& frontiers | Frontiers in Physics

’ @ Check for updates

OPEN ACCESS

Stefanos Papanikolaou,
National Centre for Nuclear Research,
Poland

Francisco Javier Dominguez Gutierrez,
National Center for Nuclear Research,
Poland

Jianbao Zhao,

Canadian Light Source, Canada

Arturo Rodriguez-Goémez,
arodriguez@fisica.unam.mx

18 July 2023
09 August 2023
22 August 2023

Barrera-Mendivelso ES and
Rodriguez-Gomez A (2023), Thin films of
silicon nitride deposited at room
temperature by non-reactive magnetron
sputtering: radiofrequency power and
deposition time influence on the
formation of a-SisN4 and its

optical properties.

Front. Phys. 11:1260579.

doi: 10.3389/fphy.2023.1260579

© 2023 Barrera-Mendivelso and
Rodriguez-Goémez. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics

Original Research
22 August 2023
10.3389/fphy.2023.1260579

Thin films of silicon nitride
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Silicon nitride’s excellent electronic and optical properties have positioned it as an
indispensable element in silicon-based photonic platforms and photonic quantum
computing. Chemical Vapor Deposition (CVD) and Plasma Enhanced CVD
(PECVD) techniques predominate in high-performance silicon nitride thin film
manufacture. Unfortunately, Chemical Vapor Deposition and Plasma Enhanced
CVD are expensive techniques that use hazardous gases and very high substrate
temperatures. In this work, we used the sputtering technique to grow a-SizNy4 thin
films at room temperature. We identified that by applying radiofrequency powers
between 30 and 50 W combined with deposition times below 120 min, we could
achieve the growth of silicon nitride (SiNy) films with uniformly distributed
crystalline particles, limited formation of clusters, and minimal alterations in
atomic ordering. The Volmer-Weber model governs the film's growth, which
favors its continuity and surface roughness. The optical bandgaps of our SiNy films
ranged from 2.3 to 3.9 eV, and their RMS roughness never exceeded 4 nm. We
observed a quasi-linear deposition rate concerning radiofrequency power and
deposition time, whereby we were able to grow SiNy films controllably and
reproducibly with thicknesses ranging from 45 to 500 nm.
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1 Introduction

Silicon nitride (SiNy) is a relevant material for the scientific and industrial community.
SiNy is an inert ceramic material recognized for its high hardness as a bulk material (9 Mohs)
[1]. As a thin film, SiNx has values of hardness, tensile strength, compressive stress, and
Young’s modulus of elasticity that range from 8-30 GPa [2, 3], 135-235 MPa [3], 0-1.6 GPa
[2] and 100-360 GPa [1, 2] respectively. Likewise, SiNx thin films exhibit a dielectric
constant between 6 and 9, bandgap energy (E,) in the range of 2.4-5.2 eV, considerable
optical transmittance from 0.25 nm to 8 pm, and refractive index between 1.6 and 2.7 [1-4].
The electrical and optical properties that SiNy exhibits when formed in a thin film have
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allowed its incorporation into microelectronics [3, 5-13] and
photonics [14-20]—standing out in recent years as a potential
alternative in silicon-based photonic platforms and photonic
quantum computing [4, 20-25].

To obtain SiNx thin films, chemical vapor deposition (CVD)
techniques predominate, requiring high substrate temperatures [1,
2]. Substrate temperatures above 350°C favor the diffusion of
thus
morphological, optical, and electronic properties that allow SiNx

incident species on the surface, promoting  the
films to be incorporated into different functional devices.
Unfortunately, not all substrates of interest can withstand high
temperatures [3]. To solve the problem of high substrate
temperatures, the community has used Plasma Enhanced CVD
(PECVD) because it allows working with temperatures below
400°C. However, using low temperatures in PECVD causes an
increment in the content of polluting hydrogen from the
precursor gases, significantly affecting the films’ properties [1, 2].
Even with research focused on optimizing CVD and PECVD
processes to work with lower temperatures and reduce hydrogen
contamination [6-8, 17], the substrate temperatures continue to be
high enough to limit the variety of useable substrates. In this vein,
one of the greatest interests in working with low substrate
temperatures is that this could favor the fabrication of devices
that monolithically integrate SiNyx with temperature-sensitive
materials [3, 16].

Sputtering techniques have some advantages over CVD
techniques; therefore, they are a potential alternative to grow
SiNx thin films at low temperatures and without hydrogen
contamination [16, 23, 26-31]. The sputtering techniques do not
need toxic or volatile gases to deposit different materials. They
present low deposition rates (Dg), especially when low RF powers
are supplied [26, 32], and it allows for working with low substrate
temperatures [18, 29-33]. However, the academic community
inclines to study the growth of these films at temperatures high
above ambient to improve their properties [14, 18, 23, 24, 31]
because obtaining sputtered SiNx thin films with significant
properties is a complex task at room temperature.

Various research groups have studied the influence of
parameters such as pressure [26], gas flow [14, 16, 18, 27, 28,
32], bias voltage, and electrical or radiofrequency power (RF-P)
[14, 26, 29, 34, 35] on the optical and electrical properties of SiNx
thin films grown with diverse substrate temperatures. In all these
studies, it has been observed that the final properties of SiNx films
strongly depend on the deposition parameters used [16, 26, 28, 29,
33]. However, the influence of radiofrequency power on the optical
and microstructural properties of silicon nitride films is a poorly
explored field, especially when using a Si;N, target without reactive
gases and at room temperature.

