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Abstract

Boron coatings were deposited by RF magnetron sputtering in an Ar atmosphere at a con-
stant power of 80 W, varying the working pressure in the 0.6-5 Pa range. Plasma diagnostics
were performed by means of a Langmuir probe to determine the electron temperature and
electron density under different operating conditions. Within the investigated pressure
range, the deposition rate remained nearly constant, whereas a significant decrease in coat-
ing mass density was observed with increasing pressure. The coatings display a columnar
structure at all investigated pressures, with no significant differences in bulk morphology.
Pressure primarily affects the surface features, leading to an increase in the density, lateral
dimensions, and height of surface agglomerates with increasing pressure. Compositional
analysis by EDX revealed a substantial oxygen incorporation in the films, with the lowest
oxygen content (~11 at.%) measured for the coating deposited at 0.6 Pa. XPS depth profiling
confirmed the presence of oxygen and evidenced the formation of boron oxide species,
while the boron concentration exceeded 80 at.% in all samples. These results highlight the
strong sensitivity of boron film density and oxygen uptake to sputtering pressure.

Keywords: RF-plasma sputtering; boron coatings; Langmuir probe; SEM; AFM; XPS; EDX

1. Introduction

Boron (B) coatings play a crucial role in a wide range of industrial applications owing
to their distinctive properties. In general, the term ‘B coatings’ refers to boron-based coat-
ings, such as boron nitride and boron carbide, among others. These coatings significantly
enhance the surface properties of materials, providing high hardness, toughness, corrosion
resistance, and wear resistance [1-3]. Nevertheless, pure B coatings also exhibit specific
properties that make them attractive for certain industrial applications. In particular, thin
pure B coatings can be used as protective layers on the walls of thermonuclear fusion
facilities, mainly to reduce plasma impurities and improve plasma confinement [4,5]. B
films find application as components in electronic devices due to their semiconducting or
insulating properties, as well as their high thermal stability [6,7], and as two-dimensional
(2D) materials in optical devices [8,9]. Therefore, it is essential to investigate the char-
acteristics of pure B coatings deposited using different technologies and to understand
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the relationship between these characteristics and the process conditions that led to their
formation. B coatings can be deposited by chemical [10,11] and physical vapour deposition
technologies. Each technology has its peculiarities, advantages, and disadvantages. Clearly,
for environmental considerations, PVD methods are the better choice, as they produce
less chemical waste and offer cleaner, safer processes. B films have been deposited using
thermionic vacuum arc technology [12]; however, this method has the inherent drawback
of cathode degradation caused by intense heat and arc erosion. Additionally, arc evapo-
ration can sometimes result in the inclusion of droplets or particulates in the deposited
film. Electron beam evaporation [13] and pulsed laser deposition (PLD) [14] have also
been employed, but both face significant limitations in terms of industrial-scale scalability.
In particular, achieving uniform film thickness on large substrates remains a challenge.
Among the most common methods for producing boron-containing coatings are various
low-pressure plasma discharges, particularly magnetron sputtering (MS). In MS, the cath-
ode material is sputtered by ions generated in the plasma by energetic electrons, and the
sputtered atoms then condense on the substrate. When using boron as the target material,
a radio-frequency magnetron sputtering (RFMS) system is typically employed (usually
at 13.56 MHz) since boron is a poor electrical conductor. Most studies involving RFMS
focus on reactive magnetron sputtering processes to deposit boride and boron nitride thin
films [15,16], or boron oxide films [17]. In contrast, very few articles address the sputtering
of pure B targets to produce B coatings [18], mainly due to the difficulty of obtaining
nearly pure B coatings as a result of boron’s strong affinity for oxygen, which leads to
the formation of oxides. Even trace amounts of oxygen or water vapour in the sputtering
chamber can result in the formation of boron oxides. The substrate itself may also act as a
source of oxygen during boron growth; therefore, prior to boron deposition, the Si substrate
was coated in the sputtering chamber with a metallic tungsten layer.

