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Abstract: Copper nitride, a metastable semiconductor material with high stability at room
temperature, is attracting considerable attention as a potential next-generation earth-abundant thin-
film solar absorber. Moreover, its non-toxicity makes it an interesting eco-friendly material. In this
work, copper nitride films were fabricated using reactive radio frequency (RF) magnetron
sputtering at room temperature, 50 W of RF power, and partial nitrogen pressures of 0.8 and 1.0 on
glass and silicon substrates. The role of argon in both the microstructure and the optoelectronic
properties of the films was investigated with the aim of achieving a low-cost absorber material with
suitable properties to replace the conventional silicon in solar cells. The results showed a change in
the preferential orientation from (100) to (111) planes when argon was introduced in the sputtering
process. Additionally, no structural changes were observed in the films deposited in a pure nitrogen
environment. Fourier transform infrared (FTIR) spectroscopy measurements confirmed the
presence of Cu-N bonds, regardless of the gas environment used, and XPS indicated that the
material was mainly N-rich. Finally, optical properties such as band gap energy and refractive index
were assessed to establish the capability of this material as a solar absorber. The direct and indirect
band gap energies were evaluated and found to be in the range of 1.70-1.90 eV and 1.05-1.65 eV,
respectively, highlighting a slight blue shift when the films were deposited in the mixed gaseous

environment as the total pressure increased.

Keywords: copper nitride; reactive RF magnetron sputtering; gaseous environment; solar absorber

1. Introduction

Copper nitride (CusN) is attracting the attention of researchers due to its interesting
properties, primarily its anti-ReOs structure and its bandgap energy (Eg) value. Its main
attraction is that it is a non-toxic, metastable, and low-cost semiconducting material with
earth-abundant elements and high stability at room temperature (RT). In addition,
different studies have reported a wide range of band gap energy values, i.e., from 0.8 eV
to 1.9 eV, which are easily achievable by controlling the deposition conditions [1-2]. The
density functional theory (DFT) calculations, on the other hand, predict a relatively
smaller Eg ranging from 0.23 eV to 1.0eV [3]. In general, the materials required for
photovoltaic cells are semiconductors with a band gap between 1.1 eV and 1.7 eV [4].
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These values are necessary to promote an electron from the valence band to the
conduction band, thus generating an electric current. In the case of CusN, the reported E;
values suggest that this material can be a potential solar absorber for the next generation
of photovoltaic devices [5]. In this sense, CusN has garnered interest in different
application fields, such as optical storage media [6], tunnel junctions [7], solar energy
conversion [8], and photovoltaics [9], due to its unique crystal structure and
physicochemical properties.
CusN exhibits a cubic anti-ReOs structure. The cell structure is shown in Figure 1.

Figure 1. The cubic anti-ReO:s crystal structure of CusN [4].

The ideal crystal structure shows a cationic octahedral complex with an anion in the
center, where the N atom occupies the Wyckoff position 1a (0, 0, 0) and the three Cu atoms
are located at the 3d Wyckoff positions (%2, 0, 0; 0, ¥4, 0; 0, 0, %2). In addition, in this
structure, a void can be found at the body center (Y%, %, ¥2) position [10]. The experimental
lattice constant of cubic CusN ranges from 0.3815 nm to 0.3885 nm [11]. Since CusN is a
non-stoichiometric interstitial compound, its lattice constant can be easily adjusted by
varying the process conditions and/or doping with other atoms. Several studies have
shown that the incorporation of transition metal atoms (e.g., Pd) generates a decrease in
the energy gap value and increases the material’s electrical conductivity [12,13].

CwN films have been successfully fabricated using various methods, such as
chemical vapor deposition (CVD) [14], pulsed laser deposition (PLD) [15], atomic layer
deposition (ALD) [14], and reactive radio frequency (RF) magnetron sputtering [16].
Among these, sputtering deposition is highly preferable because it can be performed at
low cost, without the use of toxic gases, and with low energy consumption because it can
be carried out at RT.

Regarding the photovoltaic (PV) sector, CusN has been extensively studied and has
been proposed as a possible substitute for silicon, which is the most widely used material
in solar panels. In addition, thanks to its good electrical properties and the ease with which
it can be fabricated, the use of this material as a solar absorber could help avoid the high-
temperature steps involved in the fabrication of solar-grade silicon. Furthermore, thanks
to bipolar doping [17], this material can be profitably used in rectifying heterojunctions
[18-20] as well as homojunctions [8-21], and in solar cells [8,17,22].

In this work, the impact of using argon (Ar) in the RF magnetron sputtering process
on all the properties of the CusN thin films fabricated on glass at RT have been thoroughly
evaluated. In the material deposition, two different gaseous environments were used: an
Ar-free environment based on pure nitrogen (N2) and an environment consisting of a
changeable mix of N2 and Ar. Our main aim was to determine how the presence of Ar in
the sputtering chamber might modify the films’ properties. Within this framework, it is of
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paramount importance to establish the sputtering conditions under which the material
could be considered more suitable to be used as a solar absorber in a photovoltaic device.