In this work, we present a study of the influence of
radiofrequency power (RF-P) on the growth of SiNy thin films
by non-reactive magnetron sputtering at room temperature grown
on glass, fused silica, and monocrystalline silicon substrates. It was
determined that the deposited films present polycrystalline silicon
nitride particles in their a phase (a-Si3N,;) when RF-P < 50 W and
deposition time (d;) < 120 min are applied. On the other hand,
increasing the value of one of both parameters favors the formation
of polycrystalline conglomerates of a-SisN, on an amorphous
matrix of SiNx. It also improves the continuity and surface
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uniformity of the films. Finally, the increase in the optical
absorbance of the films and the shift of their absorption edge to
the near-infrared (NIR) are identified when working with RF-P >
50 W. Based on the obtained results, we conclude that it is possible
to grow thin films of SiNx at room temperature exhibiting adequate
structural, microstructural, and optical properties for its potential
application in the construction of electronic and optoelectronic
devices.

2 Materials and methods
2.1 Deposition procedure

In this work, we deposited SiNx thin films by non-reactive
magnetron sputtering-RF at room temperature. We used glass, fused
silica, and high-resistance monocrystalline silicon (100) substrates
to perform a complete optical and microstructural characterization
of the films. Previous to the depositions, we cleaned the glass and
fused silica substrates with our methodology, which consists of a
cycle of 4 ultrasonic baths at room temperature and sequentially
immersed for 5 min in 1) trichloroethylene to remove any grease, 2)
methanol to remove trichloroethylene residues, 3) acetone to
remove organic particles and 4) again methanol to remove
acetone residue. As a final step, we use high-pressure carbon
dioxide (CO,) gas to dry and remove dust particles from the
substrates prior to use [36, 37]. The films were also deposited on
copper grids of 600 mesh to make an exhaustive nanostructural
characterization using transmission electron microscopy.

We used high-purity argon (99.9%) as the working gas to
pulverize a one-inch diameter silicon-rich a-Si;N4 (98% «-SizNy)
target. With a preliminary analysis, which we will explain in Section
3.1, we determined that we could obtain films with lower optical
absorbance using a working pressure of 40 mTorr; therefore, this
was the pressure we used for all our growth presented in this paper.
Radiofrequency power (RF-P) was applied in multiples of 10 W
within a range of 10-100 W to evaluate the influence of RF-P on our
films’ optical, structural, and microstructural properties. The power
density (pp) varied between 1.97 and 19.73 W/cm?, increasing at a
rate of 1.97 W/ecm® for every 10 W applied. We worked with
deposition times (d;) in the range of 10-200 min. Meanwhile, the
target-substrate distance in all depositions was 7.5 cm. The average
deposition rate (Dg) for the samples made with RE-P = 30 W was
0.65 nm/min and increased non-linearly until reaching 6.2 nm/min
for the films grown with RF-P = 90 W. Table 1 summarizes the
deposition parameters of all the SiNx thin films deposited and
characterized in this work.

2.2 Sputtering and characterization
equipment

Our RF magnetron sputtering equipment was built by the silicon
photonics research group of the UNAM Institute of Physics
(IFUNAM). As main characteristics, it has a small 4-L spherical
deposition chamber that contains a circular cathode coupled to a 1-
inch diameter flat magnetron with a NdFeB magnetic arrangement,
a shutter, and a non-rotating substrate holder that allows the target
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TABLE 1 Deposition parameters used to grow our SiNy thin films. The orange column indicates the d; of films deposited on glass substrates, and the purple column
indicates the d; of films grown on silicon and fused silica substrates.

RF-P (watts) d; (minutes)

Pressure (mTorr)

pp (Watts/cm?) Target-substrate distance (cm)

— 7.5
30 40, 80, 120, 160 40 5.92 7.5
40 120 40 7.89 7.5
50 20, 80, 120, 160 40 9.86 7.5
60 80 40 11.84 7.5
70 10, 40, 80, 120 40 1.81 7.5
80 10, 20, 60 40 15.78 7.5
90 10, 20 40 17.76 7.5
100 40 19.73 7.5

distance to be varied. The equipment has a 13.56 MHz SEREN
R301 radio frequency power source optimized with the combination
of the SEREN AT3 Automatic Matching Network system and the
SEREN MC2 Matching Network controller. This combination
allows exceptional control of the RF-P, creating stable plasmas as
low as 1 W and working pressures of 1 mTorr.

A JEOL JEM-2010F FastTEM transmission electron microscope
(TEM) was used to characterize the structure of our films grown on
copper grids. We obtained clear, high-resolution images (HRTEM)
and electron diffraction patterns by operating the TEM with an
accelerating voltage of 200KkV. Meanwhile, the meso- and
microstructural characterization was made with our films grown
on glass and monocrystalline silicon substrates. On the one hand,
the morphology was studied using a JEOL-JSM-7800F ultra-high
resolution scanning electron microscope (SEM) with Schottky field
emission and operated with an accelerating voltage from 1 to 15 kV.
The SEM was also used to cross-sectionally measure the thickness of
our films grown on glass substrates and to qualitatively analyze the
elemental composition of the films by energy-dispersive X-ray
spectroscopy (EDS) using an X-ray detector adapted to the
equipment and an accelerating voltage of 10kV. On the other
hand, the topography of our films was analyzed with a JEOL
JSPM-4210 atomic force microscope (AFM) in tapping mode and
a high-resolution Mikromasch NSC15 silicon tip with a radius of
curvature <10 nm.

