
energies

Article

Formation of Graphite-Copper/N-Silicon Schottky Photovoltaic
Diodes Using Different Plasma Technologies
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3 Department of Physics, Kaunas University of Technology, Studentų Str. 50, LT-44249 Kaunas, Lithuania;
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Abstract: Plasma spraying and magnetron sputtering were used to form graphite–copper films on an
n-type silicon surface. The main objective of this work was to compare the properties of the obtained
graphite–copper Schottky photodiodes prepared using two different layer formation methods and to
evaluate the influence of copper content on the surface morphology, phase structure, and photovoltaic
characteristics of the graphite–copper films. Surface morphology analysis shows that the surface
of the formed layers using either plasma spraying technology or the magnetron sputtering method
consists of various sphere-shaped microstructures. The X-ray diffraction measurements demonstrated
that the graphite–copper coatings formed by plasma spraying were crystalline phase. Meanwhile,
the films deposited by magnetron sputtering were amorphous when the copper concentration was
up to 9.7 at.%. The increase in copper content in the films led to the formation of Cu crystalline phase.
Schottky diodes formed using magnetron sputtering technology had a maximum current density
of 220 mA/cm2 at 5 V. Meanwhile, the maximum electric current density of Schottky photodiodes
formed using plasma spraying reached 3.8 mA/cm2. It was demonstrated that the efficiency of
Schottky diodes formed using magnetron sputtering was up to 60 times higher than Schottky diodes
formed using plasma spraying.

Keywords: plasma spraying; magnetron sputtering; copper; graphite; Schottky photodiodes;
photovoltaic

1. Introduction

In recent years, a number of studies related to the semiconductor (P-N) junction or
the metal semiconductor junction (Schottky diodes) have been carried out, as well as
experimental and theoretical studies of solar cells formed using these structures [1–5]. The
technological reliability of these structures depends in particular on the peculiarities of
the formation, for example: the properties of the metal–semiconductor interface at the
junction, the heterogeneity of Schottky barrier contacts, and the resistance of serial diodes
to environmental influences. In order to form high-quality Schottky diode heterojunctions
suitable for the production of photovoltaic cells, it is necessary to use metals with low
surface energy (up to 3–4 eV) that allow for the easy release of electric charge carriers while
interacting with sunlight [5–7].

Compared to typical p-n junction diodes, Schottky diodes can pass higher currents
and, depending on the height of the barrier, have a saturation current that is several orders
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of magnitude higher. For these reasons, Schottky diodes are more commonly used in areas
where high currents and low voltages are required. A major advantage of the Schottky
diodes is that they do not have side charge carriers, which eliminates the problem of their
recombination, which is relevant to p-n diodes. This means that Schottky diodes are faster
and more suitable to use in digital logic circuits. Rapid Schottky photodiodes are used for
optical communications and optical measurements as well as in cheap solar cells [8–12].

Because the solar cells are usually exposed to a variety of outdoor conditions, they
must be resistant to environmental influences or contain an additional protective layer
that lowers the interaction of light with Schottky junctions. Such design features of pho-
tovoltaic cells increase the cost of solar cells and reduce the efficiency. To avoid these
shortcomings, attempts have been made to look for solutions using different composites of
materials [8–14]. One such composite is a graphite–copper layer [15–21]. The copper in the
composite ensures good electrical conductivity and sufficient plasticity, while the graphite
provides good resistance to environmental influences (e.g., air humidity, temperature fluc-
tuations). In addition, these materials are quite cheap compared with others used in the
production of photovoltaic cells. The copper in the composite ensures good contact with the
silicon surface. In this way, it is possible to form high-quality Schottky photodiodes suitable
for the production of solar cells. A solar cell with the required power can be obtained using
Schottky diode arrays and a mixed electrical connection. Various technologies are used to
form graphite–copper composites or composite coatings, such as hot pressing sintering,
electroless plating, magnetron sputtering, and plasma spraying [15–25].

Using plasma spraying technology, the formation of the coating or composite coating
on the substrate is fairly rapid (about 1–3 min), while the injection of the primary powder
mixture into the plasma generator chamber is performed using special dispensers of the
powder mixture mixed at the required ratio. Sufficient adhesion between the coating
and the substrate (e.g., a Si substrate) is ensured by selecting appropriate technological
parameters, such as plasma flow temperature, plasma-forming gas flow rate, and coating
formation time [24,26–28].