To the best of our knowledge, no experimental studies on the deposition of boron films
under conditions comparable to ours have been reported in the literature. However, for
comparison purposes, reference can be made to boron coatings deposited using different
techniques. In the work of Mijatovic et al. [19], the oxygen content, determined by XPS,
in boron films grown by PLD was found to be critically dependent on the purity of the
ambient gas. In particular, they demonstrated that the oxygen detected in the coating mainly
originated from the background atmosphere in the chamber. Operating at a process pressure
of approximately 20 Pa, they reported an oxygen content of about 11 at.% when using argon
with a purity of 99.9999%, whereas reducing the gas purity to 99.995% resulted in more
than a twofold increase in oxygen concentration. Similarly, Dellasega et al. [14], also using
PLD, reported an oxygen content of approximately 11 at.% in boron coatings deposited at a
significantly lower pressure (0.0005 Pa). They attributed this oxygen incorporation to the
oxygen present in the target material and, to a lesser extent, to the residual atmosphere in
the deposition chamber.

This study aims to clarify how sputtering pressure affects plasma conditions and the
resulting microstructure, density, and oxygen uptake of boron thin films. We investigate
B coatings deposited by RF magnetron sputtering in an Ar atmosphere as a function
of the process pressure (0.6-5 Pa). The films were characterized from a morphological
point of view by scanning electron microscopy (SEM) and atomic force microscopy (AFM),
and their elemental composition was analyzed by energy-dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS). In addition, in order to understand
possible relationships between plasma and process parameters and the resulting coating
structure, the electron temperature (Te) and electron density (n.) were also estimated using
a Langmuir probe (LP) [20,21].
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2. Materials and Methods
2.1. Materials

Silicon (Si) substrates, chosen for their perfectly flat surfaces, were used to character-
ize the morphology, deposition rate, and mass density, enabling the detection of minor
differences in deposit structure without interference from substrate roughness (Si, p-type
(100), 1 cm x 1 cm, thickness of 400 microns, average roughness ~ 1 nm). Argon (grade 5.0,
99.999% purity) gas was a Sapio Group (Monza, Italy) product.

2.2. Experimental Apparatus

The plasma system [22] consists of a cylindrical stainless-steel vacuum chamber with a
volume of 0.05 m3, equipped with balanced-type magnetron sputtering cathodes (Angstrom
Sciences, Duquesne, PA, USA). The cathodes are water-cooled and connected to an inde-
pendent radio-frequency power supply (w,¢/2m = 13.56 MHz, 300 W; TRUMPF Hiittinger,
Ditzingen, Germany) operating in steady-state mode and coupled with an automatic
impedance matching unit to minimize reflected power. Boron (B) and tungsten (W) targets
(diameter: 76.2 mm; purity: 99.9%; thickness: 6.35 mm) were mounted on the working
cathode and powered at 80 W (power density ~ 1.7 W/cm?). The sputtering time was
fixed at 180 min. The stainless-steel substrate holder, positioned opposite the target, was
designed to float electrically, allowing the application of a bias. An argon plasma was
generated at a constant flow rate of 20 sccm under different operating conditions. The
sputtering process pressure was controlled by partially closing a throttle valve between the
vacuum chamber and the turbopump. The Ar flow rate and working pressure were moni-
tored using a mass flow controller (MKS instruments, Andover, MA, USA) and a capacitive
vacuum gauge (Pfeiffer CMR 365, Pfeiffer, AfSlar, Germany), respectively. The sputtering
chamber was evacuated by a high-vacuum pumping system consisting of a rotary pump
(TRIVAC 24 m3/h, Leybold, Cologne, Germany) and a turbomolecular pump (TURBOVAC
150 L/s, Leybold, Cologne, Germany), achieving a base pressure of 1 x 10~% Pa. Samples
were placed on the lower electrode (sample holder), maintained at the floating potential in
all experiments. The target-to-substrate distance was 120 mm.

2.3. Plasma Diagnostics

A Langmuir probe (Hiden ESPION, Warrington, UK) was employed to characterize the
plasma parameters under different operating conditions. Measurements were carried out at
a distance of approximately 80 mm from the target, in a region where the magnetic field was
negligible. The probe consisted of a tungsten tip with a diameter of 0.1 mm and a length
of 15 mm. The probe has a compensation circuit in order to minimize the RF interference
with the measured probe signal [23]. Plasma parameters, such as electron density (ne)
and electron temperature (T.), were determined from five consecutive scans, and the
averaged current-voltage (I-V) characteristic curve was obtained using a semi-automatic
data analysis procedure. The I-V curves were recorded by sweeping the Langmuir probe
bias voltage between £40 V. The probe tip was cleaned after each measurement by applying
30V for 100 ms.