The optical transmittance/absorbance spectrum of films grown
on glass and fused silica substrates was measured with an Agilent
Cary UV-Vis-NIR spectrophotometer equipped with a deuterium
lamp and a tungsten lamp that emits radiation in the ultraviolet
regions (UV) and visible-near infrared (Vis-NIR) respectively. The
instrument has a lamp and detector switch that automatically
switches in 350 and 800 nm, respectively. All optical absorbance
measurements were made with a normal angle of incidence, an
optical range of 200-3,000 nm, and a resolution of 1 nm. The
thickness and optical refractive index of our films grown on
monocrystalline silicon substrates were measured with a Gaertner
L117 nullity ellipsometer equipped with a A = 632.8 nm Helium-
Neon laser and a laser incidence angle of 70° with respect to the
normal of the film.
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Additionally, we deposited a film with RF-P = 70 W and d; =
200 min (70SiN200) on monocrystalline silicon whose thickness was
conveniently large (~528 nm) to chemically characterize it with a
Nicolet iS50R FT-IR spectrometer in a range of 4,000 to 525 cm ™.
This technique allowed us to confirm the presence of SiNy in our
films by obtaining the infrared (IR) absorption band characteristic of
the asymmetric stretching vibration mode of the atomic bonds of
silicon and nitrogen (Si-N), whose maximum peak has been
reported around between the 830 and 870 cm™ [16, 26, 34].

2.3 Specimens nomenclature

Each SiNy thin film was named sequentially with the RF-P, the
type of substrate, and the d; used to grow it. The abbreviation SiN,
SiNsf or SiNsm was used to indicate that a certain film was deposited
on a substrate of glass, fused silica, or monocrystalline silicon,
respectively. For example, the film grown on glass with RF-P =
30 W and d; = 120 min was named 30SiN120. In order to name the
three preliminary films of the investigation, deposited with different
working pressure, the pressure was added after the d; separated by a
hyphen; 50SiN80 film grown with a working pressure of 9 mTorr
was designated as 50SiN80-9.

3 Results and discussion

3.1 Determination of the optimal chamber
pressure

We first needed to establish a constant working pressure to
investigate RF-P’s influence on our films’ properties. To determine
what constant pressure we would use, we made three preliminary
depositions at RF-P = 50 W and d; = 80 min, with pressures of 9, 20,
and 40 mTorr (50SiN80-9, 50SiN80-20, and 50SiN80-40
respectively). The characterization of these three films allowed us
to adjust the working pressure.

Figure 1 presents the morphologies of the films observed by
TEM and HRTEM. The favored formation of crystalline nanometric
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FIGURE 1

Structural morphology characterized by TEM and HRTEM of preliminary films. 50SiN80-40 (A,D), 50SiN80-20 (B,E), and 50SiN80-9 (C,F). Higher
magnification micrographs (D—F) demonstrate the presence of crystalline particles in the films, which is quite and easily noticeable in the 50SiN80-

40 film.

FIGURE 2

Indexed diffraction pattern of 50SiN80-40 film. The distance
associated with each ring or point chosen corresponds to the
reciprocal of the radius of the ring or the distance between the point
and the center of the spot (green point) and represents the
interplanar distance in real space of the crystalline planes that
diffracted said ring or point. Each calculated distance was compared
with the interplanar distances reported for the crystal planes of the a-
SizN4 and B-SizN4 phases [38], found to be quite approximate to the
interplanar distances of some a-SisN4 planes highlighted to the left of
the pattern. Below each calculated distance, we present the crystalline
plane of the closest interplanar distance.

particles is evidenced at the highest pressure of 40 mTorr, being
lower at the two lower pressures. We believe this is because higher
pressure enhances plasma densification by generating more Ar ions,
increasing the number and possibly the energy of SiNx “nano-
chunks” ejected from the target and promoting their orderly
interaction in the substrate, thus allowing a better diffusion of
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the energetic chunks, giving rise to a greater atomic ordering in
the film.

Figure 1 micrographs were complemented with diffraction
patterns obtained exclusively from the 50SiN80-40 film, which
show a superposition of rings and points, as shown in Figure 2.
These points show the existence of large particles that diffract in the
same crystalline plane and have the same crystallographic
orientation. On the other hand, the rings denote that the entire
film is polycrystalline. Each ring represents a group of particles that
diffract in crystal planes belonging to the same family but with
different crystallographic orientations. The intense points on the
rings indicate that some orientations are preferential. These
diffraction patterns were indexed using the crystallographic
information reported by Yang et al, determining that the
crystalline structure of the particles in the film corresponds to
the o phase of silicon nitride (a-SisNy) [44]. The structural
results of these films are both interesting and relevant since it
has been widely reported in the literature that SiNy thin films
obtained by sputtering techniques at room temperature are
amorphous [2, 18, 26, 29, 35], and the possibility that there may
be a slight formation of crystalline Si;N, particles on an amorphous
matrix has been overlooked [34].

Figure 3 presents the optical absorbance of the three preliminary
films. The 50SiN80-40 film shows the lowest absorbance, which we
attribute to the presence of crystalline particles. Crystalline SizNy4
particles may not contribute to allowed energy states within the band
gap of the film, helping to reduce its level of structural disorder and
minimize the broadening of its valence (VB) and conduction (CB)
band tails caused by a disordered structure and the presence of
silicon and nitrogen dangling bonds. A structural disorder and
dangling bonds increase the optical absorbance of the film,
decrease its bandgap energy (E;) and favor the shift of its
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FIGURE 3
Optical absorbance spectra ranging from 300 to 1,500 nm of the
three preliminary SiNy thin films.

absorption edge toward the NIR region [44]. The 50SiN80-40 film
presents an absorption edge that starts at a shorter wavelength ()
compared to the other two films (~500 nm), implying that the film’s
electronic transitions occur by absorbing higher energy photons,
therefore, its E, is greater. These results were enough to consider
that working with a pressure of 40 mTorr will allow obtaining films
with structural and optical properties similar to 50SiN80-40 film,
including the formation of crystalline particles and low optical
absorbance. Therefore, the influence of the radiofrequency power
was studied using the pressure parameter set at 40 mTorr.

