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Abstract: The properties of semiconductor materials can be strongly affected by the addition of
metallic nanoparticles. Here we investigate the properties of SiC + Au and Si3N4 + Au thin films
prepared by magnetron sputtering deposition followed by thermal annealing. The influence of
gold addition on the optical and electrical properties is explored. We show the formation of self-
assembled Au nanoparticles in SiC and Si3N4, with the size and arrangement properties determined
by the deposition and annealing conditions. Both SiC- and Si3N4-based films show an increase
in the overall absorption with increasing Au content, and its decrease with increasing annealing
temperature. All films show the presence of surface plasmon resonance, whose peaks shift toward
larger wavelengths with increasing Au nanoparticle size. The resistivity significantly drops with
the Au content increase for both types of matrices, although the resistivity of Si3N4-based films
is much higher. The incorporated quantity of Au in the host matrix was chosen in such a way to
demonstrate that a huge range of optical and electrical characteristics is achievable. The materials are
very interesting for application in opto-electronic devices.

Keywords: SiC; Si3N4; Au nanoparticles; GISAXS; electrical resistivity; surface plasmon resonance

1. Introduction

Silicon carbide (SiC) and silicon nitride (Si3N4) are materials with remarkable proper-
ties, such as wide band gap, high thermal conductivity, extreme hardness, and chemical
inertness [1–10]. SiC is a semiconductor distinguished by high breakdown voltage and
high electron drift velocity [11,12]. On the other hand, Si3N4 is a dielectric with good
insulating properties. Therefore, they have been used extensively in the electronic industry
for microelectronic devices and microelectromechanical systems (MEMS). They improved
the silicon gate technology, and proved to be good passivation materials for power diodes
and highly reliable power device substrates [13–16]. In addition, their application can be
found in sensor and solar cell technology [17,18].

The properties of hitherto known materials can be significantly improved by the ad-
justment of their structure [19,20]. The most interesting structural adjustments intended for
future technologies are reflected in the “insertions” of metal atoms, or nanostructures, into
the host matrix [21,22]. In this context, SiC and Si3N4 matrices show significant potential
for improving their basic electrical, mechanical, and optical properties [23–27].

The preparation and conditioning of nanostructures followed by their insertion in ma-
trices depends on the dimensionality of functional material [28,29]. Depending on the ap-
plication, nanostructures can exist as zero-dimensional quantum dots (QDs) [30,31], one-
dimensional nanofibers/nanotubes/nanorods [32,33], two-dimensional layered semicon-
ductors/insulators, and three-dimensional complex structures [19,34].

In recent years, noble metal nanoparticles (NP) like gold (Au) and silver (Ag), em-
bedded in host matrices, have become very promising candidates for both fundamental
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research and a variety of applications due to their unique mechanical, electrical, optical,
and chemical properties. One of the main features of metal NPs arises during their interac-
tion with an electromagnetic field. The applied field causes charge separation of electrons
and ionic cores, thus creating dipole oscillations in the direction of the field. The maximum
of the amplitude appears at a frequency called surface plasmon resonance (SPR) [35–37].
The exceptional plasmonic and optical properties of Au NPs have been extensively stud-
ied for applications such as: biosensoring [38], laser phototherapy of cancer cells and
tumors [39,40], optical bio-imaging [41], water purification [42], photocatalysis [43], solar
cells [44], and many more. In addition, a recent investigation of MoO3 thin films contain-
ing self-organized Au NPs, prepared by simultaneous magnetron sputtering deposition,
showed that the structural and optical properties of these films can be tailored for various
applications in nanotechnology [45].

In this paper, we investigated structural, optical, and electrical properties of Au + SiC
and Au + Si3N4 thin films produced by magnetron sputtering codeposition. We demon-
strate formation of Au NPs in both matrices differing by their size and arrangement
properties. The size and separation of the NPs can be controlled by the deposition parame-
ters and annealing temperature in the range of roughly 2–5 nm and 3–9 nm, respectively.
The optical and electrical properties of the NPs depend strongly on the matrix in which
they are embedded. The size and separation of the NPs formed in the carbide matrix
increase with the Au concentration, and they have a stable structure upon annealing up to
500 ◦C. On the other hand, the size of Au NPs in the nitride matrix slightly increases with
the annealing treatment. All NPs show SPR, with the shape and position dependent on
their size and the matrix. The surface plasmons of the Au NPs embedded in the nitride
matrix are significantly narrower than those in the carbide one. The films based on carbide
matrices are generally more conductive, but the conductivity depends on the structural
properties of the Au NPs as well.

