile parameter k 252+0.03 4214+0.04 222+0.03
2.2 : 0.4
sample #1
sample #2
v 2.0 sample #3| | 0.3
=
@18 0.2
=
e
Sl 0.1
-----—--.gi_::_:_._::~-
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Figure 5. Comparison of the profiles of the optical constants for all the samples for the selected
photon energy (E = 3 ¢eV). Solid lines depict the refractive index (left axis), dashed lines are extinction
coefficients (right axis).

The dispersion parameters obtained for the inhomogeneous polymer-like thin film
discussed in Sections 4 and 5 are summarized in a tabular form in Table 4. Additionally,
the table includes transition layer parameters. The optical constants of the inhomogeneous
films are illustrated in Figure 6, which depicts the optical constants at the upper and lower
boundaries. Moreover, Figure 7 displays detailed profiles of the optical properties at several
photon energies.

Table 4. Dispersion parameters of sample #2 and its corresponding transition layer.

Parameter Upper Lower Transition
Boundary Boundary Layer

Transition strength of o electrons—ibt term Ny, [eV?] 32.34+0.15 0.76 £2.21

Band gap energy of ¢ electrons Egr [eV] 2.59 £0.01 8.56 £ 0.10

Transition strength of o electrons—CC term N, [eV?] 586.40 + 0.47 567.20 + 1.40

Peak position of ¢ electrons Er [eV] 11.16 +0.04 Eé,a

Peak broadening of ¢ electrons B, [eV] 12.83 £0.18 BY

Transition strength of 7 electrons Ny [eVz] 0.47 £0.01 0

Band gap energy of 7 electrons Egrn  [eV] 1.38 +0.02 Elgjn

Peak position of 7t electrons E.r [eV] 2.96 £+ 0.01 2.06 £+ 0.02

Peak broadening of 7 electrons Br [eV] 1.04 +0.02 0.69 £+ 0.04

Transition strength of exponential tail Net [eV?] 965.53 £ 5.50

Decay rate of exponential tail Eet [eV] 1.37 +£0.01
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Figure 6. Optical constants at the upper and lower boundaries of the inhomogeneous films. The
solid lines depict the refractive index, while the dashed lines represent the extinction coefficient. The
thicker lines represent the optical properties of sample #2, while the thinner lines represent the optical
properties of the other two samples used for comparison.
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Figure 7. Profiles of the optical constants of sample #2 for several photon energies. The solid lines
depict the refractive index and the dashed ones the extinction coefficient.

Several of the parameters in the model were tied to other variables, as indicated by
the name of the variable to which the parameter is tied. The parameters for the upper and
lower boundaries were differentiated by superscripts U and L, respectively. In the case of
the o electron peak, the peak position was found to be significantly higher than the spectral
range of our measurements, resulting in limited information about its shape. To stabilize
the variables, the parameters BY and Bl were tied together. Similar reasoning holds to
tying parameter Eéa to Elg,a' Because of the position above the measured data, the position
of o electron peak converges to the band gap energy of the ¢ electrons which leads to the
simpler band gap model.

Transition Layer

Transition layers between the polymer-like films and the substrates have been detected.
The most plausible explanation is that they were created by the argon plasma cleaning
process. It should be noted that in order to confirm this hypothesis, a sample of fused
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silica substrate cleaned in the argon plasma but without a deposited layer was prepared.
The optical measurements confirmed that the cleaned surface exhibits different optical
properties compared to the uncleaned surface. This cleaning process is crucial in achieving
sufficient adhesion between the polymer-like thin film and the substrate, and, hence, cannot
be skipped. Due to the high-energy nature of the argon ions, the excitation states near
the substrate surface were disrupted, leading to the formation of a transition layer that
exhibits absorption in a significant part of the measured spectral range. The resulting
optical properties of this layer are presented in Figure 8, which shows that transition layers
with similar optical properties were detected across all samples. These findings, when
considered alongside the measured thicknesses summarized in Table 3, support the selected
dispersion and structural models.
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Figure 8. Optical constants of thin transition layers of all samples. The solid lines depict the refractive
index (left axis), the dashed lines represent the extinction coefficient (right axis).

8. Conclusions

The significance of inhomogeneous thin films cannot be overstated, and their impor-
tance is rapidly increasing in various fields, including the development of optical devices,
solar energetics, semiconductor technology, and other modern industrial branches, as well
as in the field of real-time optical monitoring of thin film growth. As a result, there is a
growing need to develop more sophisticated techniques to accurately and efficiently deter-
mine the parameters of these films to fully exploit their potential applications. However,
the optical characterization of inhomogeneous thin films presents a challenging task due
to the large number of parameters that need to be determined. The difficulty is worsened
when the inhomogeneous film exhibits absorption in a significant part of the measured
spectral range. The experimental setup using non-transparent substrates (e.g., silicon) or
substrates with roughened back sides and measurements only from the film side is often
used. However, this approach provides limited information about the lower boundary of
the inhomogeneous thin films, leading to greater uncertainty and decreased reliability of
the obtained results.

To address these limitations, this study proposes a novel approach to achieve reliable
optical characterization of such samples by depositing them on non-absorbing substrates,
allowing for measurements from both sides of the sample. This approach provides more
independent measurements, which increases the certainty of the results obtained.

To test this approach, three inhomogeneous polymer-like thin film samples were
optically characterized using a combination of variable-angle spectroscopic ellipsometry
and near-normal incidence spectrophotometry. The Kramers—Kronig consistent model that
included contributions representing interband transitions was used to describe the spectral
dependencies of the optical constants. To correctly interpret the optical response of the film,
two partially overlapping absorption bands were considered in the dispersion model, one
representing o electrons and one representing 7t electrons. The inhomogeneity of the films
was modeled by assuming profiles of the dispersion parameters. To reduce the number
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of sought parameters, a very simple dispersion model was used to describe the transition
layer that exhibited unexpected absorption in a wide spectral range.

The resulting fits demonstrated excellent agreement with the measured data, sup-
porting the validity of the structural and dispersion models and the overall characteriza-
tion procedure.

The method of optical characterization presented in this study exhibits versatility in
its applicability, being well-suited for the analysis of a diverse range of dielectric materials
that exhibit inhomogeneity in their optical constants.
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