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Abstract: In this work, optical coatings with a gradient of the refractive index are described. Its aim
was to deposit, using the RF PECVD method, films of variable composition (ranging from silicon
carbon-oxide to silicon carbon-nitride) for a smooth change of their optical properties enabling
a production of the filter with a refractive index gradient. For that purpose, two organosilicon
compounds, namely tetramethyldisilazane and hexamethyldisilazane, were selected as precursor
compounds. The results reveal better optical properties of the materials obtained from the latter
source. Depending on whether deposited in pure oxygen atmosphere or under conditions of pure
nitrogen, the refractive index of the coatings amounted to 1.65 and to 2.22, respectively. By using
a variable composition N2/O2 gas mixture, coatings of intermediate magnitudes of “n” were acquired.
The optical properties were investigated using both UV-Vis absorption spectroscopy and variable
angle spectroscopic ellipsometry. The chemical structure of the coatings was studied with the help of
Fourier transform infrared and X-ray photoelectron spectroscopies. Finally, atomic force microscopy
was applied to examine their surface topography. As the last step, a “cold mirror” type interference
filter with a gradient of refractive index was designed and manufactured.

Keywords: thin films; silicon carbon-nitride; silicone carbon-oxide; PECVD method; inhomogeneous
optical filters; gradient interference filters; organosilicon precursors

1. Introduction

Due to their wide-ranging applications in optics, interference filters constitute a group of broadly
developed and manufactured optical devices [1]. Among others, they are applied as coatings on
lenses, camera and projector optics [2], telescope components [3], solar panels [4], and car and aircraft
windows [5].

Initially, interference filters were composed of stacks of alternated homogeneous films characterized
by the low and high magnitude of refractive index. These systems exhibited numerous shortcomings,
one example being an occurrence of secondary harmonic bands in their spectra, substantially lowering
optical quality of a filter [6]. Another often encountered problem was poor adhesion between the
subsequent layers with the resulting interfacial penetration of water frequently leading to complete
filter destruction [7]. This is a reason for which a new generation of interference filters was designed,
assuming a continuous periodical (sinusoidal) change of their index of refraction [8]. A gradient
inhomogeneous structure of a coating allows one to find a photonic forbidden band similar to that of
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Bragg’s mirror, but one that is narrower (by a coefficient of π/4) than the width of the quarter-wave
band. This is one reason these structures are characterized by better optical properties, with perfectly
suppressed secondary and higher harmonic bands [7]. However, one needs to remember that the more
complex the coating structure, the higher the difficulty of the technological problems connected with
its deposition.

Despite numerous advantages of inhomogeneous interference filters, there is a rather limited
number of scientific publications dealing with these devices present in the literature. One of the
principal reasons for that is the fact that the manufacture of these filters requires very precise control of
their optical parameters, which is extremely difficult (if not impossible) in the case of such conventional
deposition techniques as the sol–gel method [9]. The realization of this type of project requires the
availability of optical materials of variable magnitude of refractive index, controlled by the continuous
(and high-precision) change of their elemental composition. The deposition techniques most often used
for the manufacture of optical coatings include co-sputtering [10], co-evaporation [11], ion-assisted
deposition [12], and glancing angle deposition [13]. In all these cases, both a precise control of the
coating composition and safeguarding of its high optical quality require excessive financial investment.

Among the different materials used for the purpose of manufacturing inhomogeneous optical
filters, perhaps silicon and its derivatives are the most popular. In recent years, there have been several
articles published dealing with the technology of porous silicon for these applications. The first paper
on that subject was published in 1997 by Berger [14]. Later, in 2002, Cunin et al. showed an application
potential for the filter in screening biomolecular studies [15]. This type of filter, produced by Chhasatia
et al. with the help of a thermal hydrosilylation method, was used in the construction of an insulin
detection biosensor [16]. Regrettably, the above-mentioned filters are not transparent to visible light,
which substantially limits their applications. It was Zhang et al. who produced antireflective narrow
line-width filters with a refractive index gradient using silicon oxide (SiO2) as a low (1.50)-index
material and niobium oxide (Nb2O5) as a high (2.14)-index material, applying the glancing angle
deposition technique for that purpose [17]. The magnetron sputtering technique is also used to
manufacture rugate type optical filters. With the help of the reactive magnetron sputtering method,
Bartzsch et al. produced silicon oxynitride (SiON) antireflection filters, wherein index of refraction
varied within a relatively narrow range of 1.46 to 1.99 [18].

The application of the RF PECVD technique for that purpose appears to be an interesting and
fruitful solution [19,20]. The technique allows one to selectively control the chemical vapor deposition
processes by means of appropriate adjustment of energy and intensity of substrate bombarding ions.
By using this method, Larouche et al. obtained stable filters with very good optical characteristics,
stripped of harmonic reflexes. These filters were made of titanium dioxide/silicon oxide (TiO2/SiO2)
coatings with their refractive index varying between 1.5 and 2.35, depending on the TiO2/SiO2 ratio [20].
Rats et al., on the other hand, produced inhomogeneous silicon oxide/silicon nitride (SiO2/Si3N4) types
of filters using RF/MW PE CVD technique with silane as a source of silicon and N2, NH3 and N2O
gas mixture as a source of nitrogen and oxygen [21]. Lin et al. obtained inhomogeneous optical SiON
filters by using a PE CVD method and a helium diluted mixture of nitrogen and nitrogen suboxide.
With silane as a source of silicon, the resulting magnitude of refractive index varied between 1.5 and
1.85 [22]. In the majority of works dealing with the deposition of SiON types of coatings with the help
of the RF PE CVD method, silane is used as a source of silicon. It is a flammable and explosive gas and
working with it requires special safety precautions. Therefore, a precious alternative for this precursor
is presented by organosilicon connections. There are several literature positions dealing with a use of
this group of compounds in the deposition processes of silicon-containing films [23–25]. It should be
stressed, however, that these works usually concern either single homogeneous coatings [23] or stacks
of a few homogeneous layers [25]. As far as an application of these precursors in the production of
“rugate” filters is concerned, there is practically no information available.

The present work reports a process of deposition of silicon carbon-oxynitride (SiONC) coatings of
variable composition for the purpose of the construction of a “rugate” optical filter. To do that, the RF
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PE CVD technique was applied with either hexamethyldisilazane (HMDSN) or tetramethyldisilazane
(TMDSN) used as a source of silicon. A mixture of gaseous N2 and O2 of continuously changing
composition was used as a working gas. The coatings were characterized in detail with respect to their
optical properties as well as their composition, chemical structure and surface morphology. Since better
optical properties were characteristic of the films deposited from the HMDSN, this precursor was
finally selected as a starting material for the production of a inhomogeneous SiOC/SiONC/SiNC films
with the gradient of refraction index. The solution constitutes a subject of national patent procedure
with several PL423097 (A1) PL233603 (B1). An application of that system as a “cold mirror” type of
rugate interference filter is also described in this work.