2. Materials and Methods

Thin SiC + Au and Si3N4 + Au films were prepared by magnetron codeposition
in a multi-source sputtering system (CMS-18 from K.J. Lesker company, Glassport, PA, USA)
on Si (100) and glass substrates. We used 3-inch Au (99.999%), SiC (99.999%), and Si3N4
(99.999%) targets produced by K.J Lesker. The co-deposition of Au (DC-sputtering was
used) and each of the matrices (SiC and Si3N4-RF sputtering mode was used) was per-
formed at 400 ◦C for a duration of 1 h. The elevated temperature enabled formation of
Au nanoparticles from the gold atoms during the deposition. The same procedure is used
for production of different nanoparticles in dielectric matrices [31,34,35,45–47]. The base
pressure in the chamber was 10−7 Pa, and the working gas (Ar) pressure was 0.46 Pa
in a continuous flow. The samples were deposited as thin films at 3 different sputtering
powers of Au in SiC (Au + SiC) and in Si3N4 (Au + Si3N4) matrices, on Si (100) and
glass substrates. The sputtering power for both matrices was 125 W. After the deposition,
the films were annealed in a vacuum (pressure 10−5 mbar) at three different temperatures,
so for each matrix material we have produced nine films differing by the amount of de-
posited gold and the annealing temperature. The samples were exposed to the atmosphere
after the deposition and after the annealing. The deposition and annealing conditions,
together with the sample names, film thicknesses, and Au-to-SiC/ Si3N4 volume ratios are
summarized in Table 1.

The names of the samples are constructed as follows: The first letter of the film
name represents the used matrix (C for SiC and N for Si3N4), followed by the number
showing the Au amount in the films (1, 2 and 3). The second part of the film name
indicates the annealing temperature (T) of the film. Thus, the non-annealed film is marked
with T1, while the film with the highest annealing temperature (500 ◦C) is marked with
T3. For example, the SiC matrix with the smallest amount of Au annealed at 300 ◦C is
named C1T2. The deposition conditions, together with the sample names, and Au-to-
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SiC/Si3N4 volume ratios are summarized in Table 1. The volume ratios are calculated from
the structural parameters.

Table 1. Deposition parameters of the films. PAu indicates the sputtering power of Au, Ta is the annealing
temperature, and Au to SiC/Si3N4 shows the targeted volume ratio of the Au to the matrix.

Sample/Par PAu (W) Ta (◦C) Au to SiC
Volume Ratio Sample/Par PAu (W) Ta (◦C) Au to Si3N4

Volume Ratio

C1T1 1 — 0.05 N1T1 1 — 0.08
C1T2 1 300 0.05 N1T2 1 300 0.08
C1T3 1 500 0.05 N1T3 1 500 0.08
C2T1 3 — 0.09 N2T1 3 — 0.11
C2T2 3 300 0.1 N2T2 3 300 0.11
C2T3 3 500 0.1 N2T3 3 500 0.12
C3T1 5 — 0.16 N3T1 5 — 0.2
C3T2 5 300 0.15 N3T2 5 300 0.2
C3T3 5 500 0.17 N3T3 5 500 0.2

The structural analysis of the films (the nanoparticle formation, their size, and ar-
rangement properties) was performed by Grazing-incidence small-angle X-ray scattering
(GISAXS). Grazing incidence wide angle X-ray scattering (GIWAXS) was applied for the de-
termination of the material’s crystalline structure. Both measurement types were performed
simultaneously at the Austrian SAXS-beamline of Elettra-Sincrotrone in Trieste, using 8 keV
photons, a 2D 100k Pilatus (for GIWAXS) and a 2D Pilatus3 1M (for GISAXS) detector
system (Dectris Ltd., Switzerland). The GISAXS and GIWAXS maps were measured using
grazing incidence angles slightly above the critical angle.