Magnetron sputtering enables us to control the thickness of the deposited layer with
sufficient precision, which saves materials used in the production of photovoltaic cells. The
main disadvantage of this technology is that the process of forming the composite layer
takes up to several hours as a deep vacuum must be achieved in the vacuum chamber
beforehand [20–23].

This work was performed because there is a lack of data in the scientific literature on
the employment of plasma spraying for the production of Schottky photodiodes. Thus,
there are no data on the comparison of plasma spraying’s suitability and magnetron
sputtering’s suitability for the formation of Schottky photodiodes. The graphite–copper
mixture was chosen in order to avoid the copper’s oxidation as much as possible and to
prolong the lifecycle of the batteries and their resistance to the environment. The main
factor determining the performance of Schottky photodiodes is the copper-to-graphite ratio
in the composite.

The aim of this research is to find the optimal elemental composition of graphite–
copper composite films at which the Schottky photodiodes prepared using plasma spraying
and magnetron sputtering technologies would have the highest properties.

2. The Experimental Setup

Plasma spraying technology was used to form the coatings for Schottky photodiodes.
The plasma spraying technological stand was developed and tested in the Plasma Pro-
cessing Laboratory of the Lithuanian Energy Institute (Kaunas, Lithuania) [24]. Schottky
photodiodes were deposited using graphite and copper feedstock powder mixtures. The
copper powders used for the spraying were ~44 µm in size and of 99% purity (Alfa Aesar
GmbH, Karlsruhe, Germany). The graphite powders used for the deposition were of
an irregular shape (mark JX-NGF2, J&X Tech Co., Ltd. Shenzhen, China). The graphite
powder size range was determined by sieving the initial powder using 150 µm and 20 µm
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meshes and separating larger and smaller particles from the powder. The specific surface
area of the graphite powder was about 1.84 m2/g. The amounts of copper in the feed-
stock powder mixtures were 10 wt.% (Gr-10Cu), 20 wt.% (Gr-20Cu), 40 wt.% (Gr-40Cu),
and 60 wt.% (Gr-60Cu). Graphite (Gr) or copper (Cu) coatings using only the copper or
graphite powder were also formed. The graphite and copper powders were mixed using a
powder mixer. The mixing process lasted for 12 h. The coatings were formed on n-type
silicon substrates with a thickness of 500 µm, a specific resistance of 100 Ω × cm−1, and
crystallographic orientation <100>. The feedstock powder was injected tangentially into
the plasma generator using a special dosing system. The layers were formed at a plasma
generator arc current of 200 A and a power of ~17.0 kW using argon gas. The distance
between the plasma generator nozzle’s exit and the surface of the cooled Si substrate was
75 mm. The deposition duration was 60 s.

Carbon–copper thin films were grown on a silicon substrate using a layer-by-layer
direct current (DC) magnetron deposition method [29]. The films were grown using two
flat magnetrons, each equipped with 3-inch diameter graphite and copper targets (from
Kurt. J. Lesker Company). They were aligned to be at the same height, parallel to each
other. Deposition was done in a 1 Pa argon environment at a substrate temperature of
400 ◦C. The substrate holder moved parallel to the targets in a pendulum-like motion at
a frequency of 0.3 Hz. When the substrate moved above each operating magnetron, a
layer of atoms was deposited on the Si substrate. The substrate was positioned to be at a
distance of 65 mm from the targets. Several series of thin films were deposited. First, a film
(MS1) using only the graphite target at a 1.5 A current was sputtered. The carbon–copper
composite films MS2 (graphite target current I = 1.5 A and Cu target current I = 0.1 A), MS3
(graphite I = 1.5 A and Cu I = 0.3 A), and MS4 (graphite I = 1.5 A and Cu I = 0.4 A) were
deposited. Finally, a copper film (MS5) using only a Cu target at a fixed 0.4 A current was
sputtered. The entire growth process took 20 min for all films.