2. Materials and Methods

2.1. Materials

Semicon p-type silicon wafers, 525 µm thick, of an <111> orientation, resistivity of 9–12 Ω·cm
and dimensions of 15 × 15 × 0.5 mm3 were used as substrates for FTIR (Fourier Transform Infrared
Spectroscopy), XPS (X-ray Photoelectron Spectroscopy) and ellipsometric investigations.

Boron-silicon glass slides and fused silica plates of the dimensions 25 × 25 × 0.2 mm3 300–700 were
used as substrates for UV-Vis (Ultraviolet-Visible), AFM (Atomic Force Microscopy) and SEM (Scanning
Electron Microscopy) studies as well as for preparation of the “cold mirror” type of interference filter.

Prior to deposition, all substrates were subjected to ultrasonic rinsing in 99.8% methanol for
10 min in order to remove surface fat and microparticle contamination.

As a source of silicon:

• Sigma Aldrich hexamethyldisilazane (HMDSN) with a purity 99% and
• abcr GmbH tetramethyldisilazane (TMDSN) with a purity 97% were used.

As working gases:

• Linde Gas Poland, Ltd. oxygen with a purity 99.999% and
• Linde Gas Poland, Ltd. nitrogen with a purity 99.999% were applied.

2.2. Deposition of the Coatings

In the present work, an RF PE CVD reactor (a schematic representation of which is given in
reference [26]) was used for the purpose of deposition of SiNC, SiNOC and SiOC films. The stainless-steel
jar-type deposition chamber of this reactor is furnished with the RF electrode, with the counter-electrode
being the entire jar. The chamber volume amounts to approximately 50 dm3. Working gases and
precursor vapors were introduced to the reactor through separate lines terminated with shower-type
distributors. Organosilicon compound container as well as (ca. 40 cm long) vapor supply lines were
heated, with the former remaining at 303 K and the latter being subjected to a temperature gradient of
308 hw–413 K, in order to avoid condensation. Precursor flow rate was constant, and amounted to
6 sccm (standard cubic centimeters per minute). Initial pressure was equal 0.5 Pa and the self-bias
voltage amounted to −880 V. Both the role and the amount of self-bias voltage were optimized
as described in one of our earlier works [26]. The most important deposition process operational
parameters are presented in Table 1, below.
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Table 1. The settings of deposition parameters.

Parameter

Initial pressure 0.5 Pa
Working pressure 20 Pa
Self-bias voltage −880 V

Temperature of organosilicon compound 303 K
Precursor flow rate 6 sccm

Total flow rate of working gases 20 sccm

The coatings were deposited in the working atmosphere of oxygen and nitrogen with the total
pressure being set constant. For that purpose, an especially designed valve system was constructed,
allowing for pressure equalization in all the reactor elements. This solution is a subject of national
patent procedure of several PL424592 (A1). With the help of that valve system, the reactor pressure was
maintained at 20 Pa, independent of the composition of the working gas, which was changed between
100% O2 and 100% N2 at a constant total flow rate of 20 sccm. Each gas flow rate was independently
regulated by a separate flow rate controller. Changes in working gas composition were performed
step-wise, with the steps being not longer than 5 s, which ensured a smooth flow regulation. In the
direction from oxide to nitride, deposition time amounted to 240 s, while that in the opposite direction
was equal 60 s. Flow changes of working gas components were controlled with the MONITOR software.
The acronyms of the samples used in this work are presented in Table 2, below.

Table 2. The acronyms of the samples used in this work.

Gas Composition Tetramethyldisilazane Hexamethyldisilazane

20 sccm N2 T-20 N2 H-20 N2
12 sccmN2/8 sccm O2 T-12 N2/8 O2 H-12 N2/8 O2
10 sccmN2/10 sccm O2 T-10 N2/10 O2 H-10 N2/10 O2
8 sccmN2/12 sccm O2 T-8 N2/12 O2 H-8 N2/12 O2

20 sccm O2 T-20 O2 H-20 O2

2.3. Optical Properties

Optical properties of the coatings, such as index of refraction (n) and extinction coefficient
(k), as well as their thickness, were determined using a J.A. Woollam variable angle spectroscopic
ellipsometer (VASE) and the related software. All the measurements were performed in the spectral
range of 260–1000 nm for three different angles of incidence (65◦, 70◦, 75◦), with the measurement
step equal 5 nm. The measurements were made in the reflectance mode and optical properties of one
component coatings, either SiOC or SiNC, were modelled with a Cauchy model layer with Urbach
absorption represented by the following mathematical expression:

n(λ) = A +
B
λ2 +

C
λ4

(1)

where A, B and C are parameters describing the dispersion of the refractive index n(λ). The extinction
coefficient k(λ) was modelled by an exponential absorption tail. Fitting the procedure of A, B, and C
parameters gave a mean square error of an order of magnitude of MSE = 20 (mean square error)
for all the films examined. For each sample, average values of thickness and refractive index were
computed from (at least) three ellipsometric measurements performed at different sites of the sample.
Mean thickness values varied within the range of 260–1000 nm.

Gradient optical thin films, i.e., films with refractive index changing along their thickness,
were analyzed using a graded layers algorithm supplied with the WVASE32 software by the ellipsometer
manufacturer. In the gradient model, the real layer is divided into homogeneous sub-layers whose
refractive indices ni change slightly for a particular layer (characteristic jumps of the value of n).
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The refractive index n profiles were determined taking into account the thickness of the film and the
number of sublayers determined for the best fit of the model to the experimental data.

Transmittance of the coatings within the range of 190–1000 nm was studied with the help of
ThermoScientific™ Evolution 220 UV-Vis systems. Absorbance spectra, on the other hand, were used
to determine the magnitude of optical gap using the Tauc model and the following equation:

αhυ = B(hυ− Eg)
m (2)

where:
α—denotes the absorption coefficient,
h—denotes the Planck constant,
υ—denotes photon frequency,
Eg—denotes optical energy band gap,
B—denotes a constant
The value of m coefficient amounted to 1/2 .

2.4. Surface Topography

To determine the surface morphology of the coatings, a Bruker multimode AFM microscope,
equipped with a Nanoscope V controller, was used. This enabled a collection of images 10 × 10 µm2 in
size. The MicroMash OTESPA type of probe had the following parameters: nominal probe radius of
7 nm, elasticity constant of 26 N/m and resonance sampling frequency of 300 kHz. All data acquisition
was performed with the help of Brüker Nanoscope 7.3 software with the images being processed
using the Bruker Nanoscope Analysis 1.5 application. Each measurement series was conducted on
three different coatings deposited under identical conditions, with the arithmetic mean and standard
deviation values being calculated from the results acquired.