2. Materials and Methods

The CusN thin films were deposited on silicon and glass substrates using reactive RF
magnetron sputtering in a mono chamber (a commercial MVSystem). In this system, the
RF-operated cathode was vertically adjustable, and the substrate was placed in front of
the metallic target, a 99.99% Lesker Cu 3-inch diameter disk. The substrates had been
prepared prior to the sputtering deposition. The silicon wafers were immersed in a
hydrofluoric acid solution for 3 min and then ultrasonically cleaned for 3 min in a distilled
water solution. The glass substrates were ultrasonically cleaned for 3 min in ethanol and
distilled water solutions. The substrates were then dried by blowing nitrogen gas and
loaded into the sputtering chamber. The base pressure of the chamber was around 2.6 x
10-5 Pa, and the distance between the target and the substrate was set at 98.8 mm. A pre-
sputtering process to clean the target surface was carried out for 10 min using the
sputtering conditions chosen for the deposition. The deposition time was set at 30 min
and the films were deposited at RT and 50 W of RF power. The process gases used were
N2 (99.999%), with a flow rate of 20 sccm, and Ar (99.99995%), with a flow rate of 10 sccm,
both controlled by MKS mass flow controllers (MFCs) (MKS Instruments, Andover,
Massachusetts, USA). The partial pressure of the N2, defined as R = [N2]/([Nz] + [Ar]), was
set at 0.8 and 1.0, and the total gas flow was maintained at 30 sccm. The total pressure in
the chamber was varied from 3.5 Pa and 5.0 Pa by adjusting the position of the “butterfly”
valve inside the magnetron system.

The film thickness was measured with a model Dektak 8 profilometer (Bruker, San
José, CA, USA). For all samples, a tip force of 68.67 uN and a scan size of 2000 um were
used. The crystallinity of the CusN films was determined by X-ray diffraction (XRD) using
a commercial system (model PW3040/00 X" Pert MPD/MRD) (Malvern Panalytical Ltd.,
Malvern, UK) and Cu-ka radiation (A = 0.15406 nm). The scanned 26 range was 10-60°,
with a step size of 0.01° and a time per step of 20 s. Ultra-high resolution field emission
scanning electron microscope (FESEM) NovaNanoSEM 230, (FEI-company, Hillsboro,
OR, USA) was used to determine the variation in the surface morphology as a function of
the gaseous environment used. To enable the FESEM analysis, the samples had previously
been covered with a thin platinum layer (2 nm). The FESEM images were taken at 30 kX,
60 kX, and 120 kX. This system was also equipped with an EDAX Apollo X silicon drift
detector energy dispersive X-ray spectroscopy (EDS) system (EDAX Meter company,
Leicester, UK). Several regions on the surfaces were analyzed at an acceleration voltage of
10 kV to qualitatively quantify the amount of Cu Lo, N Ko, and O Ka. Atomic force
microscopy (AFM) (multimode nanoscope AFM model III, SPM, Veeco-Digital
instrument Inc., Aschheim/Dornach Munich, Germany) was performed to investigate the
surface of the specimens. The AFM measurements were carried out in tapping mode using
silicon nitride AFM tips (OTRS8, Veeco). The roughness was quantified by root mean
square (RMS) in 1 x 1 um? two-dimensional (2D) micrographs. The chemical composition
of the CusN thin films was characterized with Fourier transform infrared (FTIR)
spectroscopy (Waltham, MA, USA) using a commercial Perkin Elmer Spectrum 100. The
spectra were acquired using the transmittance mode (%) vs. the wave number, in the
range of 400-4000 cm™. A surface analysis was carried out with X-ray photoelectron
spectroscopy (XPS) using a PHI 5500 Multitechnique System (Physical Electronics®
GmbH, Feldkirchen, Munich, Germany) and a monochromatic Al K-alpha X-ray source
(1486.74 eV). This system was calibrated with the 3ds. line of Ag, perpendicular to the
analyzer axis. The XPS spectra were analyzed with a Shirley background type and
Gaussian—Lorentzian overlapping made with specific software. The data were fitted from
the Cu-2p, N-1s, and O-1s states.

Finally, the optical transmittance was measured with a commercial Perkin Elmer
Lambda 1050 spectrophotometer (Waltham, MA, USA) at normal incidence and RT and
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in the wavelength range of 400-2500 mm. The optical energy band gap was determined
using the curve of (ahv)r vs. photon energy, hv, by extrapolating the line to the abscissa of
hv, according to the standard Tauc plot [23]. The index p, which characterizes the type of
electronic transition, has specific values of 2 and 1/2 for the indirect and direct transitions,
respectively. The refractive index was also evaluated in the near-infrared (NIR) region at
the wavelengths of 825 nm, 1061 nm, 1312 nm, and 1533 nm, using the prism coupling
technique (2010, Metricon Corporation, Pennington, NJ, USA). Ten scans were performed
for each measurement and the estimated error of the measurement was +0.001.

3. Results

Table 1 shows the data for the sputtering parameters used in the CusN films
deposition.

Table 1. Summary of the deposition conditions, the calculated deposition rate, and the measured
thickness of the samples under study.

Total Pressure N2 Flux Ar Flux

D ition Rate Thick
Sample N: Flow Ratio ~ Poo on Rate Lhickness

(Pa) (sccm) (sccm) (nm/s) (nm)
S1 5.0 20 10 0.8 0.05 96
S2 3.5 20 10 0.8 0.12 210
S3 5.0 20 -- 1.0 0.06 115
S4 3.5 20 - 1.0 0.06 100

Two different behaviors were observed, depending on the process gas used. In the
case of the sputtering deposition in the Ar + N2 gas mixture, the rate decreased with the
total pressure, as previously reported in the literature [17,24,25]. This effect can be
ascribed to the increase in the number of collisions that the atoms in the plasma undergo
when the total pressure rises. In this scenario, the mean free path of the atoms present in
the plasma was clearly reduced, decreasing the deposition rate. On the other hand, the
higher deposition rate observed in sample S2 was attributed to a poorer nitridation
because of the lower pressure used and, hence, the deposition was performed in a more
metallic regime [25,26].

In contrast, the deposition rate obtained when the sputtering process was performed
in a pure N2environment revealed to be almost constant at the total pressure range used.
Taking into account the fact that, in this case, the N atoms directly reacted with the Cu
atoms from the target, the fact that no change in the deposition rate was obtained with the
total pressure could indicate that a target “poisoning” effect might have occurred in the
samples S3 and S4. This impeded the performance of the reactive magnetron sputtering,
resulting in a significantly reduced sputtering yield and, hence, no increase in the
deposition rate was observed [26].