Since sputtering processes typically involve non-equilibrium (non-Maxwellian) plas-
mas, the Druyvesteyn method [24-26] was employed to directly determine the electron
density (ne) and electron temperature (T,), independently of the shape of the electron
energy distribution function (EEDF).

2.4. Mass Density (p) Measurements

The p of the B coatings was estimated by weighing the Si wafer before and after the B
deposition (Am) on a balance accurate at least to the nearest 10~° g (Sartorius Gottingen,
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Germany, model: SECURA225D-1S). As the coating thickness (d) was known due to the
surface profilometer characterization, the coating density was found from the formula:

p=Am/(d-A), A=Siwaferarea

2.5. Characterization of Coatings

Boron coatings were deposited on Si substrates without intentional heating of the
sample holder. The thickness of the deposited films was determined by partially masking
the substrates with a silicon mask during deposition. After mask removal, the step height
between the coated and uncoated regions was measured using a P15 surface profiler (KLA
Tencor, San Jose, CA, USA).

The morphological features of the samples were investigated by atomic force microscopy
(AFM; Core AFM, Nanosurf GmbH, Langen, Germany) operated in dynamic mode, and by
high-resolution scanning electron microscopy (SEM; Tescan MIRA III, Brno, Czech Republic).
AFM measurements were performed under ambient conditions using Dyn190Al probes (force
constant: 28-75 N/m; tip radius: 10 nm). For each sample, three AFM images over a scan area
of 30 pm x 30 um were acquired to evaluate the surface roughness (R,).

The elemental composition of the boron coatings was analyzed by energy-dispersive
X-ray spectroscopy (EDX). Measurements were performed at three different locations on
the coating surface to ensure the reliability and uniformity of the compositional data. The
analyses were carried out using a high-resolution scanning electron microscope (SEM;
Hitachi SU70, Hitachi High-Technologies, Minato-ku, Tokyo, Japan) equipped with a NO-
RAN 6 EDX system (Thermo Scientific, Waltham, MA, USA). To minimize the interaction
volume and accurately determine the coating composition without interference from the
underlying substrate, the electron beam was operated at an accelerating voltage of 5 kV.

Depth profiling of the chemical composition of the deposited boron film was per-
formed using an Axis Ultra XPS spectrometer (Kratos, UK). The instrument was calibrated
against the Au 4f;/; core-level peak of a polycrystalline Au foil, fixed at a binding energy of
84.00 eV. Depth profiling was carried out using an Ar* ion gun operated at an accelerating
voltage of 4.8 kV. An ion current of 20 mA and a 3 x 3 mm? raster area were selected to
ensure uniform sputtering over a sufficiently large analysis region. Control of the correct
spectra alignment on the BE scale was carried out, ensuring that the fitting components
assigned to hydrocarbon contamination CHy and the graphitic C=C carbon were located
respectively at 284.8 eV and 284.3 eV.

Wide survey spectra were acquired at the beginning and at the end of the depth profile
with a pass energy of 160 eV. High-resolution spectra of the Bls, Ols, W4f, N1s, and Cls core
levels were collected using a pass energy of 20 eV and an energy step of 0.05 eV to ensure
accurate reproduction of the spectral features. Shirley background subtraction and Voigt
line shapes were applied for peak fitting and chemical state assignment. The evolution of
the core-level line shapes throughout the depth profile was analyzed to evaluate changes in
the chemical composition of the deposited film as a function of depth. Data analysis was
performed using a custom software (RxpsG_3.3TK) package developed on the R platform [27].

