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Abstract

The fabrication of thin-film multilayer structures by sputtering technique usually requires multi-cathode
deposition machine. This study proposes a simpler approach based on the RF power modulation: sili-
con nitride (SiN,.) thin films were prepared by RF reactive sputtering in (Ar + Ny) atmosphere at room
temperature. The samples were analyzed to highlight the effects of different deposition conditions on the
morphological and optical properties of the films in the visible and near/mid-IR regions. The refractive
index of the films was changed in the range of 1.5 - 2.5 (at A=800 nm) by tuning the sputtering power. IR
reflectance measurements revealed the absence of spurious (oxygen- or hydrogen-based) phases, while atomic
force and scanning electron microscopies confirmed the presence of flat and defect-free samples surfaces.

Keywords: Silicon nitride, RF sputtering, refractive index, FTIR, AFM, SEM

1. Introduction

Silicon nitride exhibits optical, thermal, mechanical, and electric properties [I] that make it desirable
and successful in many research sectors and industrial applications since the '80s: it has been employed in
the field of semiconductors [2], metallurgy [3], microelectronics and integrated circuits [4], optics [5], and
solar cells [6]. The silicon nitride films can be deposited by different methods; in the past they have been
usually prepared by chemical vapor deposition (CVD) techniques, causing those hydrogen-rich coatings to
undergo degradation when subject to high temperature treatments [7]. Currently, sputtering depositions
are preferred since they allow to obtain films with low hydrogen contents, and with easily customizable
properties and stoichiometry [8].

So far, several works have been already conducted on silicon nitride, demonstrating that its physical
properties are strongly influenced by the substrate temperature [9] and Ny partial pressure [10]. In particular,
the influence of the Ar and Ny gases concentration on the refractive index and deposition rate of silicon
nitride films have been studied, showing that the increase in nitrogen flux leads to higher refractive indices
and lower deposition rates [IT], 12].

By converse, in the present study, numerous silicon nitride films have been prepared at room temperature
by using a Si cathode in an RF magnetron sputtering apparatus, keeping the Ar and Ny gases concentrations
fixed while varying the sputtering power. This aims at the production of samples with manageable properties,
and intends to broaden the knowledge of the silicon nitride properties by looking at both its morphology
and its optical properties. It includes various novelties, ranging from the study of the influence of RF power
on deposition rates and refractive index dispersion curves in the range of 300 to 1600 nm, to the analysis
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of the reflectance spectra both in the VIS and in the near/mid-IR regions, where Si-N chemical bonds have
been highlighted. Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) shown flat
and defect-free sample surfaces. In addition, the reproducibility of the deposition process has also been
verified, proving the feasibility of multilayers easy to be fabricated and to be used in applications involving
complex structures like rugate filters, Bragg mirrors, or the Gradient-index (GRIN) optics technology.

2. Experimental Details

2.1. Samples production

Silicon nitride thin films were produced by reactive sputtering depositions, by using a magnetron source

operated by an RF power supply. A water cooled silicon target (4-inch diameter) with purity of 99.99%
has been placed at a fixed distance from the samples holder. Smooth glasses (Corning: 1737F) were used
as substrates, after an appropriate cleaning in acetone and isopropanol baths in an ultrasonic washing. To
facilitate optical studies also lightly n-type doped (1.0 - 1.5-1073 - ¢cm) single-side polished silicon (100)
wafers have been used as substrates.
The vacuum chamber is pumped down to a base pressure of 10~° Pa. High-purity Ar and N, gases were
introduced into the chamber and monitored by two separate mass flow controllers (MKS, Series 946), with
a constant Ar to Ny ratio (36:3) corresponding to a partial pressure of 0.54 Pa. The choice of fixing the
argon flow to be highly larger than that of nitrogen is based on evidence from previous works [I3], [14], where
it is demonstrated that increasing the total pressure of the processing gas could reduce the hysteresis that
characterizes most of the reactive sputtering processes. Before starting the depositions, the Si target is pre-
sputtered by slowly increasing the RF power and keeping it at the desired value for 20 minutes. This ensures
the achievement of an equilibrium condition and guarantees a homogeneous film growth. This conditioning
is performed with the shutter plate open and using an empty sample holder to reproduce the same conditions
of an actual experiment. In this experiment, the silicon target has been supplied with different powers, in
the range of 100 W to 400 W. No external heating was provided during the depositions.