Figure 2a shows the XRD patterns of the CusN films deposited at the total pressures
of 3.5 Pa and 5.0 Pa in a gas mixture of N2+Ar. As can be seen, the sample deposited at the
total pressure of 5.0 Pa presented the (100) plane as the preferential orientation (20 =
23.33°), which is typical for N-rich thin films [19]. Another diffraction peak of lower
intensity also appeared, corresponding to the (200) plane. In contrast, the sample
deposited at the total pressure of 3.5 Pa presented the (111) plane (20 = 40.79°) as the
preferential orientation, indicative of a Cu-rich phase [19]. In addition, other diffraction
peaks, such as (100), (110), (200), and (210), appeared less intensely, and the appearance
of the (100) plane, indicating an N-rich phase, suggests that the material continued to be
non-stoichiometric [27]. According to reports in the literature [21], when sputtering
deposition is carried out in a mixed gas atmosphere, the amount of N2 at low pressure
regimes is scarce, so Cu-rich (111) planes are more likely to form in the film. By increasing
the total working pressure, the amount of N2 in the chamber begins to increase slightly,
and may be high enough to form N-rich (100) planes.
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Figure 2b shows the XRD patterns of the CusN films deposited at the total pressures
of 3.5 Pa and 5.0 Pa in a pure N2 atmosphere. Regardless of the total pressure, the patterns
exhibited both the (100) and (200) diffraction planes of the CusN structure, without the
appearance of other planes [28]. This supports the idea of a possible target “poisoning”
effect at total pressures higher than 3.5 Pa, which is in agreement with the absence of
variation observed in the deposition rate for these samples [25,26].
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Figure 2. X-ray diffraction patterns of CusN films deposited at RT and 50 W in (a) mixed Ar + N2
and (b) pure N2 environments.

Moreover, all the samples presented a cubic anti-ReO:s structure, and the absence of
impurity peaks (such as Cu or CuOx) was indicative of a successful Cu nitridation to
achieve CusN thin films with a high degree of purity [28].

The lattice constant (1) was calculated according to the interplanar spacing using

Bragg’s law (2):
dpja = a/yh2 + k2 + 2 1)
A
dpi = anim/ )

where diis the interplanar spacing of Miller indices I, k, and I, n is the order of diffraction,
A is the wavelength of X-rays, and 0 is the diffraction angle. The theoretical value of the
CuwsN lattice constant used in the calculation is 0.3815 nm [5,27]. The averaged grain size
was also determined by using Debye-Scherrer’s Equation (3):

kA
r= Bcos @’ ®)

where 7 is the estimated grain size of the films, § is the full width at half maximum
(FWHM) of the corresponding diffraction peak, 0 is the diffraction angle, A is the X-ray
wavelength (0.15406 nm), and k is a constant.

Table 2 summarizes the parameters such as FWHM, lattice constant, and grain size
calculated from the XRD patterns showed in Figure 2. The FWHM value obtained for the
sample S2, deposited at the total pressure of 3.5 Pa in the Ar+N: environment, was
significantly higher than that of the counterpart sample S4, deposited in a pure N2
atmosphere. This could indicate a superior quality of the CusN films when deposited
without introducing Ar into the process gas. Apart from the sample 54, the lattice
parameters obtained were larger than the theoretical ones, which could indicate an over-
stoichiometry. Specifically, this state consisted of additional N atoms inserted into the
CusN lattice, probably as interstitials, revealing the formation of defects that could play
an important role in increasing the lattice parameters [29]. This finding also agrees with
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the higher FWHM values obtained for the samples with larger lattice parameters. In all
cases, these values are very close to that found in the literature for stoichiometric films
fabricated by magnetron sputtering, i.e., 0.3815 nm [12,21,28-31].

All the CusN layers showed a single phase, with grain size values ranging from 29 nm
to 45 nm, the grains of higher size being found in the samples with lower FWHM values.
This would corroborate once again the better crystal quality of the samples deposited in
the pure N2 atmosphere.

Table 2. Main structural parameters derived from the XRD measurements.

) Lattice . as
Sample Total Pressure N Fl.ow Pre-ferenflal FWHM (®) Constant Grain Size
(Pa) Ratio Orientation (nm)
(nm)

S1 5.0 0.8 (100) 0.1870 0.3817 42
S2 3.5 0.8 (111) 0.2755 0.3832 29
S3 5.0 1.0 (100) 0.1870 0.3820 42
S4 3.5 1.0 (100) 0.1771 0.3814 45

The surface morphology of the samples was analyzed using AFM. Figure 3 depicts
the 1 x 1 pm? 3D micrographs of the sputtered films fabricated in the N2+ Ar environment
(Figure 3a) and in the pure Nz atmosphere (Figure 3b).

S1

(a)

(b)

Figure 3. Three-dimensional micrographs (1 x 1 pm?) of the CusN films deposited in (a) N2+ Ar
mixture and (b) pure N2 environments.

All the films presented a granular structure with tightly packed columnar grain
features and sharp grain boundaries. The surfaces were smooth and uniform, regardless
of the sputtering atmosphere used. However, two different morphologies were observed,
depending on the composition of the process gas. This effect can be attributed to the
increase in the deposition rate due to the introduction of Ar into the plasma, and also to
the competition between the grain orientations present in the films, which led to changes
in the morphology. Hence, the samples deposited in the N2+ Ar environment (Figure 3a)
showed a large number of void boundaries embedded in a complex pyramidal conical
morphology, indicative of a competition between the (111) and (100) orientations, as
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revealed by the XRD patterns (Figure 2) [32]. The RMS values calculated for these samples
were 3.03 nm (S1) and 5.12 nm (S2). A rougher surface was obtained for the sample S2
deposited at the total pressure of 3.5 Pa. Under such a pressure value, this sample would
be deposited in a more metallic regime, where a lower number of N2* ions were reacting
with the sputtered Cu atoms [25,26]. For this reason, its XRD pattern showed a
competition between the grain orientations that led to a change in the preferred
orientation, as was observed previously.