A Hitachi S-3400 N scanning electron microscope (Hitachi, Tokyo, Japan) was em-
ployed to analyze the morphology of the produced coatings. The elemental composition
of the coatings was estimated by energy-dispersive X-ray spectroscopy (EDS) using a
Bruker Quad 5040 spectrometer (Hamburg, Germany). The coating structure was ana-
lyzed by X-ray diffraction (XRD) (DRON-UM1, with standard Bragg–Brentano focusing
geometry) in a 10–100◦ range applying CuKα (λ = 0.154059 nm) radiation. The structure of
films deposited by magnetron sputtering was measured by a D8 Discover X-ray diffrac-
tometer (Bruker ASX GmbH, Billerica, MA, USA) using the glancing (grazing) incidence
configuration in a 20–55◦ range at a 0.2 angle of incidence.

The photovoltaic properties of the manufactured Schottky photodiodes (heterojunc-
tions) were investigated using a Keithley 5487 multimeter. The efficiency of Schottky
photodiodes was evaluated as expressed by the formula:

η =
Pout

Pin
∗ 100%

there Pout is the electric power generated by the Schottky photodiodes, and Pin is the power
of the radiation applied to the photodiode.

3. The Results of the Experiment

Figure 1 shows micro relief images of the surface of copper–graphite composite
coatings when they were formed by plasma spraying. Figure 1a shows the surface of
the coating formed using only the graphite powder. In this case, the surface consists of
irregularly shaped microstructures and micro-islands, which were possibly formed by the
sublimation of the primary powder and smashing on the surface of the silicon substrate at
high speed. Figure 1b shows the surface of the coating prepared using 10 wt.% of copper
in the feedstock powder. In this case, the surface is composed of irregularly shaped
microstructures. As can be seen from the SEM surface image of the Gr-10Cu coating, the
predominant structure is composed of irregularly shaped micro-islands. Figure 1c shows
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the surface morphology of the Gr-20Cu coating. It is probable that in this case the surface
of silicon is reached by a higher number of partially or fully melted copper particles, so the
surface structure is composed of solid microsplats with a diameter of about 10 µm.

Figure 1. Surface morphology of (a) graphite, (b) Gr-10Cu, (c) Gr-20Cu, (d) Gr-40Cu, (e) Gr-60Cu, and (f) copper films
deposited using plasma spraying.

Figure 1d,e show the coating surfaces when the amount of copper in the feedstock
powder mixtures injected into the plasma jet during the experiment was 40 wt.% and
60 wt.%, respectively. In this case, the surface morphology is composed of various mi-
crostructures. As can be seen, some of them are spherical in shape. Such a surface structure
can be explained by the fact that when copper is dominant, these particles partially or
completely melt inside the plasma jet to form droplet-shaped microparticles because the
droplet surface energy is the lowest. Figure 1f shows the surface of the coating sprayed
using only the copper powder. In this case, the predominant structure of the surface is
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composed of spherical particles with a diameter of about 1–5 µm and fully melted splats.
This can be explained by the fact that, as in the Figure 1d,e cases, the surface is bombarded
by completely molten copper particles that, after solidification, form sphere-shaped splats
and particles of such microstructures have the lowest surface energy [24,28,30].

SEM surface images of films deposited by magnetron sputtering are presented in
Figure 2. Figure 2a shows the surface morphology of the MS1 film (deposited using only a
graphite cathode). As can be seen, the surface is uniform and smooth. Hence, in this case,
the carbon layer is evenly distributed over the entire surface of the substrate. Figure 2b
shows the surface of the MS2 film when the formation took place using two cathodes—
graphite and copper. The addition of copper slightly increased the surface roughness and
structures with a small size (~0.1 µm in diameter) were formed. This can be explained
by the fact that, when the copper atoms reach the surface, they form droplet-shaped
spherical microstructures [21,23]. Figure 2c–e shows the surfaces of the MS3 and MS4
films deposited when the copper target current was increased up to 0.3 A and 0.4 A,
respectively. In both of these cases, the content of copper in the films was increased and
larger-sized microstructures resembling a sphere were deposited. The diameter of the
sphere-like particles forming the surfaces in this case varied in the range of 0.2–0.5 µm. It
was demonstrated that the Cu clusters segregate from the carbon phase and the formation
of microparticles occurs [20,21]. In addition, the incorporation and enhancement of Cu
content in the carbon matrix increases the roughness of the films [20]. Figure 2f shows the
surface morphology of the film when the film was formed on a silicon substrate using only
a copper cathode. As can be seen, the surface is composed of irregularly shaped grains,
some of which resemble irregular trapezoids. Meanwhile, the morphology of the resulting
surface in this case is somewhat reminiscent of isles.