2.2. Samples characterization

Film thickness was measured by means of a profilometer (KLA Tencor, P-15) after effecting a lift-off
procedure on the samples soaked in acetone. The result was then compared and confirmed by ellipsometric
analysis. The deposition rate was calculated by the ratio of the measured thickness by the deposition time.
The refractive index of each film was investigated by means of a spectroscopic ellipsometer (Horiba Jobin-
Yvon, UVISEL) equipped with a xenon lamp and a detector system for the analysis of the sample optical
response in a range between 280 and 1600 nm. Ellipsometric measurements are based on the collection of
the change in polarization as the incident radiation interacts with the material structure of interest; the
polarization change is quantified by the amplitude ratio and the phase difference. The measured response
depends on optical properties and thickness of individual materials. The measured data are used to validate
a material structure model that, by means of mathematical relations (dispersion formulae), returns the
material optical properties. In our case, the complex refractive index of silicon nitride film was well fitted
by the Tauc-Lorentz dispersion formula [I5] [16].

Reflectivity measurements of each sample have been performed in the spectral range of 350 nm to 1750 nm,
by using an integrating sphere (Ocean Optics ISP-REF) coupled with an Optical Spectrum Analyser (OSA)
by means of an optical fiber. Each measurement is then normalized using a calibrated reflectance stan-
dard, WS-1_SL. The optical response of the produced samples has been further investigated by a Fourier
Transform InfraRed (FTIR) spectrometer, in the range of 1.4 um to 10 um (Jasco FT/IR 6300). Both
measurements have been compared with results from simulations performed with the software Open Filters
(OF) [I7]. Morphological analysis by Atomic Force Microscopy (AFM) and Scanning Electron Microscope
(SEM) measurements have also been carried out.
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Figure 1: Deposition rate of silicon nitride at various RF sputtering powers (red triangles). Black empty triangles represent
additional samples produced to check the rates reproducibility, while the red half empty ones highlight the lack of reproducibility
in the region around 200 W.

3. Results and Discussions

3.1. Deposition rate and refractive index

During the reactive sputtering, the gases react with the material of the target creating a compound which
condensate on the substrate. The speed of this phenomenon, as well as the properties of the compound, is
process-dependent. It has been found that, at a fixed Ar and Ny pressures, the deposition rate increases
linearly with the sputtering power, as shown in Fig. [1| according with results of prior works conducted over
narrower range of powers [I8, [[9]. The figure also shows a good stability of the deposition rate over the
whole range of investigated powers, except for the region around 200 W, where the lack of reproducibility
in the deposition rate also corresponds to a lack of reproducibility in the refractive index. This has been
attributed to the hysteresis phenomenon typically present in reactive sputtering [14]. Therefore, the region
around 200 W has been excluded from the following discussion.
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Figure 2: Refractive index (a) and extinction coefficient (b) trends for several samples produced at various sputtering powers.
The inset shows the extinction coefficient in semi-logarithmic scale. The overlapped curves at 125 W, 300 W, and 400 W show
the reliability of the experiment.
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Figure 3: Reflectance measurements (blue lines) and simulations performed with Open Filters software (red line) on three
samples at various sputtering power: 150 W (a), 300 W (b), and 400 W (c).

Fig. 2]shows the refractive indices and extinction coefficients trends in the range from 300 nm to 1600 nm,

obtained from ellipsometric measurements on samples deposited at different powers. As it can be observed,
the shape of the curves in Fig. 2 a) is similar for all the samples, while increasing the power results in
an increased value for both the refractive index and the extinction coefficient, at each wavelength A. This
behavior could be qualitatively explained considering that the plasma confined nearby the target determines
a release of silicon particles proportional to the RF power. Therefore, the increase in the RF power causes
the consumption of nitrogen particles and the formation of silicon-rich SiN, films. Hence, the samples
deposited at powers higher than 300 W are characterized by refractive index values that overcome that of
the stoichiometric SigNy4 reported in [20] (black squares in Fig. 2 a), which is almost perfectly matched by
the film deposited at 300 W (olive green squares and magenta circles in Fig. 2 a). Films deposited at powers
lower than 300 W are instead described by lower refractive indices: due to the low atomic ratio (Si/N)
values, the ionized nitrogen can be easily backscattered from the cathode and be trapped into the growing
film. This introduces lattice defects and distances the SiN, films from the stoichiometric one. A similar
behavior has been observed in the past [2I]. As for the extinction coefficient in Fig. 2 b), it assumes values
lower than 0.05 for powers up to 300 W, dropping rapidly to zero before reaching wavelengths of 600 nm;
while for sputtering powers higher than 300 W it is no longer negligible and it drops to zero only at A > 600
nm. The Tauc-Lorentz dispersion model also returns the band gap energy values, which are equal to 295
nm, 395 nm, 498 nm, and 579 nm for the film deposited at 250 W, 300 W, 350 W, and 400 W, respectively.
Therefore, we can conclude that all samples results completely transparent in the near-IR region and most
of them are nearly transparent also in the visible region.
Finally, the overlapped curves at 125 W (light blue pentagon and empty red rhombuses), 300 W (magenta
circles and olive green squares) and 400 W (orange stars and empty black circles) in Fig. 2 a) and b) show
that the reproducibility in deposition rate showed in Fig. 1 corresponds to a reproducibility of the refractive
index curves, with a variation lower than 1%.