On the other hand, the films prepared in the pure N2 atmosphere showed a relatively
more compact surface, almost without the presence of voids. Under these conditions,
more N2 ions had the ability to combine with the Cu atoms, thus resulting in a high-
density film with a smoother surface. In this case, the RMS values were very similar: 1.3
nm (S3) and 2.2 nm (54). However, a slight reduction was observed when the sample was
deposited at the highest deposition pressure used in this work. It is worth noting that the
smoother surfaces exhibited by the films deposited at higher pressures was a measurable
effect independent of the environment used and could be ascribed to the higher energy of
the ion bombardment on the substrate [31]. Hence, it is clear how the presence of Ar in
the process gas determined the type of surface morphology. The surface morphology and
the roughness are parameters that must be taken into account when manufacturing a
device.

Figure 4 presents plan-view FESEM images of the CusN films deposited in the N2+
Ar environment (Figure 4a) and in the pure N2 atmosphere (Figure 4b).

Process gas: Ar + N, Process gas: N,
S2 S3 54

() (b)

Figure 4. FESEM images of the surface of the CusN samples deposited in (a) N2+ Ar and (b) pure
Nzenvironments. Information concerning the preferred orientation extracted from the XRD analysis
is also included.

These images confirmed that the surfaces were smooth and uniform, and mainly
composed of columnar grains typical of the sputtering method [33]. Moreover, these
results are consistent with those obtained from the previously reported AFM analysis. As
can be observed, the grain shapes were influenced by the environment and by the total
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pressure used in the deposition. A pyramidal conical structure was observed in the films
deposited at the lowest pressure of 3.5 Pa, and this was considerably oversized when the
film was deposited in the N2+ Ar environment. The shape of these grains turned out to be
more spherical when the sample was deposited in a pure N2 atmosphere. On the other
hand, at the highest pressure of 5.0 Pa, the grains on the surface appeared to gain a
nodular-like morphology, and this was once again oversized on the surface of the sample
deposited in the mixed environment [32]. This morphology was characterized by the
presence of a flat block of particles of uniform size, without visible cracks. These results
are in line with the roughness calculated from the AFM images because these samples
showed considerably smooth surfaces. The achievement of compact films would be
beneficial for the production of heterojunctions needed for solar devices.

The EDS data, shown in Table 3, revealed a qualitative ratio of Cu to N lower than
three and, hence, the obtained films did not become a stoichiometric material, being N-
rich in all cases. From these measurements, the samples S1 and S2, deposited in the gas
mixture, showed a very similar ratio, being within the confidence interval of less than 2%,
whereas the sample 54, deposited at the pressure of 3.5 Pa, showed a lower ratio than S3,
which was attributed to the lower presence of N in the plasma used to form the nitride
film. However, the Cu/N ratios obtained for the samples deposited in the Nz + Ar
atmosphere were higher than those measured for the samples deposited in the pure N
environment. This can be explained by the higher number of N2* ions present in the pure
atmosphere in comparison with the mixed one at the same pressure. Finally, the presence
of O on the surface was observed in all cases.

Table 3. Relative surface composition of the films under study, derived from the EDS analysis.

Total Pressure N2 Flow

Sample (Pa) Ratio Cu (at%) N (at%) Cu/N O (at%)
S1 5.0 0.8 44.29 20.38 2.17 35.34
S2 3.5 0.8 53.52 25.46 2.15 21.06
S3 5.0 1.0 44.49 21.55 2.06 33.97
S4 3.5 1.0 38.26 19.67 1.94 42.07

To confirm the chemical compositions of the CusN films, X-ray photoelectron (XPS)
measurements were carried out. The XPS spectra showed the photoelectron emissions
from the Cu-2p, N-1s, and O-1s states. The data obtained are summarized in Table 4. The
presence of O was also observed in this case, as in EDS measurements. The large amount
of O detected can be explained by surface contaminations with C and O and, hence, by
the appearance of C-C, C-O, and C=O bonds due to a long exposure to ambient air, as
other authors have pointed out before [29]. It should be noted that the presence of O was
not observed in the XRD spectra, which could confirm that the formation of such oxidized
compounds would take place on the surface and that they would have an amorphous
character. The extracted Cu/N ratio for the samples deposited in the pure N2 environment
was in the range of 1.46-1.56. In contrast, a slightly higher Cu/N ratio, ranging from 1.89
to 1.96, was obtained for the samples deposited in the N2+ Ar mixture. All these values
were significantly smaller than the expected ratio of 3 corresponding to a stoichiometric
CusN film. This would confirm the presence in all cases of the N-rich (100) plane in the
XRD spectra, and also the increased incorporation of N in the samples deposited in the
pure N2 environment, as previously revealed by the EDS data.
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Table 4. Relative surface composition of the films under study, derived from the XPS analysis.