Optical measurements were carried out using Ocean Optics equipment, including
a deuterium-halogen light source (DH-2000-BAL), a UV/VIS detector and spectrometer
(HR4000), and SpectraSuite software.

The transport properties of the films were investigated by the measurement of the sur-
face resistance using the van der Pauw four contact method [48] at room temperature.
Indium contacts were placed on the sample edges. All current-voltage (I–V) measurements
were performed with a Keithley 2401 Sourcemeter SMU, while the LabView program was
used for control and data collection.

3. Results and Discussion
3.1. Structural Properties of the Films
3.1.1. Nanoparticle Formation and Their Size-Arrangement Properties

The NP shape and size properties are analyzed using GISAXS technique. This tech-
nique provides data with excellent statistics (up to 1012 NPs in the illuminated volume),
and it is proven in many similar systems to give accurate data in excellent agreement
with microscopy measurements of the same film [49–54]. The GISAXS maps of the films
are shown in Figure 1. Figure 1a shows the GISAXS maps of SiC + Au films, while
Figure 1b shows GISAXS maps of Si3N4 + Au thin films. All maps have a characteristic
semicircular (ring-like) signal, which shows the presence of Au NPs that have a correlated
mutual first neighbor spacing (inter-nanoparticle distance). In addition, all presented maps
have features in the center that originate from the coherent scattering, surface roughness,
and the entire film thickness contributions. However, these features are not interesting for
the analysis of the NP structural and arrangement properties. Therefore, our attention is
fully devoted to the ring-like signal which decreases with increasing Au content in the films
for both types of matrices (C1–C3 and N1–N3), showing an increase in the distance between
the NPs and in the NP size.
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Figure 1. GISAXS maps of the investigated films. (a) Au NPs in SiC matrix, (b) Au NPs in Si3N4

matrix. The insets show the simulated GISAXS maps calculated using the parameters of the fit, given
in Table 2.

Table 2. Parameters of the Au QD lattices found by GISAXS analysis and their errors. a and c are
the lateral and vertical separation of Au NPs, respectively. σ1−3

x,y,z are the deviation parameters, σR

is standard deviation of the size distribution, and RL and RV are the Au NP lateral and vertical radii,
respectively. All values are given in nm.