3.2 Microstructural characterization

Various SiNx thin films were grown on glass substrates,
following the deposition parameters indicated in Table 1. We
TEM analyzed the structural morphologies of these films.
Micrograph Figure 4A reveals the presence of uniformly
distributed crystalline particles with diameters less than 15 nm in
the 30SiN80 film. A similar pattern is observed in the 30SiN120 film,
but with larger particles not exceeding 30 nm in diameter. When
deposition time (d;) is increased to 160 min, particles of less than
10 nm in diameter and irregular shapes that do not exceed 250 nm
appear. HRTEM analysis shows that these irregular shapes comprise
crystalline particles that have grown to meet at their boundaries and
coalesce, referred to as polycrystalline conglomerates. Micrographs
Figures 4B, D provide examples of this kind of cluster.

10.3389/fphy.2023.1260579

Similar growth was observed in films grown with RF powers of
40 and 50 W. The 50SiN80 film did not present conglomerates but
did show very close particles of variable sizes, all less than 40 nm in
diameter. Micrograph Figure 4C shows that some of these particles
meet at their boundaries and grow together. The 40SiN120 film
showed similar behavior; only isolated particles with sizes up to
70 nm in diameter were formed. HRTEM micrographs indicate that
these are also made up of smaller particles, similar to what is shown
in micrograph Figure 4C. In the 50SiN120 and 50SiN160 films, the
evaluation of polycrystalline particles by HRTEM was impossible
due to their thicknesses reported in Table 3. Only conglomerates
smaller than 1.2 um were observed, larger in the 50SiN160, as shown
in the Figure 4D micrograph. We used the Selected Area Diffraction
(SAD) technique in the 50SiN120 and 50SiN160 films. The films
showed diffraction patterns of their conglomerates, not individual
particles, confirming crystalline particles’ absence or scant presence.

These preliminary results suggest that the formation of clusters
is favored in two scenarios: 1) with the same RF-P but increasing the
d;, which makes it easier for more SiNy “nano-chunks” to reach the
substrate, promoting the growth of particles and their coalescence to
form clusters with preferential crystallographic orientations, and 2)
increasing the RF-P while keeping the d; constant, which optimizes
the pulverization performance and, consequently, intensifies the
number and energy of the incident SiNy chunks on the substrate
surface. The above propitiates the superficial diffusion of more nubs
forming larger particles or conglomerates with the same or
smaller d;.

Both situations can perturb the crystallinity of the particles that
make up the final film because the prolonged (case 1) or abundant
(case 2) arrival of nobs can cause them to accumulate on each
conglomerate or at its boundaries and not have enough energy or
time to spread and adopt stable periodic positions, resulting in
disorderly growth. The latter justifies why the 30SiN160 and
50SiN120  films the
conglomerates in a matrix that is observed to be primarily
amorphous, unlike the 30SiN120 and 50SiN80 films, and why in
the 30SiN120, 40SiN120 and 50SiN120 films, in the order
mentioned, a decrease in the presence of uniformly distributed

stand out for random presence of

particles is evidenced as the presence of conglomerates and the
formation of an amorphous matrix increase.

In the films obtained with RF-P greater than 50 W and d; equal
to or less than 80 min, conglomerates were formed that did not
exceed 300 nm in diameter, as seen in micrographs Figures 5A, C. In

FIGURE 4
Morphological micrographs of the films (A) 30SiN80, (B) 30SiN160, (C) 50SiN80, and (D) 50SiN120. Micrograph (C) shows that the coalescence of

smaller particles forms large particles. Hence, when working with a higher d;, conglomerates such as those presented in micrographs b and d can easily
be formed.

Frontiers in Physics

05

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1260579

Barrera-Mendivelso and Rodriguez-Gémez

10.3389/fphy.2023.1260579

FIGURE 5

Morphological micrographs of the 60SiN80 (A,B), 70SiN80 (C), and 80SiN20 (D) films. Micrograph (B) isan HRTEM image of the in-box section in the
60SiN80 film conglomerate shown in micrograph (A). Micrograph (C) shows the distribution of clusters formed on the 70SiN8O film, and micrograph (D)

shows nucleation zones with atomic ordering.

FIGURE 6

Indexed diffraction patterns of the (A) 30SiN80 and (B) 60SiN80 films are used as references to demonstrate the a-SisN,4 crystalline structure of the
particles and conglomerates formed in the films of this investigation. The distance associated with each ring or point chosen is the reciprocal of the radius
of the ring or the distance between the point and the center of the spot (green point) and represents the interplanar distance of the crystalline planes that
diffracted said ring or point. They were pretty close to the interplanar distances of some a-SizN4 planes highlighted to the left of the pattern [38]. Each
calculated distance is associated with a crystalline plane whose interplanar distance is the one it most closely approximates.

this case, the situation is opposite to that described above. On the
one hand, the formation of clusters decreased both in quantity and
size as the RF-P increased. Many clusters appear on 60SiN80 and
70SiN80 films, but they are rare on 80SiN60 film and did not form
on films obtained with RF-P equal to or greater than 90 W. On the
other hand, working with larger d; did not favor the formation and
growth of the conglomerates since the 80SiN20 film presented a vast
formation of these with sizes smaller than 40 nm in diameter, while
very few were formed in the 80SiN60 film. It is important to
highlight that the conglomerates present in the 60SiN80,
70SiN40, and 80SiN20 films were created by the coalescence of a
few particles and a crystallographic orientation predominated, as
observed in micrograph Figure 5B. Their diffraction patterns of the
60SiN80 film, similar to that of Figure 6B, corroborated the above.