Total Pressure N2 Flow

Sample (Pa) Ratio Cu (at%) N (at%) Cu/N O (at%)
S1 5.0 0.8 31.63 16.68 1.89 51.69
52 3.5 0.8 34.05 17.34 1.96 48.61
S3 5.0 1.0 28.01 19.15 1.46 52.84
54 3.5 1.0 27.63 17.65 1.56 54.71

To further investigate the molecular structure, a FTIR analysis was carried out. As is
shown in Figure 5a and b, all the samples exhibited a single band at around 644-648 cm™,
which confirmed the creation of the Cu-N bond. As other authors have reported, CusN
exhibits a prominent peak at 652 cm™, which can be ascribed to the intrinsic lattice mode
vibration of Cu-N [30]. This would indicate that the amount of N was adequate to form
the CusN phase. A weak peak at around 819 cm™, assigned to the Cu-Ns bond, was also
observed in all cases. In addition, a peak at 2049 cm™ appeared in the whole spectra
pictured in Figure 5c and d, corresponding to the stretching vibration of Nsazide and
confirming the formation of an N-rich CusN material, in agreement with the data shown
previously.

From Figure 5a, it is possible to highlight that the samples S1 and S2 deposited in the
N2+ Ar environment presented a small shoulder at higher wavenumbers, i.e., at around
670 cm™ and 690 cm™, respectively, and that this was almost undetectable in the samples
deposited in the pure N2 atmosphere. The presence of this additional band could be
attributed to two effects: a possible oxidation of the surface sample (more probable in the
samples S1 and S2, which showed voids in their morphology) and/or the formation of an
incomplete Cu-N bond [34]. To confirm the presence of O in such high quantities as the
EDS and XPS results suggest, the FTIR spectra were further analyzed at larger
wavenumbers, as pictured in Figure 5c,d. As the whole spectra is revealed, the stretching
vibrations of the hydroxyl group O-H can be observed in all the spectra in the broad region
of 3775-3550 cm™, regardless of the gaseous environment [35].



Materials 2022, 15, 8973

10 of 14

a b
(a) R=08 ®) R=1.0
Cu—N; CuyN
bond '

) El

K] 8

2 2

" 7]

= =

3 s

E E

1040 820 600 380 1040 820 600 380

v(em™) v (cm—)

(© R=08 (@) R=1.0

O-H Cu;N O-H Cu;N
N

=3 h 3

ki 8

> >

Z 2

= 2

= =

A i

8 s

E E

| —51

| —s2

H ' H H
3580 3180 2780 2380 1980 1580 1180 780 380 3580 3180 2780 2380 1980 1580 1180 780 380

v(cm—!) v(em™')

Figure 5. FTIR spectra of the CusN films deposited in (a,c) an N2+ Ar gas mixture and (b,d) a pure
Nz atmosphere.

Table 5 summarizes the FWHM values and the wavenumber at which the center of
the prominent peak was located, as obtained from the FTIR spectra. Once more, the
samples deposited in the pure N2 atmosphere presented narrower peaks, and thus lower
FWHM values, particularly the sample deposited at the lowest total pressure of 3.5 Pa,
indicating its improved quality, in agreement with the extracted XRD results. In the case
of the samples deposited in the N2+ Ar mixture, considering the main peak and the small
shoulder as a single peak, the FWHM value was much higher for the sample S2, indicating
a preferred orientation of (111) and poorer crystal quality (see Table 2).

Table 5. Main parameters derived from the FTIR spectra. The FWHM values of the samples S1 and
52 have been estimated by considering the prominent peak and the small shoulder as a single peak.

Sample Total Pressure (Pa) N:Flow Ratio FTIR Peak (cm!) FWHM (cm™)

S1 5.0 0.8 644 62.2
S2 3.5 0.8 645 80.3
53 5.0 1.0 644 60.2
54 3.5 1.0 648 58.9

Finally, the effect of the sputtering environment on the optical properties of the
samples was also evaluated. The band gap energy (E;) was determined from the
transmission spectra using the standard Tauc plot [23]. The direct band gap was calculated
by plotting (ahv)'? vs. hv and by extrapolating a full line to the abscissa of hv (Figure 6a).
Similarly, the indirect band gap was calculated by plotting (ahv)? vs. hv and extrapolating
a full line to the abscissa (Figure 6b). The data obtained are summarized in Table 6.
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Table 6. Direct and indirect band gap energy calculated for the samples under study.

Sample To;ali ;)lrsj:l;:t:ga)/ Cu/N  Direct Band Gap (eV) Indlrec:e]i;)nd Gap
S1 5.0/0.8 1.89 1.90 1.45
S2 3.5/0.8 1.96 1.77 1.05
S3 5.0/1.0 1.46 1.70 1.60
S4 3.5/1.0 1.56 1.79 1.65

The direct and indirect band gap values for the samples S1 and S2, deposited in the
mixed N2+ Ar atmosphere, were found to vary within the range of 1.77-1.90 eV and 1.05-
1.45 eV, respectively, depending on the total pressure. As the work pressure increased, a
blue shift was observed. Xiao et al. [36] attributed this fact to a slightly higher number of
Cu atoms being unable to combine with N atoms to form Cu-N bonds due to the relatively
low number of N atoms present in the gas mixture. Such Cu atoms would act as a light-
scattering center, forming defects which would lead to a decrease in the band gap energy.
In this scenario, the energetic neutral N2* ions in the plasma are dissociatively reflected by
the target. This fact might account for a possible Cu re-sputtering, thus leading to a greater
deficiency in the stoichiometric properties of CusN films, as revealed by the EDS and XPS
data.