Sample/Par a c σ1,2
x,y σ1,2

z σ3
x,y σ3

z RL RV σR

C1T1 3.9 ± 0.3 3.9 ± 0.3 1.2 ± 0.2 1.0 ± 0.2 1.5 ± 0.2 0.9 ± 0.1 0.9 ± 0.2 1.0 ± 0.2 0.23 ± 0.08
C1T2 4.2 ± 0.3 4.2 ± 0.3 1.3 ± 0.2 1.1 ± 0.2 1.4 ± 0.2 0.9 ± 0.1 0.8 ± 0.2 1.1 ± 0.2 0.24 ± 0.07
C1T3 4.5 ± 0.3 4.5 ± 0.3 1.4 ± 0.2 1.1 ± 0.2 1.5 ± 0.2 1.0 ± 0.1 0.8 ± 0.2 1.0 ± 0.2 0.23 ± 0.08
C2T1 6.8 ± 0.2 4.8 ± 0.5 2.6 ± 0.2 2.2 ± 0.2 2.3 ± 0.2 1.7 ± 0.1 1.4 ± 0.2 2.1 ± 0.3 0.49 ± 0.08
C2T2 6.6 ± 0.2 4.5 ± 0.5 2.7 ± 0.2 1.9 ± 0.3 2.2 ± 0.3 1.9 ± 0.2 1.5 ± 0.2 2.3 ± 0.3 0.48 ± 0.09
C2T3 6.6 ± 0.2 4.5 ± 0.5 2.7 ± 0.3 2.2 ± 0.2 2.0 ± 0.3 1.7 ± 0.1 1.6 ± 0.3 2.0 ± 0.4 0.48 ± 0.08
C3T1 7.8 ± 0.2 6.9 ± 0.6 3.0 ± 0.3 1.7 ± 0.3 2.1 ± 0.3 2.2 ± 0.3 2.1 ± 0.3 2.7 ± 0.3 0.56 ± 0.08
C3T2 8.5 ± 0.2 6.5 ± 0.6 3.1 ± 0.3 1.9 ± 0.3 2.1 ± 0.3 2.3 ± 0.3 2.1 ± 0.3 2.9 ± 0.3 0.56 ± 0.08
C3T3 8.7 ± 0.2 6.2 ± 0.6 3.4 ± 0.3 2.3 ± 0.3 2.1 ± 0.3 2.2 ± 0.3 2.1 ± 0.3 2.3 ± 0.4 0.57 ± 0.09
N1T1 4.8 ± 0.2 4.4 ± 0.2 1.4 ± 0.2 1.9 ± 0.2 2.1 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 1.4 ± 0.2 0.18 ± 0.04
N1T2 4.8 ± 0.2 4.4 ± 0.2 1.5 ± 0.2 2.2 ± 0.2 1.9 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 1.4 ± 0.2 0.18 ± 0.04
N1T3 5.2 ± 0.2 4.4 ± 0.2 1.4 ± 0.2 2.3 ± 0.2 1.9 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 1.5 ± 0.2 0.18 ± 0.04
N2T1 4.9 ± 0.2 4.5 ± 0.2 1.6 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 1.3 ± 0.1 1.3 ± 0.2 1.4 ± 0.2 0.19 ± 0.05
N2T2 4.9 ± 0.5 4.5 ± 0.4 1.6 ± 0.4 2.5 ± 0.4 1.8 ± 0.3 1.4 ± 0.2 1.3 ± 0.2 1.5 ± 0.2 0.19 ± 0.04
N2T3 4.9 ± 0.5 5.3 ± 0.4 1.6 ± 0.4 3.3 ± 0.4 1.8 ± 0.3 1.8 ± 0.3 1.4 ± 0.2 1.5 ± 0.2 0.19 ± 0.04
N3T1 6.3 ± 0.2 4.6 ± 0.2 1.4 ± 0.1 2.0 ± 0.2 2.0 ± 0.2 1.3 ± 0.2 1.7 ± 0.2 2.1 ± 0.2 0.31 ± 0.05
N3T2 6.3 ± 0.5 4.6 ± 0.5 1.8 ± 0.4 3.4 ± 0.4 1.4 ± 0.4 1.8 ± 0.4 1.9 ± 0.2 2.2 ± 0.2 0.33 ± 0.06
N3T3 6.4 ± 0.5 4.9 ± 0.5 1.2 ± 0.4 1.2 ± 0.2 1.4 ± 0.4 1.8 ± 0.4 2.0 ± 0.2 2.2 ± 0.2 0.34 ± 0.06

To obtain the details of the structural properties, we performed a numerical analysis of
the GISAXS maps using the model described in Reference [49]. More precisely, we assumed
that the NPs order in a body-centered tetragonal lattice, panned by three basis vectors
of which a1 and a2 are parallel to the substrate surface, while a3 describes the ordering
of the NPs in the direction perpendicular to the film surface. A short-range ordering is
assumed along all basis vectors. The irregularities in the NP lattice ordering, i.e., the de-
viations from the ideal positions defined by the basis vectors a1–a3, are described by four
deviation parameters: σ1,2

x,y, σ3
x,y, and σ1,2

z describe the degree of deviation of the NP po-
sitions from the ideal ones in the direction parallel to the film substrate, while σ3

z describes
the deviation in the direction perpendicular to the film substrate. The radii of the NPs are
denoted by RL and RV for the directions parallel and perpendicular to the film substrate,
respectively. The standard deviation of the size distribution is denoted by σR. For more
details about the model used, and the relationship of the model and the parameters listed
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above, please see Reference [49]. The results of the numerical analysis are given in Table 2,
while the simulated GISAXS maps, obtained using these parameters are given in insets of
Figure 1.