3. Results
3.1. Plasma Characterization

Probe measurements consisted of determining the current—voltage (I-V) characteristics
of the probe, i.e., the dependence of the current in the probe circuit on the probe voltage
relative to the reference electrode (in this case, the grounded vacuum chamber). Figure 1
shows the probe I-V curves measured at a magnetron discharge power of 80 W as a function
of pressure (corresponding to the deposition conditions of the B coatings). A rightward
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shift in the I-V curve was observed with increasing pressure. However, the slope of the
curves in the exponential transition region and the electron saturation region varied only
slightly; therefore, only minimal variation in the electron temperature (T¢) and electron
density (ne) is expected. Using Druyvesteyn’s method [25], the electron energy distribution
functions (EEDFs) were obtained from the I-V characteristics (Figure 2). All EEDFs follow a
Druyvesteyn distribution, as expected for magnetron discharges [28]. Within the analyzed
pressure range, the plasma dynamics appear unchanged, as indicated by the measurements
of Te and ne. The T, and ne profiles obtained from the processing of the EEDFs are shown
in Figures 3 and 4. Figure 3 shows that T, remains approximately constant, varying in
the range of 3.7-4 eV depending on the pressure considered. As is well known, T, is
primarily governed by the balance between electron heating (due to the electric field) and
electron energy loss processes, mainly through inelastic collisions with neutral atoms or
molecules. Therefore, these results suggest that within this pressure range, the electron
mean free path and collision frequency adjust so that the electron energy distribution and
effective electron temperature reach a quasi-steady state [29,30]. This is supported by the
analysis of the EEDFs (Figure 2); the shape of the EEDFs does not change substantially,
and examining the high-energy tail (>10 eV) shows that the most energetic electrons are
not significantly affected by the increase in pressure. This may indicate that most of the
electrons reaching the probe do not lose significant energy in collisions, and therefore, the
electron temperature and density remain similar, as the more energetic electrons dominate
the probe measurement. These energetic electrons are not significantly thermalized by
collisions with neutral particles.
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Figure 1. I-V characteristics of the probe for the plasma discharge with a boron target and an RF
power of 80 W at different sputtering pressures.
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Figure 2. Electron energy probability functions (EEDs) as a function of pressure at 80 W of
input power.
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Figure 3. T as a function of the sputtering pressure at a fixed RF power of 80 W.
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Figure 4. n; as a function of the sputtering pressure at a fixed RF power of 80 W.

The same applies to the density, which remains at a value around 1.1 x 10'* m~2 and
does not vary significantly over the pressure range considered, as shown in Figure 4.

Assuming quasi-neutrality (ne ~ n;), the ion flux (Figure 4) was estimated using the
Bohm criterion [31]. The ion flux (T;) is only weakly affected by pressure, varying from
1.9 to 2.1 x 10" ions m~2 s~! across the investigated pressure range. Therefore, although
the ion flux reaching the target plays a crucial role in determining the sputtering rate
(SR) of the B target, it does not appear to significantly influence the structural growth of
the deposited coatings. Consequently, as will be discussed in the following section, the
structural properties of the B coatings are mainly determined by the flux of sputtered atoms
arriving at the substrate, including their kinetic energy and scattering processes in the
gas phase.

3.2. Coating Deposition

B coatings were deposited to investigate the effect of sputtering pressure (in the range
of 0.6-5 Pa) on the deposition rate (DR), film density (p), and morphology. With regard to
process pressure, pressures up to 4-5 Pa were explored; however, at these higher pressures,
it was not possible to reliably measure DR or p, since the boron growth mechanism differs
from that of conventional thin-film deposition. Boron coatings deposited by sputtering can
form clusters under certain conditions [32], a phenomenon associated with several factors
related to both the sputtering process and the intrinsic properties of boron. At pressures
of 4-5 Pa, collisional effects significantly reduce the kinetic energy of B atoms, preventing
sufficient surface diffusion to form a uniform coating. As a result, boron tends to aggregate
both as a discontinuous film and as agglomerated clusters. It should also be noted that gas-
phase generation of B clusters (or boron oxides) is likely, particularly at high pressures [33].
The formation of B clusters is detrimental to the deposition of a boron coating. This is
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because the clusters are highly reactive and, in particular, react with the atmosphere upon
exposure to air (these clusters quickly form boron oxides and hydroxides), causing poor
adhesion of coating, cracks, and coating failure (delamination) [34]. It should also be noted
that a low-pressure vacuum chamber can act as a source of residual oxygen—a well-known
phenomenon in vacuum-based processes—due to the outgassing of internal surfaces that
adsorb gases when exposed to the atmosphere. Another factor we consider as a possible
source of oxygen is the purity of the argon gas. As mentioned in the Introduction, since the
sputtering gas used in this work has a purity of 99.999%, the residual oxygen present in the
gas cylinder may play a role comparable [14,19] to that of residual water vapour released
from the materials of the deposition chamber. Figure 5 shows the morphology of the B
coating deposited on Si substrates (with a W interlayer) at 5 Pa. The formation of a boron
structure consisting of both a thin film and clusters can be observed. Cluster formation was
detected even at relatively low pressures, around 3 Pa. Therefore, under our experimental
conditions, no cluster formation was observed at pressures of 2.4 Pa or lower, and the study
was conducted within this pressure range. Moreover, the coating did not exhibit any signs
of immediate delamination upon removal from the deposition reactor.