On the other hand, the samples S3 and S4, deposited in the pure N2 atmosphere,
showed direct and indirect band gap values in the range of 1.70-1.79 and 1.60-1.65,
respectively. In this case, the opposite phenomenon was observed, namely the band gap
energy increased when the gas pressure decreased [28]. This behavior can be explained
by the different nature of the gaseous environment in which the deposition was carried
out. At a pressure of 3.5 Pa, an excess of Cu atoms may have continued forming the
material due to the higher number of N atoms in the pure N2 environment. However,
when the N2 pressure increased, the excess N that did not form Cu-N bonds could have
integrated into the lattice in interstitial places, resulting in a worsening of the structural
quality, as shown by the XRD results. This would lead to the appearance of defects and,
hence, to a decrease in the band gap energy [16,37]. In any case, the band gap energy
values obtained were in the range considered suitable for solar absorber applications [38].
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Figure 6. Calculation of the band gap energy of CusN films deposited at different pressures and in
different gaseous environments: (a) (ahv)'2 vs. hv plot for the determination of the direct band gap;
(b) (ahv)? vs. hv plot for the determination of the indirect band gap.
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Finally, the refractive indices of the CusN films were measured at different
wavelengths in the NIR region using the prism coupling technique. The obtained data are
summarized in Table 7. As expected, the refractive indices showed a clear dependence on
the measuring wavelength. Regardless of the gas environment used, the refractive index
decreased with the wavelength, as reported in the literature [39].

Table 7. Refractive indices of the samples under study measured at different wavelengths in the
NIR region.

Wavelength

(nm)/hv(eV) 51 52 53 54
825/1.503 1.521 --- 1.522 1.512
1061/1.169 1.518 1.508 1.519 1.508
1312/0.945 1.515 1.506 1.515 1.506
1533/0.809 1.512 1.503 1.512 1.503

These values were relatively low compared with those found in the literature
[5,39,40]. This could be attributed to two factors: (i) the possible low density of the films
due to the packed columnar grain features observed in the AFM images combined with
the N-rich nature indicated by the EDS and XPS data; and (ii) the high O presence on the
surface, determined from EDS and XPS data, leading to the formation of a very thin
amorphous CuOx film (not observable in the XRD patterns).

4. Conclusions

In this work, CusN films were prepared using reactive RF magnetron sputtering at
RT at total pressures of 3.5 Pa and 5.0 Pa, and in different gaseous environments of N2 and
N2+ Ar. The deposition rate calculated when the films were deposited in the mixture of
Nz and Ar gases increased with the total pressure, while a constant deposition rate of 0.06
nm/s was obtained when pure Nz gas was used in the sputtering process, a fact attributed
to a target “poisoning” effect. The XRD results revealed that the films had an anti-ReOs
structure. The samples deposited in the pure N2 environment showed the (100) plane as
the preferential orientation. This plane corresponded to the N-rich phase of CusN,
indicative of an increased presence of N atoms rather than Cu atoms within the plasma.
However, a transition from the (100) to (111) planes as the preferential orientation was
highlighted when the total Ar + N2 pressure decreased from 5.0 Pa to 3.5 Pa. At the same
time, the FWHM values extracted from the XRD results revealed a worsening of the
crystal quality when the films were deposited in the mixed gaseous environment. To
conclude, a lattice constant larger than the theoretical one was obtained in any case, once
again indicative of an N-rich phase. To support this hypothesis, FTIR, EDS, and XPS
analyses were carried out, and the results confirmed the presence of an N-rich material
and the formation of a Cu-N bond, regardless of the gaseous environment used. The XPS
and EDS measurements also revealed a significant O contamination on the film surface,
attributed to a long exposure in air. This contamination was also supported by the low
refractive index values obtained for all of the films. Finally, the calculated optical band
gap energies showed their strong dependence on the gaseous environment. In any case, a
material with these values can be considered suitable for use as a solar absorber. However,
all these results pointed to a preference for using (i) a pure Nz environment and (ii) a range
of moderate pressures, such as 3.5 Pa, due to the better crystal quality of the films
deposited.

Author Contributions: Conceptualization, S.F.; methodology, C.A.F., M.L.R.-T. and S.F.; validation,
C.AF, GDR, D.P.and M.LR.-T ; formal analysis, C.A.F., G.D.R. and M.LR.-T,; investigation, D.P.,
M.LR.-T. and S.F.; resources, G.D.R.; data curation, C.A.F., M.LR.-T. and S.F.; writing — original draft
preparation, C.A.F. and S.F.; writing—review and editing, D.P. and S.F.; visualization, M.LLR.-T.;



Materials 2022, 15, 8973 13 of 14

supervision, S.F.; project administration, S.F.; funding acquisition, S.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by MCIN/AEI/10.13039/501100011033, grant number PID2019-
109215RB-C42. M.A. Rodriguez-Tapiador also acknowledges partial funding through MEDIDA
C17.12G: CIEMAT. Nuevas tecnologias renovables hibridas, Ministerio de Ciencia e Innovacion,
Componente 17 “Reforma Institucional y Fortalecimiento de las Capacidades del Sistema Nacional
de Ciencia e Innovacién”. Medidas del plan de inversiones y reformas para la recuperacion
econdmica funded by the European Union —NextGenerationEU.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank A. Soubrie from Centro de Microscopia
Electroénica “Luis Bru” for her advice and AFM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cho, S. Effect of substrate temperature on the properties of copper nitride thin films deposited by reactive magnetron sputtering.
Curr. Appl. Phys. 2012, 12, S44-547. https://doi.org/10.1016/j.cap.2012.05.033.

2. Ji, AL; Huang, R; Du, Y,; Li, C.R; Wang, Y.Q.; Cao, Z.X. Growth of stoichiometric CusN thin films by reactive magnetron
sputtering. J. Cryst. Growth 2006, 295, 79-83. https://doi.org/10.1016/j.jcrysgro.2006.07.007.

3. Rahmati, A.; Ghoohestani, M.; Badehian, H.; Baizaee, M. Ab. initio study of the structural, elastic, electronic and optical
properties of CusN. Mater. Res. 2014, 17, 303-310. https://doi.org/10.1590/51516-14392014005000039.

4. Goetzberger, A.; Hebling, C. Photovoltaic materials, past, present, future. Sol. Energy Mater. Sol. Cells 2000, 62, 1-19.
https://doi.org/10.1016/50927-0248(99)00131-2.