2.5. XPS Spectroscopic Analysis of Elemental Composition and Chemical Structure

XPS analysis was conducted with the help of Kratos AXIS Ultra XPS spectrometer equipped with
a monochromatic Al Kα source of X-rays of excitation energy of 1486.6 eV. Spectra were collected from
an area of 300 × 700 µm2, with the anode power amounting to 150 W. Transfer energy of a semicircular
analyzer was equal 20 eV. Due to a non-conductive character of the sample surface, an additional
charge neutralizer was applied. All narrow chemical shifts for each element were calibrated with
respect to the most intensive spectrum component, i.e., Si (2p) maximum positioned at 101.8 eV and
assigned to a Si-N bond. Sample etching was carried out down to different depths at nine different
sites of the coating. The following were the etching parameters: beam energy of 4 keV, etching time of
90 s, etching rate of 26.706 × 0.85 nm2/min, surface area etched of 2 × 2 mm2 and surface area analyzed
of 200 × 200 µm2.

2.6. FTIR Analysis of Chemical Bonding

FTIR Analysis was carried out with the help of ThermoScientific model Nicolet iS50 FTIR
spectrometer, working in absorbance mode and using a MCT/B beam splitter. Spectra were collected
within the range of 4000 to 400 cm−1, with a resolution of 4 cm−1. Several scans in a single measurement
cycle amounted to 128.

2.7. Design of a “Cold Mirror” Type of a Gradient Interference Filter

The gradient interference system was simulated with the help of the TFCalcTM 3.5 software
from Software Spectra. The material database was updated with the optical properties of the layers
obtained from HMDS mixed with pure oxygen or nitrogen, which had refractive indices of 1.65 and
2.22, respectively. In the next step, the database was enriched with materials obtained for intermediate
mixtures of reactive gases. A complete set of materials served as an input to create the basic elements
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of a stack formula with a gradual change of optical properties. Such a package can be used for more
complex systems by repeating and setting common optical thickness values. Filter design can be
further developed and optimized by setting continuous or discrete target values for optical properties
of the filter.

In the present work, a basic stack of 10 multiplications was designed without adaptations on
the single layer level. Environmental details used for simulation, such as illumination, detector
and medium properties, and light incident angle, were aligned with ThermoScientific™ Evolution
220 UV-Vis equipment, which was used to measure the optical properties of a real filter. The filter
designed belongs to the category of edge filters. A longpass (LP) filter is an optical interference filter
that attenuates shorter wavelengths and transmits (passes) longer wavelengths over the active range of
the target spectrum (ultraviolet, visible, or infrared). Such filters are known as the “cold mirror” type.
Longpass filters (also referred to as edge filters) have a very sharp slope and are described by the cut-on
wavelength at 50 percent of the peak transmission. In the designed filter, its value was set at 290 nm.

2.8. Ihe Cross-Section of the “Cold Mirror” Gradient Optical Filter

For the assessment of the film surface morphology, a Carl Zeiss ULTRAPlus scanning electron
microscope (SEM), supported with the SmartSEM software, was used. The microscope was equipped
with an FEG-type cathode, allowing observations to be made at low values of accelerating voltage
of 0.5–30 kV. Surface charge scattering was performed using a Carl Zeiss Car Charge Compensator
mechanism. For the magnification of 60,000 times, an accelerating voltage of 2.5 kV at the distance of
6 mm was applied.

3. Results

3.1. Films of a Constant Magnitude of Refractive Index

3.1.1. Optical Properties

In the case of thin solid films deposited for optical applications, the most significant tests comprise
light transmission measurements in the UV-Vis range and ellipsometric examinations. Together,
they supply the principal information concerning such optical parameters of the material as levels
of light absorption or transmission as well as values of optical gap (Eg), index of refraction (n) and
extinction coefficient (k). In addition, they also allow one to assess film thickness (d) and surface
roughness (Sr). Most of these parameters can be relatively easily correlated with the structure of
the coatings. This is a reason both tests were selected as simple and fast criteria for the selection of
an appropriate precursor of gradient films on one hand, and for the optimization of the deposition
process on the other.

Light transmission measurements were carried out within the wavelength range of 200–1000 nm.
The results for the coatings prepared from tetramethyldisilazane and from hexamethyldisilazane are
presented in Figure 1, below. These coatings were deposited under conditions of different composition
of working gases in order to assess the effect of nitrogen-to-oxygen ratio on their optical parameters.
The total flow rate of the gas mixture was constant and amounted to 20 sccm with the actual composition
of that mixture being represented by the ratio of respective flow rates also expressed in sccm units.

An analysis of the results shows that all the coatings are characteristic of good optical properties
revealed by an appropriate system of interference maxima. Independent of the type of precursor,
films deposited under conditions of an excess of nitrogen in the reaction mixture exhibit sharper
interference maxima compared to those prepared at the excess of oxygen. This is a consequence of the
fact that silicon nitrides and carbonitrides are characterized by higher values of refractive index than
those of the respective oxides.

A comparison of the spectra presented in Figure 1 allows one to conclude that the coatings deposited
from tetramethyldisilazane are substantially thicker that those obtained from hexamethyldisilazane,
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since they exhibit a larger number of interference maxima. One should remember that the time of
deposition was the same in all cases, and amounted to one minute. The thickness difference is a result
of a substantially higher content of carbon incorporated into the coating prepared from TMDSN [26].
An increased content of carbon in the films deposited from this precursor is also revealed by their
values of absorption threshold shifted to the infrared direction. The absorption threshold of the films is
also dependent on the composition of the gas mixture—the films deposited at the excess of nitrogen
are characteristic of a shift towards larger wavelengths (lower energy). In addition, on the contrary,
the coatings prepared under conditions of oxygen excess exhibit an absorption threshold shift towards
lower wavelengths and higher energy. It is interesting to note, however, that this tendency, generally
shown by the films deposited from both precursors, is substantially stronger in the case of the coatings
made from HMDSN.
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Figure 1. UV-Vis transmission spectra of the coatings deposited from TMDSN (a) and HMDSN (b) at
different N2/O2 proportions of the working gas mixture.

The effect described above finds its confirmation in the magnitudes of the optical gap Eg calculated
for the respective coatings. For that purpose, the Tauc formalism was applied to the results of absorption
measurements within the wavelength range of 200–1000 nm. The resulting Eg values for the coatings
prepared from both precursors at different compositions of the working gas are presented in Table 3.

Table 3. The magnitudes of optical gap Eg, index of refraction n, roughness Sr and thickness d of
the coatings deposited from different organosilicon precursor compounds under conditions of three
different compositions of N2/O2 working gas.