The structural properties of the NPs in the SiC + Au and Si3N4 + Au thin films,
given in Table 2, are summarized in Figure 2. It shows the dependence of the structural
parameters, i.e., the inter-NP separation a, the vertical separation c, the lateral NP radius
RL, and the vertical NP radisus RV on annealing temperature for various Au sputtering
powers. From Figure 2a–c, it follows that for the carbide matrix-based films all structural
parameters increase with increasing Au sputtering power, while the annealing treatment
has no significant effect. Similar results are obtained for the films based on the nitride
matrix. The 3D lattice parameters tend to slightly increase with an increase in the Au
sputtering power (Figure 2d–f), but the annealing has a more pronounced effect due to
the nature of the nitride matrix, as will be discussed later. The effective radius of the Au NP
increases slightly with both increasing Au sputtering power and annealing temperature.
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3.1.2. Nanoparticle Internal Structure–Crystalline Properties

The GIWAXS analysis revealed the crystalline structure of the films. The measured
curves are shown in Figure 3. Au NPs in SiC (Figure 3a–c) and Si3N4 matrices (Figure 3d–f)
are represented by the peaks (111), (200), and (220) at 38.1, 44.3, and 64.5 degrees, respectively.
The presence of the peaks clearly shows formation of crystalline gold NPs. The peaks are
broad, especially for the films C1T1–C1T3, indicating a very small size of the formed Au NPs.
For the same Au concentration, the width of the peaks does not change significantly with
the annealing temperature. Therefore, the Au NPs are crystalline already after the deposition.
However, a higher Au content induces narrower peaks, which is in agreement with the NP
size increase found also by GISAXS analysis. The analysis of the width of the crystalline
peaks using the Debye–Scherrer formula gives the rough estimation of the gold NP crys-
talline grain radii (Rc): Rc(C1) = 0.8 ± 0.2 nm, Rc (C2) = 1.2 ± 0.2 nm, Rc (C3) = 1.6 ± 0.4 nm,
and Rc(N1) = 1.2 ± 0.2 nm, Rc (N2) = 1.4 ± 0.2 nm, Rc (N3) = 1.5 ± 0.4 nm. The average val-
ues for all three annealing temperatures of the same sample type are taken (for example,
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C1 is average for C1T1–C1T3), because this method provides a rough estimation only.
However, the results are in good agreement with the GISAXS results, confirming formation
of gold NPs.
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3.2. Optical Properties of the Films

The optical properties of the films (absorbance vs. wavelength) are shown in Figure 4.
The absorption curves of the films are shown in Figure 4a–c for SiC-based films and
in Figure 4d–f for Si3N4-based films. The value of the absorption increases with an increas-
ing amount of Au for both types of matrices. Furthermore, the overall absorption slightly
decreases with increasing annealing temperature at constant Au sputtering power (PAu) for
all samples. This trend can be explained by the variation in the absorption index of the host
matrix. For example, the absorption index of pure SiC thin film decreases with increasing
annealing temperature, which is attributed to a relaxation of the network of the amorphous
material [55].