5. Mukhopadhyay, A.K.; Momin, M.A.; Roy, A.; Das, S.C.; Majumdar, A. Optical and electronic structural properties of CusN thin
films: A first-principles study (LDA + U). ACS Omega 2020, 5, 31918-31924. https://doi.org/10.1021/acsomega.0c04821.

6. Zhao, Y; Zhao, J; Yang, T.; Zhang, ]J.; Yang, J.; Li, X. Enhanced write-once optical storage capacity of CusN film by coupling
with an Al:Os protective layer. Ceram. Int. 2016, 42, 4486—4490. https://doi.org/10.1016/j.ceramint.2015.11.136.

7.  Borsa, D.M.; Grachev, S.; Presura, C.; Boerma, D.O. Growth and properties of CusN films and CusN/y'-FesN bilayers. Appl. Phys.
Lett. 2002, 80, 1823-1825. https://doi.org/10.1063/1.1459116.

8.  Zakutayev, A, Caskey, C.M.; Fioretti A.N.; Ginley, D.S,; Vidal, J.; Stevanovic, V.; Tea, E.,; Lany, S. Defect tolerant
semiconductors for solar energy conversion. J. Phys. Chem. Lett. 2014, 5, 1117-1125. https://doi.org/10.1021/jz5001787.

9.  Ebaid, M,; Larson, D.M.; Bustillo, K.C.; Turner, J.H.; Cooper, J.K. Saw-tooth heat-cycling nitridation of metallic Cu yields first
photoactive p-CusN for PEC applications. ACS Appl. Energy Mater. 2020, 3, 10714-10721. https://doi.org/10.1021/acsaem.0c01754.

10. Sahoo, G. Manipulating elastic and mechanical properties of CusN through site selective Ag doping: First principles
investigation. Mater. Today Commun. 2021, 29, 102950. https://doi.org/10.1016/j.mtcomm.2021.102950.

11. Ji, A;; Yun, D.; Gao, L.; Cao, Z. Crystalline thin films of stoichiometric CusN and intercalated CusNMx (M = metals): Growth and
physical properties. Phys. Status Solidi A 2010, 207, 2769-2780. https://doi.org/10.1002/pssa.201026449.

12. Ji, AL, Lu, N.P,; Gao, L.; Zhang, W.B.; Liao, L.G.; Cao, Z.X. Electrical properties and thermal stability of Pd-doped copper
nitride films. J. Appl. Phys. 2013, 113, 043705. https://doi.org/10.1063/1.4788905.

13. Gao, L.; Ji, A.L; Zhang, W.B.; Cao, Z.X. Insertion of Zn atoms into CusN lattice: Structural distortion and modification of
electronic properties. |. Cryst. Growth 2011, 321, 157-161. https://doi.org/10.1016/j.jcrysgro.2011.02.030.

14. Modin, A.; Kvashnina, K.O.; Butorin, S.M.; Werme, L.; Nordgren, J.; Arapan, S.; Ahuja, R; Fallberg, A.; Ottosson, M. Electronic
structure of CuwsN films studied by soft X-ray spectroscopy. . Phys. Condens. Matter 2008, 20, 235212.
https://doi.org/10.1088/0953-8984/20/23/235212.

15. Gallardo-Vega, C.; De la Cruz, W. Study of the structure and electrical properties of the copper nitride thin films deposited by
pulsed laser deposition. Appl. Surf. Sci. 2006, 252, 8001-8004. https://doi.org/10.1016/j.apsusc.2005.10.007.

16. Nosaka, T.; Yoshitake, M.; Okamoto, A.; Ogawa, S.; Nakayama, Y. Copper nitride thin films prepared by reactive radio-
frequency magnetron sputtering. Thin Solid Films 1999, 348, 8-13. https://doi.org/10.1016/50040-6090(98)01776-3.

17.  Fioretti, A.N.; Schwartz, C.P.; Vinson, J.; Nordlund, D.; Prendergast, D.; Tamboli, A.C.; Caskey, C.M.; Tuomisto, F.; Linez, F.;
Christensen, S.T.; et al. Understanding and control of bipolar self-doping in copper nitride. |. Appl. Phys. 2016, 119, 181508.
https://doi.org/10.1063/1.4948244.

18.  Zhu, L.; Cao, X.; Gong, C,; Jiang, A.; Cheng, Y.; Xiao, J. Preparation of CusN/MoS:z heterojunction through magnetron sputtering
and investigation of its structure and optical performance. Materials 2020, 13, 1873. https://doi.org/10.3390/ma13081873.

19. Yu, A,;Hu, R;Liu, W,; Zhang, R.; Zhang, J.; Pu, Y.; Chu, L.; Yang, J.; Li, X. Preparation and characterization of Mn doped copper

nitride films with high photocurrent response. Curr. Appl. Phys. 2018, 18, 1306-1312. https://doi.org/10.1016/j.cap.2018.07.010.



Materials 2022, 15, 8973 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Tilemachou, A.; Zervos, M.; Othonos, A.; Pavloudis, T.; Kioseoglou, ]. P-type iodine-doping of CusN and its conversion to -
Cul for the fabrication of y-Cul/CusN p-n  heterojunctions.  Electron. = Mater. 2022, 3, 15-26.
https://doi.org/10.3390/electronicmat3010002.

Chen, S.-C.; Huang, S.-Y.; Sakalley, S.; Paliwal, A.; Chen, Y.-H.; Liao, M.-H.; Sun, H.; Biring, S. Optoelectronic properties of
CuwsN thin films deposited by reactive magnetron sputtering and its diode rectification characteristics. J. Alloys Comp. 2019, 789,
428-434. https://doi.org/10.1016/j.jallcom.2019.02.268.