Gas Composition
TMDSN HMDSN

Eg [eV] n Sr [nm] d [nm] Eg [eV] n Sr [nm] d [nm]

20 sccm N2 2.93 2.31 4.18 309.8 2.71 2.22 2.83 171.9
10 sccm O2/10 sccm N2 3.06 2.13 3.50 277.2 2.91 1.92 1.75 143.0

20 sccm O2 3.11 1.99 3.21 247.9 2.95 1.65 0.26 136.0

In general, literature reports reveal higher magnitudes of optical gap of SiO2 coatings than those
of silicon nitride [27–29]. As seen in Table 2, the Eg value for the films deposited from TMDSN
under pure oxygen conditions amounts to 3.11 eV. This result is close enough to the literature data
showing the highest values of optical gap being typical for silicon oxides and remaining in the range of
3.5–9.3 eV [30,31]. The coatings made of silicon nitride are characterized by lower magnitudes of optical
gap. In our case, the Eg value for the films deposited from TMDSN in pure nitrogen equals 2.93 eV,
which remains in agreement with the literature data, where values within the range of 2.4–4.75 eV
are reported [32]. One has to remember that the coatings presented in this work contain substantial
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amounts of carbon in their structure. Therefore, the respective values of silicon carbide should also be
considered, and they are still lower than those of silicon nitride. Taking all the above arguments into
account, one should state that a supplement of carbon lowers the magnitude of optical gap in both
silicon oxide and silicon nitride coatings and the values recorded in this work remain well within the
ranges reported in the literature [33–35].

An application of VASE spectroscopic ellipsometry allows one to determine the values of n and k
coefficients as well as thickness and surface roughness of the material investigated. The respective data
for the coatings deposited from both precursor compounds under different compositions of working
gas are presented in Table 2, below. All the VASE measurements were conducted within the spectral
range of 200–1000 nm, using three different angles of incidence of 65◦, 70◦ and 75◦. These values were
selected in such a manner that they comprise the Brewster angle for the coatings produced. As a basis
for the calculations, the Cauchy’s model, often used for this type of materials [36–38], was assumed.
An example of ψ angle measurement results together with the fitting of the above model for a coating
prepared in pure oxygen is presented in Figure 2. When considering the relationship presented, one can
observe a slight departure of the model from the experimental data within the 250–280 nm range,
resulting from higher absorption in this range. Further studies have shown a responsibility for that
absorption of carbon containing chemical moieties. Despite the above difference, the MSE fitting error
is small and it amounts to 12.
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pure oxygen conditions.

The results acquired from ellipsometric measurements conducted for the coatings deposited from
both TMDSN and HMDSN at different oxygen concentrations are presented in Figure 3. They show
unambiguously that, by changing the composition of the gaseous reaction mixture, one is able to deposit
coatings characterized by low index of refraction when depositing in pure oxygen atmosphere and
those of high index of refraction when using a pure nitrogen atmosphere. When, however, a mixture
of oxygen and nitrogen is used as the working gas, then depending on their proportions, a coating
characterized by a refractive index within the range of 2.31–1.99 for TMDSN precursor and within the
range of 2.22–1.65 for HMDSN precursor is obtained. It was thus proven in these studies that, by using
a gaseous reaction mixture of a changing composition, coatings of variable optical parameters can
be obtained.
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Figure 3. Dependence of optical parameters of the coatings deposited from TMDSN (a) and from
HMDSN (b) on the composition of working gas mixture (oxygen–nitrogen).

The relationships presented above reveal high magnitudes of extinction coefficient of the coatings.
They are still higher in the case of the films obtained under high nitrogen content conditions and lower
for those deposited at high oxygen concentrations. In thin solid films, the extinction coefficient k usually
depends on two factors. One is light absorption. As revealed by the UV-Vis transmission measurements,
the materials under investigation primarily absorb in the 200–400 nm range, with substantially higher
absorption exhibited by the coatings produced at higher nitrogen concentrations. This effect is a result of
a presence of carbon in these films. Another important phenomenon is surface roughness. The rougher
the surface is, the larger the fraction of radiation that undergoes scattering, thus affecting the magnitude
of extinction coefficient. Ellipsometric measurements allow one to assess the roughness Sr of a given
sample. The results obtained for the coatings under investigation are presented in Table 2 below.
As seen in the table, surface roughness of the coatings deposited from TMDSN is far higher than that of
the films obtained from HMDSN. This finding has been confirmed by surface topography examination
with the help of AFM microscopy.

Ellipsometric measurements also provide data concerning sample thickness. The results presented
in Table 2 show that, despite the fact that for all the samples deposition time amounts to 60 s, the coatings
deposited from TMDSN are ca. two times thicker than those obtained from HMDSN. In both precursor
molecules, there are two atoms of silicon. At the same time, there are four atoms of carbon in TMDSN
and six atoms of carbon in HMDSN. The thickness and deposition rate differences result from the
deposition mechanism, in which an important role is played by silyl radicals [39]. Due to the differences
in bond energy, these radicals are much easier to form by a cleavage of Si-H bonds (E = 298 kJ/mole)
than by a decomposition of Si-C bonds (E = 435 kJ/mole) [40]. A presence of the former bonds in
a TMSDN molecule substantially enhances deposition, at the same time leading to an unfortunate
incorporation of larger amounts of carbon.

From the results presented above, one can conclude that the optical quality of the coatings strongly
depends on the composition of the reaction mixture. Those deposited in pure nitrogen atmosphere
are characterized by high values of refractive index, amounting to 2.3 and to 2.2 for TMDSN and
HMDSN, respectively. For samples deposited in pure oxygen, the same values amount to 1.99 and 1.65.
In addition, the coatings deposited from TMDSN are of a lower optical quality than those obtained from
HMDSN. An index of refraction of stoichiometric silica equals 1.45 [41]. To design and manufacture
optical interference filters, one needs two materials: one of a high (nH) and one of a low (nL) value
of refractive index. These two values should considerably differ from one another. In the case of the
coatings deposited from TMDSN, that difference amounts to 0.32, and it is equal 0.57 for those obtained
from HMDSN. In addition, the films deposited from TMDSN are characterized by higher absorption in
the range of 200–400 nm.
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3.1.2. Surface Topography Studies

To project surface topography of the coatings, AFM microscopic observations were carried out.
Surface images of the samples deposited from both precursor compounds at different compositions of
working gas mixture are presented in Figure 4. The images presented reveal a relatively homogeneous
structure stripped of large hills and other inequities.
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Based on the AFM observations, measurements of surface roughness have been performed,
and their results, such as arithmetic mean of the profile departure from the average line (Ra) and mean
squared deviation of the surface roughness (Rq), are presented in Table 4 below. As seen in the table,
a coating becomes smoother and smoother with an increasing concentration of oxygen. This tendency
was observed in all samples, independent of whether TMDSN or HMDSN was used as a precursor
compound. In addition, slightly lower values of Ra i Rq parameters were observed in the case of
the coatings deposited from HMDSN, which corresponds well with the results of optical roughness
measurements performed with the help of ellipsometry.