B clusters \

Si substrate

@ (b)

Figure 5. Top-view (a) and cross-sectional (b) SEM images of the deposited B coatings deposited at 5 Pa.

The deposition rate (DR) and film density (p) were analyzed as a function of sputtering
pressure (Figure 6) while keeping the power constant. The DR did not change significantly
over the pressure range considered. This result can be explained by noting that at lower
pressures, fewer collisions compensate for the reduced ionization (see n. as a function of
sputtering pressure in Figure 4). At higher pressures, the increased ion flux offsets scattering
losses. Therefore, the balance between sputtering and transport remains relatively stable
within this pressure range. In contrast, the p showed a clear dependence on pressure. At
low pressures, the mean free path of sputtered atoms (Figure 7) increases, allowing them to
travel directly to the substrate with minimal scattering and, consequently, limited energy
loss. As a result, adatoms reach the substrate with higher kinetic energy, promoting the
formation of denser coatings. As expected, the highest density (~1.7 g/cm?) was obtained
at 0.6 Pa, although it remains lower than that of bulk boron (~2.3 g/cm?). Conversely, p
decreases at higher pressures due to the increased scattering and energy loss of sputtered
atoms. Similar density values were reported by Yushkov et al. [35].
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Figure 6. Boron DR and coating density as a function of the sputtering pressure at a fixed RF power
of 80 W.
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Figure 7. Estimated value of the mean free path of the B atoms at various Ar pressures.

An important aspect to be evaluated in the deposition of B coatings is the amount
of oxygen that B can incorporate (“capture”) [36]. B has a strong affinity for oxygen and
readily forms stable oxides (such as boron oxide, B,O3), enabling it to effectively scavenge
oxygen. In vacuum processes, B can therefore contribute to maintaining an oxygen-free
environment by reacting with residual oxygen. Even when the sputtering gas does not
contain oxygen, this contaminant is commonly present in the residual atmosphere of the
sputtering chamber [37] and may be incorporated into the growing film during deposition.
In sputtering systems, the presence of residual oxygen is a common phenomenon due
to outgassing from internal surfaces. In fact, the chamber walls, holders, shields, and
targets absorb oxygen, particularly water vapour, when the system is exposed to the
atmosphere [38]. During the sputtering process, these gases are released and become an
indirect source of oxygen. In order to evaluate the variation in oxygen content in the
coatings as a function of the process pressure, the EDX technique was employed. Although
this technique is significantly more sensitive to heavy atoms such as W than to light
elements such as C and O, the oxygen concentration was determined semi-quantitatively
(Figure 8), taking into account a possible error of up to 10-15%. Before focusing on the EDX
analysis, several considerations should be addressed. All coatings were deposited at a base
pressure of 10~* Pa (after 24 h of pumping). EDX analysis was performed immediately
after the deposition process; however, the samples were exposed to air for approximately
2 h. Moreover, no chamber degassing procedure was carried out prior to the sputtering
process. Therefore, assuming a similar atmospheric environment for all the samples, the
variation in oxygen in the coating (gettered O,) can be attributed to the amount of oxygen
outgassed from the chamber materials (except for a few nm of surface oxidation). Returning
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to EDX measurements (Figure 8), varying the pressure produces a significant impact on
film composition as regards the amount of oxygen (at.%). At 0.6 Pa, a minimum value of
gettered oxygen was obtained (=13 & 2 at.%). Taking as a reference one of the applications
of pure boron thin films (=100 nm), such as boronization in tokamaks, where large vacuum
chambers that are not thermally outgassed are used, the amount of gettered oxygen (at.%)
at a pressure of ~1 Pa is similar to that found in this experimental study [39]. The EDX
data indirectly confirm that a higher amount of residual oxygen is present as the pressure
increases, also taking into account that the coating density has decreased.