Using HRTEM, films grown with RF-P > 50 W exhibited
particles with diameters less than 5 nm and distant from clusters,
as shown in micrograph Figure 5D. However, those particles were
challenging to observe, especially on films grown with RE-P > 80 W.
We suspect this is because many ejected SiNx nobs acquire high
energy, embedding near their incidence positions or accumulating
on the surface without having the possibility of diffusion to acquire
stable positions. This phenomenon could inhibit the atomic
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ordering at the boundaries of already grown particles or the
formation of new particles, which is why an amorphous structure
prevails in these films.

Finally, a balance between RF-P and dy, specifically 30-60 W and
less than 120 min, allows obtaining films with uniformly distributed
particles, minimal formation of clusters, and avoids significant
alterations in atomic ordering. Films containing particles and
clusters exhibited ring diffraction patterns where some intense
points were also identified. These diffraction patterns were
indexed using the crystallographic information of silicon nitride
[38], and their crystalline structures were determined to correspond
to a-SizNy, as shown in Figure 6. The appearance of rings and points
simultaneously in the diffraction patterns of the conglomerates
supports the idea that the coalescence of polycrystalline particles
forms them. Each ring is generated by a set of crystalline particles
that diffract with the different
crystallographic orientations. The intense points indicate the

same plane but present

existence of preferential crystallographic orientations. The
diffraction pattern of the 30SiN80 film, Figure 6A, clearly
illustrates the polycrystallinity of particles with various preferred
crystallographic orientations, in contrast to the few that

predominate in the 60SiN80 film of Figure 6B.
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FIGURE 7

Infrared absorbance spectrum of the 70SiNsm200 film, the broad
absorption band peaking at 880 cm™ corresponds to Si-N chemical
bonds. The tall and narrow band centered at 610 cm™*is a contribution
from the Si-Si bonds present in the silicon substrate.

3.3 Chemical and elemental composition
analysis

The infrared (IR) optical absorbance spectrum of the
70SiNsm200 film was obtained by FTIR spectroscopy and is
shown in Figure 7. Two predominant IR absorption bands are
observed; the first, with a maximum peak at 880cm’,
corresponds to the asymmetric stretching vibration mode of the
chemical bonds between silicon and nitrogen (Si-N). The amplitude
of this band is related to the film’s amorphicity level, and the number
of dangling Siand N bonds generated, especially when a high RF-P is
applied [41,45]. A small shoulder at 965 cm™ is associated with Si-O
bonds which may result from slight oxygen contamination due to
environmental exposure or oxygen residue in the deposition
chamber, even after high vacuum cleaning [39, 40]. It is known
that silicon has high reactivity with oxygen, and surfaces exposed to
the environment usually form native oxide layers [16].

On the other hand, the 70SiNsm200 film is not thick enough
(530.7 nm) to minimize the contribution of the substrate to the
absorbance spectrum obtained with this technique. For this reason,
the second narrow absorption band, centered at 610 cm ™, coincides
with the IR absorption of the Si-Si bonds of the substrate [16]. The
small bands that coincide in the spectra of the substrate and the film
are caused by humidity inside the measurement chamber of the
equipment. This chemical analysis complements the structural
results, as it demonstrates that our films are indeed SiNy by
determining the presence of Si-N bonds in the film.

Table 2 summarizes the EDS measurements of the elemental
composition of various films. Measurements of a pristine glass
substrate and the magnetron anode are included to identify their
them with the film
measurements. The N readings correspond to the films, and the

constituent elements and correlate
presence of oxygen was confirmed, one part due to the substrate
being glass, and the other as a contaminant, a result of the deposition
process and the exposure of the film to the environment.

In our measurements, the elements of the glass substrate appear
in addition to Si (C, O, Na, Mg, Al, and Ca) because the electron
beam passes through the film and excites the atoms on the surface of
the substrate due to the low thicknesses of our films (less than

530.7 nm) and the high acceleration voltage applied. A slight
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contaminating presence of Fe, Cr, or Ni from the anode was
detected since it is prone to pulverization, especially when
working with high RF-P values. Since the substrates contain Si in
their composition, this element is included in the measurement,
which makes it impossible to determine the exact percentage of Si
present in the film. This situation does not happen with N since this
element is absent in the composition of the substrates and the anode
of the magnetron.

The presence of silicon in all substrates limits the determination
of exact values for the amount of Si and the stoichiometry in our
films. However, given the low percentage of N compared to that of Si
in almost all the samples and the tendency of various investigations
to obtain predominantly Si-rich SiNy thin films, even using a
reactive environment with Ar and N, gases [16, 26, 27, 31, 32],
we consider highly probable that our films grown in a non-reactive
environment are also silicon-rich.

3.4 Morphological and topographic analysis

The morphology of all the films grown in this study is similar.
The SEM observations present a uniform and granular surface
formed by nanometer particles that grow together, as illustrated
in Figure 8. The growth of the films is governed by the Volmer-
Weber model, which is characterized by the formation of islands of
material that coalesce at their borders, providing continuity and
homogeneity to the film. From the zenithal plane, these islands are
seen as particles.