Table 4. Ra i Rq surface roughness parameters of the coatings deposited from different organosilicon
precursors at different N2/O2 composition of the working gas mixture.

Gas Composition
TMDSN HMDSN

Ra [nm] Rq [nm] Ra [nm] Rq [nm]

20 sccm N2 0.340 0.501 0.299 0.439
10 sccm O2/10 sccm N2 0.279 0.389 0.256 0.289

20 sccm O2 0.187 0.241 0.156 0.203

Taking into account the results of optical measurements as well as those of surface topography,
one can conclude that the coatings deposited from HMDSN precursor are characterized by better
quality and higher homogeneity. It was due to these reasons that the further studies were confined
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to the coatings obtained from HMDSN as a precursor more suitable for a successful design and
manufacture of an interference optical filter with a gradient of refractive index.

3.1.3. Elemental Composition and Chemical Structure Studies Conducted with the Help of
XPS Spectroscopy

XPS studies allowed for an assessment of qualitative as well as quantitative composition of the
coatings deposited under conditions of different composition of the working gas mixture. An example
of a wide scan XPS spectrum of a coating deposited in pure nitrogen atmosphere is shown in
Figure 5, while Table 5 presents elemental composition of the films compared with that of the HMDSN
precursor compound.
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Table 5. Elemental composition of the films deposited from HMDSN at different composition of the
working gas mixture as well as that of the HMDSN precursor compound.

Gas Composition Si [at.%] N [at.%] C [at.%] O [at.%]

20 sccm N2 22.7 ± 0.2 46.5 ± 0.1 25.8 ± 0.1 5.0 ± 0.2
10 sccm O2/10 sccm N2 23.9 ± 0.3 20.5 ± 0.2 19.9 ± 0.1 35.7 ± 0.2

20 sccm O2 26.4 ± 0.2 5.8 ± 0.1 13.3 ± 0.2 54.4 ± 0.3
HMDSN 22.2 11.1 66.67 0.00

An analysis of the above data reveals a close relationship between the elemental composition of the
coatings and the N2/O2 proportion in the working atmosphere. The silicon content remains at a relatively
stable level of 22.7–26.4 at.% for all the samples, with a weak increasing tendency with increasing
concentration of oxygen in the working gas. A similar result was reported by Chang et al. [42],
with a difference being a lack of reactive atmosphere. Both in their studies and in our work,
the concentration of silicon in the films remains close to its content in the precursor compound.

The amount of nitrogen in HMDSN equals 11.1 at.%. In the coating deposited in pure nitrogen
atmosphere, that content increases to 46 at.%. This result strongly indicates that, under plasma
conditions, nitrogen becomes a reactive gas able to form chemical bonds with other elements. In the
sample prepared in the 1:1 N2/O2 atmosphere, the content of nitrogen drops down to 20.5 at.%,
while the coating deposited under pure oxygen conditions contains 5.8 at.% of nitrogen only. In the
latter case, the entire amount of this element very likely originates from the precursor and its presence
in the coating may be a result of secondary processes.

Oxygen is characterized by a high affinity towards silicon. This is a reason this element content
in a coating deposited under pure nitrogen atmosphere still amounts to ca. 5 at.%. To a large extent,
this is supposed to be surface bound element resulting from a reaction of atmospheric oxygen with the
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coating surface after its exposure to the atmosphere. Following their etching, the oxygen content in the
films, revealed by XPS measurements, drops down to 3.4 at.%, and this figure is entirely acceptable.
In the coatings deposited under increasing oxygen concentration in the working gas, the content of
oxygen increases dramatically to reach a value exceeding 54.4 at.%.

An interesting behavior is shown by carbon. Its content in the films is a subject of substantial
variations, depending on the composition of the working gas mixture. Carbon content in the surface
layer of a coating deposited under pure nitrogen conditions amounts to 25.8 at.%. When deposited
in a mixed nitrogen/oxygen atmosphere, the coating contains 19.9 at.% carbon. Finally, for a coating
produced in pure oxygen, C content further decreases to 13.3 at.%. This may be explained by a partial
removal, under conditions of precursor fragmentation, of carbon in a form of its oxides CO2 and CO.
The larger oxygen concentration in the gas mixture, the more effective is that process. When film
deposition is performed in pure nitrogen, no oxides are formed and carbon is removed in a form of
simple hydrocarbons, principally methane. However, this process is far less efficient, which explains
larger carbon concentrations in the coatings deposited under pure nitrogen conditions. In addition,
it has to be noted that the content of carbon in the coatings, independent of whether deposited in the
presence of oxygen or in the presence of nitrogen, is much lower that its concentration in the precursor
compound. This effect points to a substantial fragmentation of the precursor molecules taking place in
plasma, wherein the final content of carbon to a large extent results from secondary reactions.

Similar is the situation of nitrogen in the coatings investigated. In the case of materials deposited
under pure nitrogen conditions, its content amounts to 46.5 at.%, and is over four times higher than that
of the precursor compound. It convincingly indicates a reactive character of this element, thus forming
Si-N bonds under plasma conditions applied. When, however, oxygen is used as the deposition
process working atmosphere, the content of nitrogen in the resulting coatings deceases down to 5.8
at.%, a figure that is lower than that of the precursor compound.

Further characteristics of the coatings chemical structure is based on deconvolution of the Si
2p, N 1s and C 1s XPS spectral bands, therefore enabling a detailed analysis of chemical bonding
present in that structure as a function of oxygen content in the working atmosphere. Such an analysis
was performed for three different samples: one deposited under pure nitrogen condition (H-20 N2,
Figure 6), one obtained in an equimolar nitrogen/oxygen mixture (H-10 O2/10 N2, Figure 6) and one
prepared in pure oxygen (H-20 O2, Figure 6).

Deconvolution of the Si 2p band points to a dominant role of a Si–N bond in the samples deposited
under pure nitrogen conditions. Si–O bonds are also present, confirming oxygen affinity towards
silicon. Finally, the spectrum also indicates the presence of Si–C bonding. In the coatings deposited
under mixed N2/O2 atmosphere, the amount of Si–O bonds increases and a band characteristic for
SiO2 appears, all that at the expense of decreasing contents of Si–N and Si–C bonds. When deposited
under pure oxygen atmosphere, the coatings are characterized by dominant XPS bands corresponding
to both Si–O and SiO2 chemical bonding.

Deconvolution process of the XPS N 1s band confirms a dominant role of a Si–N bond in the
samples deposited under pure nitrogen conditions. Along an increasing amount of oxygen in the
working atmosphere, the content of both C–N and N–O bonds in the coatings also rises. In fact,
an increasing amount of N–O bonds, absent in the precursor molecule, points to plasma energetic
conditions allowing for a substantial fragmentation of that molecule.