Table 1 presents the results of the EDS analysis describing the distribution of copper,
carbon, silicon, and oxygen on the surface of the formed films. Table 1 presents the ele-
mental composition when the films were formed using magnetron sputtering and plasma
spraying techniques without and with elimination of the Si substrate’s influence. Analysis
of the EDS results shows that the oxygen content is 2.3 at.% in the MS1 film. Such an
amount of oxygen is influenced by the fact that the deposition was performed at a pressure
of ~1 Pa and in the small amount of residual air that was left in the vacuum chamber.
The highest concentration of oxygen (~18.2 at.%) was obtained when the copper film was
deposited. When using magnetron sputtering for the formation of copper coatings, some
of the copper can be converted into copper oxide or copper silicide at higher tempera-
tures [31,32]. The highest oxygen content of 6.5 at.% was obtained in the graphite film
when the deposition of coatings was done by plasma spraying technology. This can be
explained by the fact that, during the formation of graphite coatings, the surface develops
a porous structure and oxygen is absorbed onto the surface of the formed micropores.
Meanwhile, the introduction of additional copper particles into the plasma jet (when the
copper content in the feedstock powder ranged from 10 to 60 wt.%) reduced the amount of
oxygen by about 2 times and reached about ~3.0 at.% for all samples.
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Figure 2. Surface morphology of the (a) MS1, (b) MS2, (c) MS3, (d,e) MS4, and (f) MS5 films obtained using magnetron sputtering.
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Table 1. Elemental composition of films formed using magnetron sputtering and plasma spraying
(as deposited and recalculated with the elimination of Si).

Coating C, at.% Cu, at.% O, at.% Si, at.% C, at.% Cu, at.% O, at.%

MS1 22.3 0 2.3 75.4 90.7 0 9.3
MS2 23.3 2.8 2.9 71.0 80.3 9.7 10.0
MS3 8.6 2.6 1.5 87.3 67.8 20.6 11.6
MS4 16.2 17.3 7.2 59.3 39.8 42.4 17.8
MS5 2.6 19.6 18.2 59.6 6.5 48.5 45.0

Gr 49.6 2.9 6.5 40 84.0 5.0 11.0
Gr-10Cu 4.2 30.2 2.9 62.6 11.2 81.0 7.9
Gr-20Cu 3.5 29.4 3.1 63.8 9.7 81.6 8.6
Gr-40Cu 29.0 47.6 2.9 20.5 36.5 59.9 3.6
Gr-60Cu 20.7 44.7 2.8 31.8 30.4 65.5 4.1

Cu 0 88.5 2.6 8.9 0 97.1 2.9

However, in order to determine the actual composition of deposited films, the Si con-
tent was removed (Table 1). It was found that the MS1 film consisted of carbon (~90.7 at.%)
and oxygen (9.3 at.%). Meanwhile, the oxygen concentration remained similar (~10.0 at.%)
when a low amount of copper (~9.7 at.%) was inserted into the MS2 film. It should be
noted that the concentration of the oxygen was slightly enhanced to 11.6 at.% when the
copper content reached 20.6 at.% in the film (Table 1). However, the oxygen content was
~17.8 at.% when the concentrations of copper and carbon in the film were almost equal
(~42.4 at.% and 39.8 at.%, respectively). Meanwhile, when planning to obtain a coating
(MS5) with 100 at.% of copper, the results of the EDS measurements show that, after the
experiment, the copper content reached about 48.5 at.% and the oxygen concentration was
~45.0%. Such a large amount of oxygen in the film indicates that some of the copper had
been converted to copper oxide.