All investigated films show the presence of Au surface plasmon resonances (SPR).
To see better the properties of the SPR peaks, we have subtracted the matrix contribution
to the absorptance. The obtained SPR contributions are shown in the insets of Figure 4.
From the shown insets it is clear that the peak position, their width, and maximal intensity
change significantly with the deposition conditions. These main properties of the peaks
are analyzed and summarized in Table 3. The most obvious property is that the SPR peaks
are much more pronounced for the nitride matrix, so their maximal intensity is about
10 times higher than for the peaks measured for the carbide matrix. The second clearly
visible property is that the full width of the peaks at half maximum (FWHM) is smallest for
the films with smaller gold NPs, and the widths are smaller for the nitride matrix than for
the carbide. The largest difference in the SPR peak position is visible for the largest Au NPs.
Thus, the SPR of the carbide matrix has a maximum of around 620 nm for the film with
the largest Au NPs (Figure 4c), whereas the plasmon of the nitride matrix with the largest
Au NPs (Figure 4f) has its maximum close to 570 nm. It is well known that the position
of the SPR peak depends on the Au NP size and shape, and on the matrix properties,
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too [36]. It is clear from Figure 4 that for both the SiC and Si3N4 matrices, the plasmon
peak shifts toward higher wavelengths (redshift) with increasing Au content (and Au NPs
size). This shift is more pronounced in SiC-based thin films because the NP’s size changes
to a larger extent (see parameters RL and RV , Table 2). The observed shift of the SPR
peak could be explained by the Mie theory, but it is shown that this theory is valid only
for NPs of a diameter greater than 20 nm [56]. Our NPs are much smaller (smaller than
5 nm in diameter), and they approach the quantum size regime where both increased
surface interactions and the quantum confinement affect the motion of electrons, which
results in a Au optical constant modification. Therefore, in order to properly describe
these modifications, which are the main reason for the observed redshift of the SPR peak,
quantum mechanical effects, i.e., the discretization of the energy levels in the conduction
band, must be taken into account [57]. On the basis of the above discussion, it could be
concluded that, at constant sputtering power, the peaks will shift to higher wavelengths
with an increase in the NP’s size due to the annealing. However, not only is the NP affected
by the annealing, it is also reported that the index of refraction decreases with increasing
annealing temperature for both SiC and Si3N4 thin films [57]. Therefore, the reason for
a slight shift of the SPR peak at constant Au sputtering power is competition of the blueshift,
due to change in the optical properties of the host medium caused by annealing treatment
and redshift due to the change in the NP’s size [58].
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Table 3. Parameters of the SPR contribution to the absorptance spectra. The peak position, its full
width at half maximum (FWHM) and its maximal intensity (Peak max.) are shown. The unit of
the maximum of the peak is percentage of the absorptance.

Par/Sample C1T1 C1T2 C1T3 C2T1 C2T2 C2T3 C3T1 C3T2 C3T3

Peak pos. (nm) 590 ± 4 544 ± 2 542 ± 2 586 567 562 620 620 620
FWHM (nm) 132 102 96 197 184 210 254 255 255

Peak max. (%) 0.5 1.0 1.5 1.5 1.9 2.2 1.3 1.0 1.0

Par/Sample N1T1 N1T2 N1T3 N2T1 N2T2 N2T3 N3T1 N3T2 N3T3

Peak pos. (nm) 537 550 541 560 555 558 570 570 549
FWHM (nm) 101 107 111 157 150 148 200 201 211

Peak max. (%) 10.8 10.7 13.0 8.8 9.8 10.6 4.0 3.3 3.3

As far as the peak width is concerned, the surface plasmons of the nitride matrix are
significantly narrower that in the carbide one. Moreover, the width of the plasmon peaks
in the SiC matrix are increasing with increasing Au NP’s size. The narrowing of the peak
is the consequence of the narrowing of the Au NPs’ size distribution; the distribution is
narrower for the nitride-based materials (see the parameter σR, Table 2).

3.3. Electrical Properties of the Films

The dependence of the measured sheet resistance of the films on the annealing tempera-
ture is given in Figure 5. Figure 5a,b show the sheet resistance of SiC-based and Si3N4-based
thin films, respectively. Both materials show a significant dependence on the resistance
of the Au concentration, as it strongly drops with an increasing Au amount. The sheet
resistance of the SiC films slightly increases with increasing annealing temperature, up to
300 ◦C, while for 500 ◦C a drop occurs. This is evident in the films with the highest and
the smallest amount of Au. On the other hand, in C2 samples, the resistivity increases
with increasing annealing temperature for the whole temperature range. The values of
the measured sheets’ resistances are significantly smaller than those measured for pure SiC
films, approximately 100 to 300 times (according to pure SiC data in Ref. [12]) for the lowest
and highest Au concentration (C1 and C3).