On the basis of XPS results one can state that, with an increasing concentration of oxygen in
the working atmosphere, the amount of silicon–oxygen bonding (102.8 eV) in the coatings increases,
and that of carbon–nitrogen bonding (399.1 eV) declines. In terms of optical properties of these
materials, it indicates a drop of their index of refraction “n”.

Deconvolution of the C 1s XPS band reveals a presence of the following carbon bonds: Si–C
(283 eV), C–C (C–H) (284.8 eV), C–N (285.5 eV), as well as C–O (285.5 eV) and C=O (287.8 eV). Here,
too, one can observe a decrease of the amount of Si–C and Si–N chemical bonds present in the coatings
along an increasing concentration of oxygen in the working gas mixture. A decreasing content of
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carbon in these films makes an additional proof of carbon removal (in the form of carbon oxides) from
an oxygen rich working atmosphere.Coatings 2020, 10, x FOR PEER REVIEW 13 of 24 
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3.1.4. Chemical Composition Studies by FTIR Spectroscopy

Structural studies were performed on selected samples of SiONC coatings deposited from HMDSN
precursor at negative self-bias potential of −880 V and three different compositions of the working
atmosphere: pure oxygen, 1:1 oxygen/nitrogen mixture and pure nitrogen. The respective FTIR spectra,
recorded within the spectral range of 4000–400 cm−1, are presented in Figure 7. To enhance their clarity,
the spectra have been divided into two ranges: 4000–1400 cm−1 (a) and 1300–400 cm−1 (b).

In the spectra presented in Figure 7a, characteristic bands corresponding to the following molecular
vibrations can be identified:

• 3440–3150 cm−1—N–H bond stretching vibrations,
• 3000–2800 cm−1—symmetric and asymmetric stretching vibrations of C-H bonds belonging to

CH2 and CH3 groups,
• 2200 cm−1—C≡N bond stretching vibrations
• 2170–2020 cm−1—Si–H bond stretching vibrations,
• 1880 cm−1—C=O bond stretching vibrations,
• 1640 cm−1—C=N bond stretching vibrations,
• 1550 cm−1—N–H group deformation vibrations,
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• 1475–1440 cm−1—deformation vibrations of CH2 and CH3 groups [43,44].

It appears from the FTIR spectra that addition of nitrogen to the working atmosphere results in
an enrichment of the coating structure with organic CH3 and CH2 groups originating from the precursor.
In addition, a proportional increase of the amount of Si–H bond is also noted. A lowering of the C–H
bond content in the films deposited in the oxygen atmosphere is interpreted as a result of a formation
of volatile CO2 and H2O oxides in the course of the PE CVD process. These by-products are easily
removed from the environment and they do not contribute to the process of deposition. As a result,
the coating thickness drops down. In the case of N–H bonds, absorbing within the spectral range
of 3440–3150 cm−1, their existence is also observed in the case of the samples deposited under pure
nitrogen atmosphere. It is connected to the presence of nitrogen in the precursor molecule. Certainly,
the amount N-H bonds in the coating structure increases with an increasing concentration of nitrogen
in the reaction mixture. A shift of a 2200 cm−1 band, corresponding to the vibrations of C–N bonds
towards higher wavenumbers, is also observed for the coatings deposited under oxygen atmosphere.Coatings 2020, 10, x FOR PEER REVIEW 15 of 24 
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Figure 7. FTIR spectra of the coatings deposited at three different compositions of the working
atmosphere and recorded within the range of 4000–1400 cm−1 (a), and 1300–400 cm−1 (b).

Within the spectral range of 1300–400 cm−1, shown in Figure 7b, several bands corresponding
to chemical bonds of elements having significant effect on the coating optical properties have been
separated. They were subjected to a detailed deconvolution procedure with the resulting surface
areas of particular band components presented in Table 6. In the case of the coatings deposited under
pure oxygen atmosphere, absorption bands corresponding to the following chemical moieties were
selected: Si–O–(CHx) groups, as well as stoichiometric SiO2 and non-stoichiometric SiOx silicon oxide
bonds. The strongest band, recorded at 1035 cm−1 and corresponding to stretching vibrations of
stoichiometric silicon dioxide Si-O bonds, is accompanied by a substantial maximum at 445 cm−1,
resulting from rocking vibrations of that group. A presence of such a large amount of oxygen in the
coating is responsible for a low value of its refractive index equal 1.65. An increase of nitrogen content
in the working environment results in an increasing number of Si–NH–Si bonds absorbing at 953 cm−1

as well as, typical for ceramic materials, Si–N bonds resonant with the radiation of the wavenumber of
830 cm−1. Additionally, Si–C bonds, typical for silicon carbide, are formed under these conditions.
A presence of both these bond structures is responsible for an increase of the coatings refractive index
up to 2.2. This means that, by a strict control of nitrogen content in the working N2/O2 atmosphere,
one should be able to substantially affect chemical structure of the films and, therefore, to regulate,
within a certain range, the magnitude of refractive index n of the resulting coating.
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Table 6. Surface areas of particular components of a broad IR absorption band recorded at 1300–700 cm−1

for selected coatings deposited from HMDSN (key: s—stretching vibrations; r—rocking vibrations).

Type of Bond Wavenumber [cm−1]
Area [a.u.]

H-20 N2 H-10 N2/10 O2 H-20 O2

Si–O–(CHx)x (s) [45] 1150 0.6 1.5 3.0
Si–O (s) [43,45] 1107 - - 0.8

Si–O (s) in SiO2 [43,45] 1035 - 5.1 12.1
Si–NH–Si (s) [45] 956 10.9 3.3 0.7

Si–N (s) [45] 830 13.2 9.2 0,1
Si–C (s) [43,45] 790 3.1 2.0 0.2
Si–O (r) [43,45] 445 - 0.1 0.6

3.2. Coatings Characterized by a Gradient of Refractive Index

3.2.1. Optical Properties

The results presented thus far concerned coatings deposited under different, but constant,
proportions of nitrogen to oxygen in the working atmosphere. This also means a constant composition
of these coatings. In the present chapter, results obtained for materials deposited under conditions
of a variable composition of that atmosphere are reported. The composition of the working gas was
changed every 5 s, with the subsequent O2/N2 proportions presented in Table 7. These proportions
were selected in such a manner that in every case the total flow rate of the working gas was
equal to 20 sccm. Such an arrangement resulted in a step-wise alteration of the coating chemical
composition and, consequently, introduced a gradient of refractive index. Several sequences
of a coating were produced, from a single nitrogen–oxygen sequence up to the most complex
nitrogen–oxygen–nitrogen–oxygen–nitrogen sequence. The single nitrogen–oxygen sequence resulted
in a film thickness of approximately 110 nm, while proportionally larger thickness values were acquired
for the multiple sequences.