When the coatings were fabricated using plasma spraying technology, the EDS studies
show that about 5.0 at.% of the copper content was obtained since a small portion of
the copper entered from the plasma generator’s parts even though the primary powder
consisted only of graphite. When increasing the copper concentration in the feedstock
powder from 10 to 60 wt.%, the analysis of the EDS results shows a significant discrepancy
in the copper content in the films. In this case, the copper content in the Cr-10Cu, Gr-20Cu,
Gr-40Cu, and Gr-60Cu films ranges from 59.9 to 81.6 at.% (Table 1). This result is mainly
influenced by the fact that the elemental composition of the formed layer does not coincide
with the composition of the feedstock graphite–copper powder. The copper particles are
heavier than graphite and the melting temperature of copper is only 1360 K. Meanwhile,
the sublimation of graphite starts at 3000 K, but the melting point is ~3870 K, at which point
graphite sublimates rather than melts [30,33]. Thus, the injected copper particles would
be fully or partially melted in the plasma jet as they reach the surface of the substrate.
As a result, the impacting copper particles stick to the substrate and solidify [24,28,30].
Meanwhile, the graphite particles remain in the solid phase and only the size of particles
reduces due to the partial sublimation.

The lowest amount of oxygen (~2.9 at.%) was obtained in the coating when the pure
copper powder was used (Table 1). Such a result indicates that only a small amount of
copper was converted to copper oxide or that oxygen was absorbed only on the surface of
the coating because inert argon gas was used to create the plasma [24]. D.K. Christoulis
et al. [30] found that the oxygen content in plasma-sprayed copper coatings depends on
the temperature of the substrate. The oxygen concentration increased from ~3.5% to ~10%
with the increase in the substrate’s temperature from 200 ◦C to 300 ◦C. A. Ranjan et al. [28]
obtained the formation of a low amount of cuprous oxide due to the oxidation of copper
powder in plasma-sprayed copper coatings. It should be noted that the plasma spraying
parameters were kept constant during all experiments. Thus, the substrate temperature
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should have remained constant and did not have a significant effect on the oxidation rate
of copper.

The XRD studies and analysis revealed that the formed carbon, carbon–copper, and
copper layers using magnetron sputtering have amorphous structures; therefore, their
roentgenograms are not presented separately. However, the crystalline phases were de-
tected for the MS3, MS4, and MS5 films when these films were analyzed using grazing inci-
dence X-ray diffraction (Figure 3a). The XRD pattern of the MS5 film demonstrated peaks
at ~44.6◦ and 45.2◦, which were attributed to the (320) and (312) planes of Cu3Si [31,34,35].
The broader peaks at 43.4◦ and 50.5◦ are related to the (111) and (200) planes of face-
centered cubic copper [20,31,32,34,35]. The low intensity peaks at ~49.7◦ and 51.3◦ could be
attributed to Cu3Si phase [36]. Meanwhile, the MS3 and MS4 films demonstrated two broad
diffraction peaks at 43.4◦ and 50.5◦ corresponding to the (111) and (200) planes of copper
(Figure 3a) [31,32]. It should be noted that the low intensity and broad peak at ~45.4◦

attributed to Cu0.83Si0.17 was also obtained [34]. Meanwhile, the MS2 film (Cu-9.7 at.%) was
amorphous. It was obtained, that the transformation from the uniform smooth amorphous-
like film structure to the fine grain features, followed by the growth of the grains for Cu
films with increasing film thickness from 130 nm to 1050 nm [25]. Meanwhile, the Cu films
were mostly amorphous in nature when the thickness was 500 nm or the carbon-copper
films consisted of a low amount of copper [20,25].

Figure 3b presents XRD studies where graphite–copper coatings were formed using
plasma spraying technology. It should be noted that the Si (400) substrate Brag peaks
that were obtained at ~21.8◦, 33.1◦, and 69.2◦ are related to the λ/3, λ/2, and λ harmonic
radiations, respectively. During the formation of the layers, the copper content in the
feedstock powder varied from 0 to 100 wt.%. The XRD patterns show copper-specific
peaks at 43.4◦, 50.5◦, 74.3◦, 90.1◦, and 95.4◦ attributed to the (111), (200), (220), (311),
and (222) crystalline planes of copper, respectively (Figure 3b) [24,27,28]. The copper
crystallite structure was cubic (Fm3m space group, no. 225 (pdf. no. 4-836)). At the
value of ~26.6 degrees, a peak characteristic of crystalline graphite (002) was observed
(pdf. no. 75-2078) [24]. Analyzing the XRD results, it can be stated that the variation in the
copper content in the layers of the Schottky diodes did not affect the crystalline structure
of the material. Analysis of XRD spectra revealed that the graphite–copper composite
coatings have stresses caused by different coefficients of thermal expansion between the
coating and the substrate. For this reason, it was not possible to calculate the crystalline
lattice constant. An increase in the intensity of the copper peaks was observed with increase
in the copper content in the coatings. The EDS studies show that a low concentration of
oxygen was obtained. It led to suggestions that some of the copper was converted into
copper oxide during the formation of the layers. The formation of Cu2O in the copper
coatings was observed in several studies [27,28,30]. The XRD analysis demonstrated that a
large amount of cubic Cu had been retained and only a small amount of Cu2O had been
formed. In addition, the fraction of copper oxide was enhanced at a higher torch power [28].
However, the peaks of copper oxide were not observed in our graphite–copper coating
during the analysis of the XRD diffraction patterns (Figure 3b).
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Figure 3. XRD patterns of the films deposited using (a) magnetron sputtering and (b) plasma spraying.