In pure SiC thin film, the dominant role in transport mechanism at room temperature is
hopping between localized states [59,60]. Transport mechanisms can be controlled by the de-
position conditions. For example, the conductivity of amorphous SiC thin film depends
significantly on the porosity of the material introduced by the deposition conditions [60].
Although, in recent investigations many different deposition parameters were examined,
films with a resistivity of less than 200 kΩcm could not be obtained [61]. The smallest
obtained resistivity is still about two orders of magnitude larger than the resistivity of
Au-based films deposited in the SiC matrix that we have produced. Thus, we believe that
the origin of the resistance decrease with increasing Au volume fraction (Figure 5c) might
be due to the increase in electron density of localized states near the Fermi level caused
by the insertion of Au nanoparticles. This assumption is supported by the dependence
of resistance on the Au NP separation, also shown on Figure 5c. Nevertheless, increasing
the Au volume fraction in the unite cell of the SiC matrix might lead to the tunneling
between Au NPs, but the decrease in the resistance with increasing Au NP separation
suggests that the hopping between localized states is still the dominant transport mech-
anism. The separations between the NPs are quite large for the tunneling (3.6 nm and
3.7 nm for films C1 and C2), which also supports the given assumption. On the other side,
the film with C1 has the largest Au NP surface to volume ratio, due to the formation of
large number of small Au NPs.
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Figure 5b shows the sheet resistance of the Si3N4-based films. Here, in regard to
SiC-based films, the resistance is significantly higher because amorphous Si3N4 is dielectric
in nature. It is evident that the Au content in the films significantly influences the resistivity.
Thus, as the Au volume fraction (Figure 5d) in the films is increased, the resistivity drops
dramatically. The resistivity of N2 samples is two orders of magnitude smaller than for N1
samples, while the drop in resistance is even higher for N3 samples (about three orders of
magnitude). The Au NP separation for the nitride-based films is smaller than for the SiC
case (3.05 nm to 2.6 nm for films N1 to N3), so the tunneling between the NPs is much more
probable. The dependence of the resistivity on the Au NP separation agreed excellently
with its dependence on the Au volume fraction in the case of the nitride matrix, as visible
from Figure 5d. Therefore, in the case of dielectric Si3N4 matrix, which is much more
resistant than SiC, tunneling is the main transport mechanism. However, the resistance
might also be affected by the number of silicon dangling bonds [62]. The number of Si
dangling bonds depends on the content of nitrogen and on the annealing temperature.
It was shown that for annealing at 500 ◦C some of Si-N bonds broke and the resistance
of the films began to drop [63]. Figure 5b shows that the samples with the smallest Au
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amount and the largest Au NP separation (N1) exhibit a similar behavior. On the other
hand, when the content of Au is increased, like in the N2 and N3 samples, the dependence
of the resistance on the number of Si dangling bonds and on the content of nitrogen
can be neglected. Here, the dominant role in the transport mechanism is taken over by
the tunneling between Au NPs.

4. Conclusions

We studied Au + SiC and Au + Si3N4 thin films prepared by magnetron sputtering
codeposition and annealed at temperatures low enough to avoid crystallization of the amor-
phous matrices and the evaporation of gold. The parameters of the Au nanoparticles
and structural parameters of these films, together with their main optical and transport
properties, were explored. A detailed structural analysis shows that Au forms sphere-like
NPs in both the SiC and Si3N4 matrices. The Au NPs turned out to be well arranged
in a 3D lattice. It was possible to show the relationship between the parameters of the Au
NP lattice and the deposition condition. Moreover, adjusting the sputtering power and
annealing temperature results in tunable dimensions and arrangement properties of the Au
NPs. The UV-VIS absorption spectra of the SiC- and Si3N4-based films are very similar.
All films show a decrease in the absorption with decreasing Au content and increasing
annealing temperature. In addition, they show a size- and temperature-dependent surface
plasmon resonance peak. This SPR peak redshifts with increasing Au NP size for both
types of matrices. The temperature-dependence of the SPR peak position is not so clear
because, besides the Au NP size, the matrix optical constant changes with annealing treat-
ment as well. As far as the peak width is concerned, the surface plasmons of the nitride
matrix are significantly narrower than in the carbide one. The investigated films show
the same trend in the resistivity. The resistivity of both the SiC- and Si3N4-based films in-
creases with increasing Au content. The resistivity of the films decreases significantly with
the Au concentration. The drop is especially pronounced for the nitride-based films, where
the change by several orders of magnitude are found. The main charge transport proper-
ties in the silicon-carbide based films are governed by the structure of SiC matrix, while
tunneling between the Au NPs is the main transport mechanism in the nitride-based films.
All studied materials have a huge application potential, in everything from biomedicine to
nanotechnologies.
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