Table 7. Oxygen/nitrogen proportions applied in subsequent steps of a deposition of a gradient
refractive index coating.

Flow rate O2 [sccm] 0 4 8 12 16 20

Flow rate N2 [sccm] 20 16 12 8 4 0

Profiles of refractive index and extinction coefficient for particular coatings were determined with
the help of spectroscopic ellipsometry. In the model applied for the calculations, respective values
of these optical parameters obtained for different (but constant) compositions of deposition working
atmosphere, were used. The resulting profiles for a coating deposited under the working atmosphere
changing from 100% nitrogen to 100% oxygen are presented in Figure 8 below.

On the basis of the models proposed, one can judge that the shape of the real profile does not
substantially depart from that theoretically assumed. In the model, the magnitude of the refractive
index varies in the range of 1.65–2.22, while ellipsometric data show respective values from the
1.65–2.38 range, with the course of changes remaining relatively close to that assumed.

In a similar way to the above data, the results of a two-fold sequence of a gradient coating
deposition exhibit a satisfactory fitting of the proposed model. In this case, the refractive index was
assumed to vary according to the model change of 2.25–1.65–2.25, while ellipsometric measurements
showed that index to follow the 2.38–1.67–2.28 pattern. The difference may indicate the contribution of
residual oxygen, lowering the refractive index, in the deposition process.



Coatings 2020, 10, 794 16 of 23

Coatings 2020, 10, x FOR PEER REVIEW 16 of 24 

 

3.2. Coatings Characterized by a Gradient of Refractive Index 

3.2.1. Optical Properties 

The results presented thus far concerned coatings deposited under different, but constant, 
proportions of nitrogen to oxygen in the working atmosphere. This also means a constant 
composition of these coatings. In the present chapter, results obtained for materials deposited under 
conditions of a variable composition of that atmosphere are reported. The composition of the working 
gas was changed every 5 s, with the subsequent O2/N2 proportions presented in Table 7. These 
proportions were selected in such a manner that in every case the total flow rate of the working gas 
was equal to 20 sccm. Such an arrangement resulted in a step-wise alteration of the coating chemical 
composition and, consequently, introduced a gradient of refractive index. Several sequences of a 
coating were produced, from a single nitrogen–oxygen sequence up to the most complex nitrogen–
oxygen–nitrogen–oxygen–nitrogen sequence. The single nitrogen–oxygen sequence resulted in a film 
thickness of approximately 110 nm, while proportionally larger thickness values were acquired for 
the multiple sequences. 

Table 7. Oxygen/nitrogen proportions applied in subsequent steps of a deposition of a gradient 
refractive index coating. 

Flow rate O2 [sccm] 0 4 8 12 16 20 
Flow rate N2 [sccm] 20 16 12 8 4 0 

Profiles of refractive index and extinction coefficient for particular coatings were determined 
with the help of spectroscopic ellipsometry. In the model applied for the calculations, respective 
values of these optical parameters obtained for different (but constant) compositions of deposition 
working atmosphere, were used. The resulting profiles for a coating deposited under the working 
atmosphere changing from 100% nitrogen to 100% oxygen are presented in Figure 8 below. 

 

Figure 8. Profiles of refractive index and extinction coefficient of a SiONC coating, deposited under 
conditions of variable nitrogen-to-oxygen proportions in the working atmosphere, as a function of 
the film thickness: theoretical model (a) and the real profile recorded by ellipsometric measurements 
(b). 

On the basis of the models proposed, one can judge that the shape of the real profile does not 
substantially depart from that theoretically assumed. In the model, the magnitude of the refractive 
index varies in the range of 1.65–2.22, while ellipsometric data show respective values from the 1.65–
2.38 range, with the course of changes remaining relatively close to that assumed. 

In a similar way to the above data, the results of a two-fold sequence of a gradient coating 
deposition exhibit a satisfactory fitting of the proposed model. In this case, the refractive index was 

Figure 8. Profiles of refractive index and extinction coefficient of a SiONC coating, deposited under
conditions of variable nitrogen-to-oxygen proportions in the working atmosphere, as a function of the
film thickness: theoretical model (a) and the real profile recorded by ellipsometric measurements (b).

A similar approach was applied in the case of the coating characterized by a four–fold
nitrogen–oxygen–nitrogen–oxygen–nitrogen sequence. The profiles of theoretical and real values of
refractive index of that coating are presented in Figure 9. In all instances, a good agreement between
the model assumed and the measurement results have been observed, thus pointing to a high stability
of the deposition process.
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a coating deposited in a N2–O2–N2–O2–N2 sequence.

Materials with a gradient of refractive index were also investigated by means of UV-Vis
spectroscopy. Figure 10 presents transmission spectra of the coatings deposited with a one-fold,
two-fold and fourfold change of the composition of working atmosphere.

It appears from Figure 10 that the effect of optical interference is recorded even in the case of the
coatings deposited with a one-fold N–O change of working atmosphere. As far as materials produced
with the two-fold N–O–N and four-fold N–O–N–O–N processes are concerned, an evident cutback
of absorption at low wavelengths is observed in this case. What is important to note, is the fact that
light interference takes place despite a lack of separate layers characterized by different magnitudes of
refractive index. In fact, the effect develops from a gradient of refractive index. This finding constitutes
proof of application potential of the coatings investigated in the technology of monolayer optical filters
with a gradient of refractive index.
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3.2.2. Elemental Composition Profiles of the Coatings

XPS studies of the coatings allow one to follow changes of elemental composition of these materials
as a function of their thickness. Such elemental composition profiles of a coating deposited with
a two-fold N–O–N change of working atmosphere are presented in Figure 11, below.
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It appears from the figure that a change of working gas composition, although having a significant
impact on the chemical structure of the resulting material, does not affect the concentration of silicon
in the coating, which continues to stay at the level of 24–28 at.% along the entire thickness of the
sample. In contrast to that, the contents of the remaining elements are subjected to considerable
changes. The amount of both nitrogen and oxygen in the coating is fundamentally dependent on the
respective gas concentration in the working atmosphere. While being ca. 46 at.% for the best samples
deposited under pure nitrogen conditions, the content of nitrogen drops down to 5.8 at.% in the case of
a material obtained in pure oxygen. A return to the 100% N2 atmosphere results in the reestablishment
of high nitrogen content in the films. One can conclude that the concentration of this element in the
coatings varies in a periodic manner, following periodic alterations of the N2/O2 proportion in the
working atmosphere. Similar is the behavior of oxygen. In the case of the best samples deposited
under pure nitrogen conditions, its amount in the coating totals 2.8 at.%, only to increase up to 54 at.%
for samples obtained in pure oxygen. Just as is the case with nitrogen, the concentration of oxygen
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in the coatings varies in a periodic manner, following periodic alterations of the O2/N2 ratio in the
working atmosphere.