Figure 4 shows the photocurrent density measurements when Schottky photodiodes
were formed using magnetron sputtering technology. The photocurrent density was
estimated from the electric current generated by the Schottky photodiode by illuminating it
with a general daylight LED-type light source. According to our studies, the lowest current
density of 42 mA/cm2 at 5 V was obtained when the Schottky diodes were deposited only
from the graphite target. Meanwhile, the current density reached up to about 220 mA/cm2

when a small amount of copper (~9.7 at.%) was introduced into the film. However, the
current density value was reduced to 175 mA/cm2 when the copper content was increased
twice (MS3 film). The photocurrent density was further reduced to 70 mA/cm2 with the
increase in the copper content in the film. However, the current density was enhanced up
to 220 mA/cm2 when the copper film’s deposition was done. The increase in the copper
concentration from ~10 at.% to ~21 at.% and to ~42 at.% reduced the photocurrent density
values. This result can be explained by the fact that increasing the copper content did
not have a noticeable effect on the electrical conductivity, which is confirmed by previous
studies presented in the publication [24]. At a copper content of 42 at.%, a decrease in
the photocurrent density of about 3 times was observed compared with cases where the
copper content is ~10 at.%. This can be explained by the formation of copper oxide and
the high fraction of C=C and C=O sp2 carbon sites. A significant amount of copper was
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converted to copper oxide during the deposition or after exposure of the films to air, which
has an undesirable negative effect on the current density of Schottky photodiodes. Thus,
it does not ensure the good mobility of electric carriers. The mechanism that ensures
the transport of carriers is photoemission, which is created by illuminating a Schottky
diode with an external light source. Another phenomenon influencing the directional
motion and generation of charge carriers and, thus, the shape of the photoelectric density
versus voltage curve is the thermoelectric emission charge transfer mechanism, in which
thermally excited electrons (or holes) enter the metal from a semiconductor by crossing a
potential barrier.

Figure 4. Photocurrent density versus voltage when films were formed by magnetron sputtering.

Figure 5 shows the photocurrent density measurements when Schottky photodiodes
were formed by plasma spraying. The lowest photocurrent density of 0.69 mA/cm2 was
obtained when the Schottky photodiodes were formed using only a graphite powder.
Meanwhile, after the addition of 10 wt.% of copper into the feedstock powder (the Gr-
10Cu film), the photoconductive current density of the Schottky diodes reached up to
2.8 mA/cm2. This can be explained by the fact that the added copper increased the
conductivity in the Schottky heterojunction and the number of generated electrons and
holes that migrated there, which decreases the barrier height. The further increase in the
copper content in the feedstock powders increased the photocurrent density to 3.4 mA/cm2.
However, the current density was 3.8 mA/cm2 and 3.4 mA/cm2 for the Gr-40Cu and Gr-
60Cu films, respectively.

It should be noted that a current density of 3.6 mA/cm2 was obtained for the copper
film. The increase in the graphite content in the Gr-40Cu and Gr-60Cu films is related to the
higher copper volume fraction in the feedstock powders. In addition, copper particles have
higher kinetic energy and a lower melting point than graphite ones. For this reason, copper
particles are more likely to stick to the surface of the Si substrate. Thus, the Si surface is
covered by melted copper splats and incoming graphite particles are trapped in them. As a
result, the graphite concentration would be enhanced, but the electrical conductivity would
be reduced.
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Figure 5. Photocurrent density versus voltage when films were deposited by plasma spraying.