Glass is known to have surface defects that influence the
growth and properties of a film [41, 42]. We observed these
defects” influence on our films’ growth by means of SEM and
AFM techniques. The reproduction of glass surface defects was
noted in films deposited with a RE-P of 30 W, even at a high d, of
160 min. The above is because the low RF-P used generates little
energy and affects the diffusion of the atoms on the surface,
limiting their arrival to deep areas of the defects to create
nucleation centers and cover them. As a result, the film
becomes less uniform and has a reduced thickness; those films
are thinner than 106 nm, as shown in Table 3. It should be noted
that these limitations can be mitigated by increasing the RF-P,
which improves the sputtering process sequentially, from plasma
ionization to the absorption of ejected atoms, thus favoring the
uniformity, continuity, and thickness of the films. Evidence of
this is the films deposited with RF-P > 40 W and d; < 80 min.
These present a continuous granular morphology with little or no
reproduction of surface glass defects, as seen in Figure 8.

The morphology of the films formed on monocrystalline silicon
substrates also presented granular continuous characteristics and no
surface defects, results that were expected considering that they
replicate the smooth surface of the substrate. The 30SiNsm80,
40SiNsm50, and 50SiNsm40 films, whose thicknesses are similar,
49.2, 52.6, and 54 nm, respectively, exhibited quite similar
morphologies regarding continuity and grain size. Although it is
likely that the surface roughnesses of these three films are also
similar, it was not possible to characterize their topographies using
AFM. We associate this with the possible low surface roughness that
they may have due to the replica of the smooth surface of the
substrate, which prevents an adequate interaction between the tip of
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TABLE 2 Atomic percentages of the elements detected by EDS in various SiNy thin films, a glass substrate, and the magnetron anode. The anode has an N reading
because it was measured after making the first depositions. N was deposited on its surface by the nearby pulverization of the target. Films grown on glass or

monocrystalline silicon with their detected elements are highlighted with ocher or purple color, respectively.

Element —
Samples |
Magnetron anode 8.0 9.3 31.9 2.1 20.1 4.5 15.1 2.3 0.5 6.2
Glass substrate 5.4 61.5 7.7 2.0 0.5 21.4 1.6
40SiN120 15.3 9.7 46.9 17.0 0.5 10.3 0.3
50SiN160 6.3 223 36.0 2.4 1.0 0.6 26.4 0.8 42
60SiN80 5.7 26.3 275 1.3 345 32 1.5
70SiN40 6.0 6.6 43.4 6.9 1.6 0.4 25.0 2.2 0.8 1.6 5.5
80SiN20 53 9.5 52.0 35 2.0 223 5.0 0.3

—
2.00kV UED GB

100nm IF-7800F 08-Jun-22

WD 2.9mm x100,000

FIGURE 8

100nm IF-7800F 30-Nov-21

SEM WD 11.0mm x10¢

Superficial morphology of the films (A) 50SiN80-40, (B) 60SiN80, and (C) 70SiN40. In the lower-left part of the 60SiIN80 micrograph, one can see a
dark area that we associate with a ditch in the glass substrate reproduced on the film.

the cantilever and the surface material to detect areas with significant
height differences.

The topographies of our films, shown in Figure 9, show the
presence of islands of material whose proximity, coalescence, and
surface continuity are enhanced by increasing the RF-P. In fact, the
growth of the films followed the Volmer-Weber model, as deduced
from the morphological analysis. The RMS value of films decreases
with increasing d;, especially when combined with a RF-P threshold
of 40-60 W. This observation is evidenced with the 40SiN120 and
60SiN80 films and those developed with RE-P = 50 W since they
have a low surface roughness (RMS < 2.7 nm) that decreases even
more when using a higher d,.

The phenomenon of low surface roughness occurs thanks to the
constant incidence of nobs with enough energy to diffuse and reach the
deep zones generated by the coalescence of the islands’ borders, thus

Frontiers in Physics

favoring a superficial continuity with low roughness. In contrast, when
RE-P =30 W is used, the reduced energy of the incident nobs promotes
low mobility, leading to zonal island growth with poor coalescence and
limiting film uniformity and continuity. The high RMS roughness
values support the above. Furthermore, the low surface roughness
phenomenon is influenced by the reproducibility of glass surface
defects in these extremely thin films (<1053 nm). As seen in
micrograph Figure 9B, a large mountain of substrate material
generates a considerable variation in the RMS roughness of the
analyzed area. Films developed with RF-P > 70 W also show high
RMS values (>2.7 nm). We consider that this happens because the
incident atoms are highly energetic. At the same time, some diffuse
better, favoring the film’s continuity, and others adsorb near their arrival
points, favoring an elongated growth of the islands of coalesced
material, as seen in the micrograph of Figure 9K.
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TABLE 3 Average thicknesses of the SiNy thin films measured by cross section
in SEM or null ellipsometry (purple boxes). The thickness of the 70SiN200 film
was very close to that of the 70SiNsm200 film (530.7 nm).

10.3389/fphy.2023.1260579

It was observed that the deposition rates (Dg) of the films
generated with radiofrequency power of 50 and 70 W showed
an almost linear relationship (Figure 10A), in line with what

RF-P (watts) 30 40 was reported in the literature [29, 34]. Based on the above, the

. possibility of using a linear Dy to estimate the thickness of films

de (min) with low RF-P was considered. In order to validate this

10 45.7 hypothesis, SiNx films were grown on monocrystalline

silicon using the parameters detailed in Table 1. From the

0 (i et average Dy of the 30SiN120 and 30SiN160 films, a thickness

40 113.8 of 53.6 nm was estimated for the 30SiNsm80 film. However,

w0 analysis using nullity ellipsometry reported a slightly lower
value of 49.2 nm.