The concentration of carbon in the films follows the nitrogen-to-oxygen proportions in the working
gas. However, these changes are not so evident, and they result from the periodicity of chemical
reactions taking place in the glow discharge. As discussed earlier, the coatings deposited under
oxygen-rich conditions are stripped of carbon because of a swift removal of volatile carbon oxides
from the reaction mixture.

3.3. “Cold Mirror” Interference Optical Filter with a Gradient of Refractive Index

The effect of optical interference taking place in the coating deposited with the four-fold exchange
of the working atmosphere led us to believe that it was possible to design and to construct the entire
interference filter with a gradient change of refractive index. The design of a “cold mirror” type filter
was accomplished with the use of a TFCalc.TM 3.5 (transmision filter calculation) specialized software.
An initial stage of that design comprised the construction of a database containing all the magnitudes of
refractive index and extinction coefficient of the respective materials obtained at different compositions
of the working atmosphere. It was then assumed that the filter of interest will be of a band type with
the absorption threshold set at 300 nm. The calculations showed that it takes a ten-fold exchange
of the working gas atmosphere along the nitrogen–oxygen–nitrogen sequence to obtain of desired
filter structure. The designed gradient change of refractive index for such a filter is presented below,
in Figure 12.
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Reflection spectra of the filter model as well as of the real device are presented in Figure 13.
It appears from the figure that the optical characteristics of the real filter are not much different from
those of the model. According to the design, the 50% reflection level should be observed at the
wavelength of 290 nm, while in reality it is recorded at 313 nm. This difference is likely to be a result
of deposition rate fluctuations taking place in the course of the changes of the working atmosphere.
It may also be a consequence of a moderate temperature increase in the reactor during deposition.
In any case, a manufacture of the presented filter constituted a test of both the deposition equipment
and the technology developed. This proves the high stability and high repeatability of the process,
thus opening a path to depositing much more complex optical coatings.
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The coatings with a continuous change of refractive index resulting from gradients of their chemical
composition, constitute a subject of studies carried out in numerous laboratories. Some publications
deal with the methods using two different sources of material. There are reports of gradient coating
deposition from solid SiO2, Ta2O5, or Nb2O5 targets using sputtering techniques. Optical properties
of the coatings acquired are good [9,46,47]. However, the deposition technique itself is somewhat
problematic, because of different sputtering rates of different targets. Retaining appropriate proportions
between particular materials require a continuous control of the magnetron sputtering power. It is
also possible to sputter materials with a use of either electron or ion beams, but these techniques
are very costly both in the capital investment phase and in the course of operation. Use of two
different precursor compounds is also practiced in the PE CVD technologies. In the work cited,
HSDSN and TaCl5 were used as sources of low and high refractive index materials, respectively.
The gradient coatings were deposited with the help of plasma enhanced technology using oxygen as
one of the reactive mixture components [48]. Aggressive chlorine-containing chemicals are obtained as
by-products in this technique, which enforces the application of highly (chemically) resistant materials
in the construction of deposition equipment.

In the literature, there are reports concerning coatings with a gradient of physical properties
based on a single precursor compound. These publications usually deal with silane SiH4 playing
the role of that precursor [22,49]. As working gases in these works, mixtures of oxygen and nitrogen
of different proportions are applied, with the resulting structure of the PE CVD coatings varying
from silicon oxide to silicon nitride through intermediate materials of a SiOxNy composition. Silane,
however, is a very volatile, flammable and explosive chemical, and its use requires extra safety
precautions. The method of deposition of gradient coatings described in the present work removes the
above-mentioned inconveniences. Instead of a hazardous gas, easy to handle liquid organosilicon
compounds are used as precursors. As far as literature reports are concerned, thus far there has been
none whatsoever that refers to gradient coatings deposited from these precursors.

The optical “cold mirror” filter, whose model and real transmission spectra are presented in
Figure 13, has also been investigated with the help of scanning electron microscopy. The SEM image of
the manufactured filter cross-section is presented in Figure 14.

In the micrograph presented above, one can identify subsequent “sublayers” present in the optical
coating. The thickness of the coating equals ca. 1045 nm. From the design assumptions, that thickness
should amount to 1050 nm. That agreement is quite satisfactory, and it proves the quality of the
technology developed. That technology, and the method of deposition of single-layer optical coatings
with the gradient of refractive index using organosilicon precursor and oxygen-nitrogen mixture as
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working atmosphere in particular, constitutes a subject of patent application number PL423097 (A1),
PL233603 (B1).
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4. Conclusions

In the work presented, a novel method of deposition of optical coatings with a gradient of
refractive index, using the RF PECVD technology, is introduced. Compared to the existing literature
reports, this work is unique in the sense that it presents a successful endeavor to obtain a complex
“optical system with a gradient of refractive index by means of the plasma-chemical technique,
using a single organometallic precursor and a variable oxygen-to-nitrogen ratio in the working
atmosphere. The unquestioned advantage of this work is an elimination, as precursor compounds,
of explosive silane and corrosive silicon halogenides and their replacement with safe and easy to
handle liquid organosilicon compounds. Two organosilicon precursors, namely TMDSN and HMDSN,
were used as precursor compounds. As the reaction atmosphere, a mixture of oxygen and nitrogen was
applied. An application of pure components resulted in a formation of SiOC films of low refractive
index in the case of oxygen and SiN:C films of high refractive index in the case of nitrogen. The coatings
deposited from TMDSN were characterized by refractive index magnitudes of 1.99 and 2.31 for the
SiOC and for the SiNC materials, respectively. Similar data for the films obtained from HMDSN
amounted to 1.65 and to 2.22. On the basis of the above results, HMDSN was selected as the more
promising precursor of the gradient coatings, characterized by both chemical composition and refractive
index varying with their thickness. Those gradients were acquired by an application of the variable
composition of reaction atmosphere. Sinusoidal alterations of that composition resulted in a deposition
of the coatings with sinusoidal changes in their optical properties. The method developed was used to
manufacture a “cold mirror” type of interference filter. The filter is characterized by a good agreement
between its real parameters and those assumed in the model, which reveals a good stability of the
deposition process established.

5. Patents

PL423097 (A1) PL233603 (B1), K. Olesko, A. Sobczyk-Guzenda, H. Szymanowski, S. Owczarek,
Method for producing one-layered optical filters with the light refractive index gradient, 23 April 2019.

PL424592 (A1), K. Olesko, A. Sobczyk-Guzenda, A. Nosal, Method for supplying with vapours
of the precursor of reactors intended for applying coatings by vacuum methods and the system
for supplying with vapours of the precursor of reactors intended for applying coatings by vacuum
methods, 26 August 2019.
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