Figure 6 shows the dependence of the Schottky photodiode’s efficiency on the type of
deposited film. The studies indicate that the highest efficiency of 27.5% was obtained for
the MS2 and MS5 films using magnetron sputtering. Meanwhile, the lowest efficiency of
5.3% was obtained when the Schottky photodiode consisted only of amorphous carbon
(the MS1 film) on a Si substrate. This change in efficiency was due to the same reasons
as for the change in photocurrent density. The efficiency coefficients of Schottky diodes
formed using magnetron sputtering were from 10 to 60 times higher compared with the
films produced by plasma spraying. Using plasma spraying technology, the efficiency was
only 0.45% when the copper powder was used. This result can be explained by the fact that
the surface of the Si was not fully covered by copper and graphite particles and uncovered
areas were obtained, even when only copper powder was used. Consequently, the entire
surface area of the substrate was not utilized for photovoltaic generation.

Figure 6. Variation in the Schottky photodiode efficiency of the films when deposition was performed using (a) plasma
spraying and (b) magnetron sputtering.

The graphite–copper layer formed using plasma spraying technology is sufficiently
thick (it can reach 50 µm and greater) to reduce the generation of the main electric carri-
ers (electrons and holes) involved in the formation of the photocurrent. Another factor
influencing the low efficiency is that when the copper particles reach the surface of the Si
substrate, they partially or completely melt and, therefore, form a droplet-shaped structure
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on the surface during the solidification process (as confirmed by the SEM surface studies).
Therefore, such a surface structure negatively affects the number of main charge carriers
involved in the photocurrent formation processes.

4. Conclusions

Schottky photodiodes were formed using two technologies, namely plasma spraying
technology and magnetron sputtering technology. The surfaces of the plasma-sprayed
films consisted of partly and fully melted copper splats into which were incorporated
graphite particles. The quality of the graphite–copper coatings was enhanced with the
increase in the copper concentration in the feedstock powders. SEM analysis shows that
the surface morphology of the films deposited by magnetron sputtering is smooth and
homogeneous. However, the size of the sphere-shaped microparticles increased and larger
grains were formed with the increase in the copper concentration in the films. The EDS
results show that the oxygen content in the graphite–copper films formed using plasma
spraying technology varies in the range of 3.6–7.9 at.%. Meanwhile, the highest content
of oxygen (~11 at.%) was obtained when the coating was sprayed using only the graphite
powder. The EDS studies demonstrated that the oxygen content was ~9.3 at.% in the
amorphous carbon film deposited by magnetron sputtering. The oxygen concentration
increased from 10.0 to 17.8 at.% with the increase in the copper content in the amorphous
carbon–copper composite films. The highest oxygen content (~45.0 at.%) was obtained
when the Schottky diodes were formed on the Si surface using only a copper cathode.
The grazing incidence angle XRD studies showed that the MS1 and MS2 films deposited
using magnetron sputtering were amorphous. The MS3 and MS4 films exhibited the cubic
phase of copper. The MS5 film was composed of Cu3Si and Cu crystalline phases. The
XRD results indicate that the graphite–copper and copper coatings formed by plasma
spraying were of crystalline phase and the highest intensity peak at ~43.4◦ was attributed
to the (111) plane of copper. The peak at ~26.6◦ was related to the (002) plane of graphite.
Analysis of the light characteristics of the Schottky photodiodes showed that the highest
photocurrent density values of 220 mA/cm2 were obtained at 5 V for the MS2 and MS5
films, respectively. When Schottky photodiodes were formed using plasma spraying, their
current densities ranged from 0.7 to 3.8 mA/cm2 (at 5 V), which was much lower (up to
60 times) than that of films produced by magnetron sputtering. The highest efficiency
of Schottky photodiodes of 27.5% was obtained for the MS2 and MS5 films produced by
magnetron sputtering. Meanwhile, the highest efficiency of photodiodes formed using
plasma spraying technology was only about 0.48% (the Gr-40Cu film). Consequently, the
plasma spraying technology is not very suitable for the formation of Schottky photodiodes.
However, it is superior to magnetron sputtering technology because films can be formed
much faster, in just 60 s.

Author Contributions: Conceptualization, Ž.K., V.D., L.M. and A.B.; methodology, Ž.K., A.I., R.K.,
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