60 2157 Given this finding, it was reasonable to assume that two films

80 1380 @ 1458 2162 grown with 40 and 50 W could yield a similar result. Therefore,

o 610 | 1021 | 2200 01 deposition times (d;) higher than those calculated were applied to

achieve thicknesses of 50 nm in both films. It was found that the

160 105.3 315.6 40SiNsm50 and 50siNsm40 films had 52.6 and 54 nm thicknesses,

200 581 respectively. This finding led us to determine that the Dy using the

3.5 Film thickness and deposition rates

The thickness of the films was determined by measuring the
cross-section in the Scanning Electron Microscope (SEM) to carry
out the optical characterization as shown in Figure 10B. Table 3
shows the average thicknesses of each film.

magnetron sputtering technique is not totally linear. We conjecture
that the initial formation of clusters could cause a slow initial growth
of the film, which would increase until a considerable layer of
material is deposited, then adopting an approximately linear
trend, especially with high RF-P. However, it is still possible to
estimate the d; to produce films with the desired thicknesses taking
the linear trend of their Dy as a reference, even if one wanted them to
be less than 100 nm.

A

30SiN80 RMS=3.7 nm

C 30SiN160

RMS=2.7 nm

30SiN120

In m)
3

2, <&

RMSi=4.1 nm

E 50SiN80

RMS=2.7nm F 50SiN120

RMS=2.5nm A G 50SiN160 RMS=2.2 nm

60SiN80 RMS=2.0nm | 70SiN80  RMS=3.9 nm

FIGURE 9

Topographic micrographs of several films grown in the investigation. The figure shows analysis areas of 4 and 25 um?. Each micrograph specifies the

film to which it belongs and its RMS roughness (A) 30SiN80, (B) 30SiN120, (C) 30SiN160, (D) 40SiN120, (E) 50SiN80, (F) 50SiN120, (G) 50SiN160, (H)
60SiN8O, (I) 70SiN80, (J) 70SiN120, (K) 70SiNsf200. In (B), the rectangular area is magnified to discard the enormous mountain of material from the RSM
measurement because it is considered a surface defect of the glass substrate imaged on the film.
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(A) Approximately linear relationship of the Dy of the films grown with RF-P of 50 and 70 W. (B) Cross-sectional micrograph of 50SiN120 film. All film

thicknesses reported in Table 3 were obtained following this procedure.
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FIGURE 11

Optical absorbance spectra of SiNy thin films grown with (A)
different RF-P and d; = 80 min, and (B) RF-P = 50 W and different d,.

3.6 Optical properties

The optical absorbance of the films, measured by UV-Vis-NIR
spectrophotometry, turns out to be low in the Vis-NIR region and is
strongly influenced by the radiofrequency powers and the deposition
times (d;) used. It was observed that the films deposited with the same
d; presented an increase in their absorbance and a more significant shift
of their absorption band towards the NIR region when they were
deposited with a higher RE-P.

Figure 11A compares the absorbance spectra of films deposited
with a d; of 80 min and different RF-P. It should be noted that the
films that show growth of crystalline particles (30SiN80, 40SiN80,
and 50SiN80-40) have lower absorbance than those deposited with
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higher RE-P. This phenomenon is relevant since the particles favor a
reduction in the film’s structural disorder and the amount of
dangling silicon and nitrogen bonds.

Contaminants such as oxygen and silicon dangling bonds give
rise to allowed energy states inside the bandgap of the film, while N
dangling bonds broaden the tails of their valence (VB) and
conduction bands (BC). The above leads to a shift of the
absorption edge towards the NIR, increasing the optical
absorbance and decreasing the film’s bandgap energy (E,) [16,
43, 44]. The structural disorder favors the formation of dangling
bonds of Si and N, especially at the borders where the islands of
material coalesce, giving continuity to the film and possibly
increasing its presence when RF-P increases [44].

On the other hand, while the optical transmittance (T) is the
product of a ratio between the transmitted (Ir) and incident (I,)
radiation intensities in the sample, the attenuation of I, indicates its
optical absorbance (A) and Beer-Lambert (I = I,e~*¢) points out that
said attenuation depends on the absorption coefficient a of the sample
and the distance d traveled by the radiation when passing through it (the
thickness in the case of a thin film). Thus, a total transmittance (100%)
implies null absorbance, a transmittance of 10% corresponds to an
absorbance of 1, and a zero transmittance indicates a total, infinite
radiation absorbance. Due to the above, T'and A can be related since
they are based on a variation of radiation intensity but said relationship
is inverse. A negative logarithmic decimal function (base 10) adequately
this true that
A = —Log|T|. Using the previous expression, the relationship T =
I,/ I, y and the Beer-Lambert law, it can be deduced that the absorbance
of a sample depends directly on its thickness, in addition to its a, and is

models inverse relationship. Therefore, it is

represented by A = 0.434ad [45]. The above explains the increase in
absorbance due to the increase in P-RF because it leads to thicker films
and affects both absorbance and the absorption edge shift to NIR.
By comparing the absorbance spectra, as shown in Figure 11B, it
is evident that the absorbance of the films also increases, and their
absorption edge shifts towards the NIR when working with higher d;
and the same RF-P. This phenomenon occurs because the thickness
of the films increases, and the number of crystalline particles
uniformly distributed decreases. This results in the predominant
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TABLE 4 E; of the SiNy films estimated using the Zanatta model [45]. Note how
the films grown on fused silica substrates have the highest E,. The latter
happens because such substrates absorb radiation with 1 < 175 nm while a
glass substrate absorbs radiation with A < 285 nm. Using fused silica substrates
allows obtaining absorbance spectra with more data contributing to the
sigmoid-Boltzmann adjustment to estimate the E; more accurately.