70 4

0 05 1 15 2 25 3 35 4 45 5 55 6
Pressure [Pa]

Figure 8. O (at.%) of W coatings grown as a function of pressure (at fixed RF power of 80 W).

Figure 9 shows SEM cross-sectional micrographs of B coatings deposited at different
pressures on a Si substrate with a W interlayer. In all samples, the W layer exhibits a
columnar structure, and the subsequent B layer grows conformably on this underlying
structure (as clearly shown in Figure 9, in particular, in (a) where the sample is shown
slightly tilted). This is a clear indication that B atoms have relatively low surface mobility
in this pressure range at 80 W of RF power. Consequently, they may not possess sufficient
energy to diffuse across the W surface and form a relatively dense coating. As confirmed
by the coating density measurements (Figure 6), the density is lower than that of the bulk
material. Examining the cross-section of the coatings grown under varying process pres-
sures, no significant structural differences are observed. The only notable morphological
variation is on the surface of coatings. This is highlighted by the AFM measurements
(Figure 10). Flat regions composed of agglomerates of varying sizes are observed on the
surface. At 0.6 Pa (Figure 10a), an average of one agglomerate is observed within an area of
30 x 30 um?, ranging in size from 2 to 3 um. At 1.2 Pa (Figure 10b), several agglomerates
appear, ranging in size from 2 to 5 um. At 2.4 Pa (Figure 10c), dozens of agglomerates
are observed, typically 1-2 um in lateral size and with heights on the order of 1 pm. The
experimental results indicate that the surface roughness (R;) increases moderately from
2.4 nm at 0.6 Pa to 6.2 nm at 1.2 Pa, and then rises significantly to 150 nm at 2.4 Pa.

The analyses indicate that, in order to obtain a homogeneous coating with low oxygen
content, low roughness and a density as close as possible to that of bulk boron, sputtering
should be performed at low pressures, specifically at 0.6 Pa in the present study. For this
latter condition, to quantitatively evaluate the B and O contents and investigate possible
chemical bonds, including those involving impurities present in the chamber, an XPS
measurement was performed. The XPS depth profile shown in Table 1 illustrates the
chemical behaviour of each element at the surface (without Ar* sputtering) and in the
near-surface region (after 12.0 min of Ar* sputtering, approximately 70 nm below the
surface) of the sample. The oxygen percentage is consistent with the value determined
by EDX. At the surface, N and W were detected (N, originates from the exposure of the
chamber to air, while W contamination results from previous sputtering used to produce
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the interlayer). However, these elements are associated with high uncertainty due to their
low concentrations. C and O show high concentrations at the surface. Most of the detected
carbon originates from adventitious contamination caused by air exposure, leading to
the adsorption of organic species. The components observed at 284.8 eV and 284.3 eV
are attributed to CHy species and graphitic C=C carbon, respectively. The lower binding
energy contributions, in the range of 282-283.5 eV, are assigned to carbon-boron and
carbon-tungsten (C-W) bonds [40]. The oxygen concentration is also high, largely because
boron oxidizes spontaneously in air due to its strong affinity for oxygen. As expected, the
concentrations of C and O decrease with depth, while boron evolves structurally into both
elemental and impurity-bonded forms. The acquired high-resolution spectra after 12 min
of sputtering are peak-fitted into different components (Figure 11).

Si substrate

Figure 9. SEM cross-sectional images of the boron coatings deposited as a function of pressure:
(a) 0.6 Pa, (b) 1.2 Pa and (c) 2.4 Pa.

Table 1. Relative elemental concentrations (at.%) and calculated information depth (nm) for the
sample deposited at 0.6 Pa.