Reflectance study: integrating sphere and FTIR

The reflectance of three different samples taken as a reference are depicted in Fig. |3 The experimental
results (blue lines) are compared with the simulation (red line), showing a very good agreement in the
whole range of investigated wavelengths. To cover the broad spectral range from visible to IR, two different
characterization techniques are used: for wavelengths from 0.3 pum to 1.75 um, the reflectance has been
measured using the integrating sphere; for wavelengths above 1.4 pm, FTIR measurements have been
carried out. The region between 1 pym and 1.4 um has been purposely avoided in the figure, since the
transparency of the Si substrate above 1.1 um alters the measurement. Simulations have been performed by
using the experimental refractive index data presented in the section [3.1] which have been extended outside
the measured wavelength range using the model data.

Fig. [d]shows the IR reflectance spectra of the three aforementioned silicon nitride films deposited at different
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Figure 4: IR reflectance spectra of silicon nitride films deposited 150 W (blue line), 300 W (black line), and 400 W (red line)
RF power. Inset: focus on the medium frequency region, from 500 to 750 cm 1.

sputtering powers. For all the samples is evident a strong absorption band around 830 cm ™!, corresponding

to the stretching vibration mode of the Si-N bond.The vibrations in the medium frequency range, i.e. 500 to
750 cm ™!, can be ascribed to vibrations of Si atoms in Si-Ny4 tetrahedra [22]. The absence of additional peaks
in the spectra suggests the absence of oxygen and hydrogen atoms in the chamber during the depositions,
which otherwise could have participated in the formation of N-H, Si-H, N-H2 bending or stretching modes,
as mostly happens in CVD depositions [23].

SEM analysis

The SEM analysis shows defect-free, homogeneous and featureless surface for each of the investigated
sample. Fig. [5| show a map of SEM images of three silicon nitride films deposited at various sputtering
powers. Each row refers to different powers, from 150 W (a-c) to 400 W (g-i), whereas columns refers to
different magnification factors, M, from 1 to 10 KX, step 5 KX.

AFM analysis

The AFM analysis carried out with a XE-70 Park System on silicon nitride films deposited at different
powers shows quite flat samples, with roughness average values below 1 nm. The analysis points out that the
surface roughness decreases with increasing the sputtering power, according to results obtained in previous
work [24]. Fig. |§| illustrates the 3D images of the samples over a sampling area of 500 nm x 500 nm: the
roughness average values, R,, ranges from 0.51 nm (at 150 W) to 0.30 nm (at 400 W), while the root mean
square roughness (RMS) varies in 0.71 nm (at 150 W) to 0.43 nm (at 400 W). Both quantities have been
evaluated by means of Gwyddion [25], a free and open source software for scanning probe microscopy data
visualization and analysis.

4. Conclusions

SiN,. thin films have been deposited by RF magnetron sputtering at room temperature at fixed Ar and
N, partial pressures and variable sputtering powers in the range of 100 to 400 W. Silicon nitride films with
stoichiometric (SizNy) optical properties have been obtained for an RF power of 300 W and a Ny flow of 3
sccm. The increasing of the sputtering power results in the increase of the deposition rate and of both the
refractive index and the extinction coefficient. This behavior has been clarified by considering the role of
the sputtering power in the formation of the plasma, and in the ionization reactions.
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Figure 5: SEM micrographs map of SiN; films deposited at 150 W (top row), 300 W (middle row), and 400 W (bottom row),
with increasing magnitude: 1 KX (left column), 5 KX (middle column), 10 KX (right column).
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Figure 6: Atomic force micrographs of SiN, films: 3D images over a 500x500 nm? region for the samples deposited at a
sputtering power of 150 W (a), 300 W (b), and 400 W (c).

Reflectance measurements showed a good agreement with simulations in the whole range of investigation,

also highlighting the presence of a Si-N bond and of Si vibrations in the IR region. Scanning electron
microscope images and the atomic force microscope analysis show defect-free and homogeneous surfaces,
suitable for the production of optical coatings.
The presented methodology proposes a method to control the refractive index in optical multilayer structures
simply by adjusting the RF discharge power in a sputtering system equipped with a single cathode of Si. In
sputtering systems with more than one cathode, the proposed method can be useful to increase the number
of layers with different refractive index beyond the number of available targets, making it easier to achieve
the desired optical response. Finally, we remark that the range of refractive index values could be further
extended by lowering the refractive indices with the addition of oxygen as a process gas, to form SiO,N, or
Si0Os.
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