Thin film  Eg (V) Thinfilm Eg4 (eV) Thin film Eg (eV)

30SiNsf80 3.6 50SiNsf40 33 70SiN80 2.6
30SiN120 33 50SiN80 2.5 70SiN120 2.8
30SiN160 33 50SiN120 2.4 70SiNsf200 3.1
40SiNsf50 3.9 50SiN160 2.8 80SiN20 2.3
40SiNsf80 3.7 60SiN80 2.9 80SiN60 2.9
40SiN120 24 70SiN40 2.6 90SiN20 2.3

formation of crystalline conglomerates in a mostly amorphous
matrix and increases the amount of silicon and nitrogen dangling
bonds. Furthermore, the absorbance of 50SiN120 and
50SiN160 films shows a shoulder 500 nm. This
phenomenon is associated with the presence of dangling N bonds
below the valence band tail of the film [44].

By using the absorbance and thickness of a film, it is possible to

after

calculate the spectrum of its absorption coefficient («) to relate it to
the energy of the interacting photons (hw) and thus make an
estimation of its bandgap energy (E;). The Tauc model is
commonly used for this purpose in semiconductor materials.
This model consists of linearly extrapolating the curve that
models the expression (ahw)’ versus hw [45], where y takes the
value of 2 or 1/2 if the film material has a direct or indirect electronic
transition, respectively. However, this model is susceptible to the
data processing carried out by the one who calculates. Since the
forbidden gaps vary considerably depending on the range of energies
used for the extrapolation.

In this regard, Zanatta proposed a simple and efficient method
to estimate the E, of semiconductor materials, whether amorphous
or not. The method consists of fitting the spectrum of a with a
sigmoid-Boltzmann function to determine the energy of the mean
value between the minimum and maximum of a (Eg”hz) and the
slope of the generated curve (0E). Using these values, the equation

_ rBoltz _  Boltz Boltz
E, = Ej ng% 4 x OE and the value of ;)% ,

the type of material (n5"

corresponding to
~ 0.3 0 nP%= ~ 4.3 for a material with
direct or indirect electronic transition, respectively), it is possible to
estimate a reliable value for the E, of the film [45].

In this study, we use the model proposed by Zanatta. The
calculated bandgap energies (E,;) are summarized in Table 4.
Those films with a distribution of crystalline particles (RF-P <
50W and d; < 80min) exhibit higher E,. The above is
understandable if we consider that those films have a lower
density of dangling Si and N bonds, which gives rise to less
broadening of the tails of their valence and conduction bands.

A slight downward trend of the E; is observed as working with
higher RF-Ps, fluctuating between 2.3 and 3.1 eV. This behavior is
consistent with the increase in dangling Si and N bonds due to a
more significant structural disorder in the film. Additionally, for RE-
P > 60 W, the E, seems to follow an increasing trend. We believe this
phenomenon results from a better continuity in the film due to the
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closer growth of material islands and their coalescence, which
generates a lower density of dangling Si and N bonds.

4 Conclusion

In this study, we examined the growth of SiNyx thin films by
radiofrequency-assisted non-reactive magnetron sputtering at room
temperature using an almost stoichiometric Si;N, target. We
determined that it is possible to obtain silicon-rich SiNx films
with the formation of particles or polycrystalline conglomerates
of a-SizN, that increase in size, either maintaining or losing atomic
ordering, depending on the combination of RF-P and d, used.

We have identified a threshold between RF-P and d;, specifically
30-50 W and less than 120 min, which allows the growth of films
with uniformly distributed crystalline particles, limited formation of
clusters, and with minimal alterations of their atomic ordering. The
growth of the films is governed by the Volmer-Weber model, which
favors its continuity and surface roughness. Both features are
notable in films grown with a RF-P range of 30-50 W, as they
show better continuity and a decrease in their RMS roughness at
2.7 nm if combined with longer deposition times.

On the other hand, the thickness of the films increases with the
increase of the RF-P and the d,. Through analysis and deduction, we
conclude that the deposition rates (Dg) in magnetron sputtering
present a non-linear trend in the initial growth of the films and
subsequently acquire an approximately linear trend. However, it is
feasible to consider an almost linear trend of Dy to determine
combinations of RF-P and d; that allow obtaining films with
thicknesses greater than 100 nm with acceptable precision.

The increase in optical absorbance and the enhancement of the shift
of the absorption edge towards the NIR are directly related to the
density of dangling Si and N bonds, the stoichiometry, and the
structural disorder of the film, and they occur when higher RF-P or
d, are applied while keeping the other parameter constant. Likewise, the
E; oscillates between 2.3 and 3.9 eV, being higher (above 3.3 eV) in the
films grown with RF-P < 50 W and d; < 80 min, which present a
notable distribution of crystalline particles. We estimate that our thin
SiNx films have significant potential for their application in the
manufacture of electronic and optoelectronic devices. Furthermore,
we consider it essential to carry out a structural and optical study on
films with thicknesses less than 100 nm, especially since the parameters
studied in this work are not the only ones that influence the growth and
properties of silicon nitride in the form of a thin film.
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