Ar* Sputtering Time B1ls O1s Cls N1s waf Depth (nm)
0.0 min 59.8 20.9 18.2 0.8 0.3 0
12.0 min 81.0 11.4 3.3 3.3 1.0 70

The peaks at approximately 282 eV and 283 eV (Figure 11a) correspond to carbon
atoms bonded to B [12,41,42]. Specifically, they are associated with boron-rich (BxC) and
carbon-rich (BC,) boron carbide, respectively [42-46]. For completeness, although W is
always present at concentrations below 1%, WCy bonds may also form in the low-energy

https://doi.org/10.3390/surfaces9020031


https://doi.org/10.3390/surfaces9020031

Surfaces 2026, 9, 31

110f 16

region. The peak at around 284.8 eV is mainly attributed to C—-C/C-H bonds [47-49].
The high-energy component in the 286-287 eV region can be attributed to the presence
of carbon in various oxygen-containing groups [19,49,50], some of which correspond to
components in the Ols spectrum (Figure 11e) associated with oxygen—carbon bonds. The
Ols spectrum can be fitted with components at 531.5 eV, 532.5 eV, and 533.6 eV, assigned
to O-C, O=C [50], and O-B bonds [50,51], respectively. It should be noted, however, that
a peak in the 531.3-531.7 eV range may also be attributed to oxygen bonded to W [52,53].
The Bls spectrum (Figure 11b) was fitted with six components. The component at 187.5 eV
corresponds to the B-B bond [21], in good agreement with the reported value for bulk
boron [39,54]. Consistent with the C 1s spectrum, the B 1s signal also contains B-C bonds
associated with boron-rich (BxC) and carbon-rich (BCy) boron carbides at 188 eV and
189 eV, respectively [45,50,55,56]. The peak at around 190 eV can be attributed to boron
nitride bonds [57,58]. The feature at approximately 191.7 eV may be assigned to boron
oxides, in which an oxygen atom is coordinated with several boron atoms (Bx-O) [39,59,60],
and/or to boron oxycarbides [55]. The highest-energy component of the B 1s spectrum,
at around 193 eV, together with the corresponding O1s feature at 533.6 eV in Figure 11e,
is clearly characteristic of B,O3 [50,54,61]. Tungsten (Figure 11c) appears as a mixture of
oxides and carbide. The spin-orbit 4f ;, component at a binding energy (BE) of ~31.7 eV
is assigned to WCy, while oxidized W in a sub-stoichiometric form is found at around
~35.2 eV [62-65] and as stoichiometric WO3; at ~36.2 eV [54,63,66]. Nitrogen present
as an impurity also forms chemical bonds within the coating. The N1s high-resolution
spectrum was decomposed into three components with binding energies of 397.9 eV [67,68],
399.5 eV [69], and 402.0 eV [67], corresponding to nitride, C-N bonds, and NH; groups,
respectively (Figure 11d).

15 20 25 Oum 5 10 15 20 25

330 nm 124 nm

(b)

1.01 ym

0.00

Figure 10. AFM images of boron coatings deposited as a function of pressure: (a) 0.6 Pa, (b) 1.2 Pa
and (c) 2.4 Pa.
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Figure 11. XPS peak-fitted spectra of B coating at 0.6 Pa after 12.0 min of Ar*_ion sputtering: (a) Cls,
(b) Bls, (c) W4, (d) N1s, and (e) Ols.

4. Conclusions

Boron (B) coatings with a thickness of approximately 100 nm were deposited on Si
substrates by RF magnetron sputtering as a function of sputtering pressure (0.6-5 Pa) at
a fixed RF power of 80 W. In order to gain an understanding of the plasma properties in
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the sputtering system, a Langmuir probe was used to measure the electron temperature
(Te) and electron density (ne). These parameters did not show a significant dependence
over the pressure range considered. T, remained in the range of 3.7-4.0 eV, while ne
was in the range of 1.0-1.1 x 10'® m~3. Regarding the coatings, the results showed that
density, film morphology, and oxygen content are strongly dependent on the sputtering
pressure. The lowest process pressure resulted in a smooth B coating with minimal oxygen
uptake and higher mass density. In addition, a high reactivity of boron with impurities
present in the process chamber was observed, particularly with oxygen (EDX analyses),
as evidenced by the formation of boron oxides detected by XPS analyses. Deposition at
the lowest sputtering pressure enabled the production of coatings with the lowest oxygen
content (~11%), lower roughness, higher density, and a deposition rate of approximately
30 nm/h. Overall, the results show that the influence of sputtering pressure on plasma
parameters and coating properties has been successfully assessed, providing new insights
into the pressure-dependent trends in boron coating density, surface morphology, and
oxygen incorporation, for which no experimental studies under conditions comparable to
ours have been reported in the literature.
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