Zakutayev, A. Design of nitride semiconductors for solar energy conversion. J. Mater. Chem. A 2016, 4, 6742-6754.
https://doi.org/10.1039/C5TA09446 A.

Meymian, M.R.Z.; Heravi, A.D.; Mehr, A K. Influence of bias voltage on optical and structural characteristics of CusN films
deposited by reactive RF magnetron sputtering in a pure nitrogen atmosphere. Mater. Sci. Semicond. Process. 2020, 112, 104995.
https://doi.org/10.1016/j.mssp.2020.104995.

Yue, G.H.; Yan, P.X;; Liu, ].Z; Wang, M.X,; Li, M.; Yuan, X.M. Copper nitride thin film prepared by reactive radio-frequency
magnetron sputtering. J. Appl. Phys. 2005, 98, 103506. https://doi.org/10.1063/1.2132507.

Waite, M.M.; Shah, S.I. Target poisoning during reactive sputtering of silicon with oxygen and nitrogen. Mater. Sci. Eng. B 2007,
140, 64-68. https://doi.org/10.1016/j.mseb.2007.04.001.

Giittler, D.; Abendroth, B.; Grotzschel, R.; Méller, W.; Depla, D. Mechanisms of target poisoning during magnetron sputtering
as investigated by real-time in situ analysis and collisional computer simulation. Appl. Phys. Lett. 2004, 85, 6134—6136.
https://doi.org/10.1063/1.1835002.

Gordillo, N.; Gonzalez-Arrabal, R.; Alvarez-Herrero, A.; Agullé-Lopez, F. Free-carrier contribution to the optical response of
N-rich CusN thin films. J. Phys. D Appl. Phys. 2009, 42, 165101. https://doi.org/10.1088/0022-3727/42/16/165101.

Wang, J.; Chen, ].T.; Yuan, XM.; Wu, Z.G.; Miao, B.B.; Yan, P.X. Copper nitride (CusN) thin films deposited by RF magnetron
sputtering. J. Cryst. Growth 2006, 286, 407-412. https://doi.org/10.1016/j.jcrysgro.2005.10.107.

Majumdar, A.; Drache, S.; Wulff, H.; Mukhopadhyay, A K.; Bhattacharyya, S.; Helm, C.A.; Hippler, R. Strain effects by surface
oxidation of CusN thin films deposited by DC magnetron sputtering. Coatings 2017, 7, 64.
https://doi.org/10.3390/coatings7050064.

Du, Y.; Ji, AL; Ma, LB.; Wang, Y.Q.; Cao, Z.X. Electrical conductivity and photoreflectance of nanocrystalline copper nitride
thin films deposited at low temperature. J. Cryst. Growth 2005, 280, 490-494. https://doi.org/10.1016/j.jcrysgro.2005.03.077.
Chen, Y.-H.; Lee, P.-I; Sakalley, S.; Wen, C.-K.; Cheng, W.-C.; Sun, H.; Chen, S.-C. Enhanced electrical properties of copper
nitride films deposited via high power impulse magnetron sputtering. Nanomaterials 2022, 12, 2814.
https://doi.org/10.3390/nan012162814.

Zhang, G.; Lu, Z,; Py, J.; Wu, G.; Wang, K. Structure and thermal stability of copper nitride thin films. Indian J. Mater. Sci. 2013,
2013, 725975. https://doi.org/10.1155/2013/725975.

Fan, X.; Wu, Z; Li, H,; Geng, B.; Li, C.; Yan, P. Morphology and thermal stability of Ti-doped copper nitride films. . Phys. D
Appl. Phys. 2007, 40, 3430-3435. https://doi.org/10.1088/0022-3727/40/11/025.

Szczesny, R.; Szlyk, E.; Wisniewski, M.A.; Hoang, T.K.A.; Gregory, D.H. Facile preparation of copper nitride powders and
nanostructured films. . Mater. Chem. C 2016, 4, 5031-5037. https://doi.org/10.1039/C6TC00493H.

Kadzutu-Sithole, R.; Machogo-Phao, L.F.E.; Kolokoto, T.; Zimuwandeyi, M.; Gqoba, S.S.; Mubiayi, K.P.; Moloto, M.].; Van Wyk,
J.; Moloto, N. Elucidating the effect of precursor decomposition time on the structural and optical properties of copper(I) nitride
nanocubes. RSC Adv. 2020, 10, 34231-34246. https://doi.org/10.1039/C9RA09546B.

Xiao, J.; Li, Y.; Jiang, A. Structure, optical property and thermal stability of copper nitride films prepared by reactive radio
frequency magnetron sputtering. J. Mater. Sci. Technol. 2011, 27, 403—407. https://doi.org/10.1016/51005-0302(11)60082-0.

Yuan, X.M,; Yan, P.X,; Liu, ]J.Z. Preparation and characterization of copper nitride films at various nitrogen contents by reactive
radio-frequency magnetron sputtering. Mater. Lett. 2006, 60, 1809-1812. https://doi.org/10.1016/j.matlet.2005.12.028.

Maidul Islam, M.; Georgiev, D.G. Stable stoichiometric copper nitride thin films via reactive sputtering. Appl. Phys. A 2022, 128,
579. https://doi.org/10.1007/s00339-022-05726-3.

Reddy, K.V.S.; Reddy, A.S.; Reddy, P.S.; Uthanna, S. Copper nitride films deposited by dc reactive magnetron sputtering. J.
Mater. Sci. Mater. Electron. 2007, 18, 1003-1008. https://doi.org/10.1007/s10854-007-9120-0.

Scigala, A.; Sztyk, E.; Rerek, T.; Wisniewski, M.; Skowronski, L.; Trzcinski, M.; Szczesny, R. Copper nitride nanowire arrays —
Comparison of synthetic approaches. Materials 2021, 14, 603. https://doi.org/10.3390/ma14030603.



