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Abstract: Cuy_Se films were deposited on Corning glass substrates by radio frequency (RF) mag-
netron sputtering and annealed at 300 °C for 20 min under N; gas ambient. The films had a thickness
of 850-870 nm and a chemical composition of Cu; 75Se. The initial structure of the films was nanocrys-
talline with a complex architecture and pores. The investigated films were plasma treated with RF
(13.56 MHz) high-density low-pressure inductively coupled argon plasma. The plasma treatment
was conducted at average ion energies of 25 and 200 eV for durations of 30, 60, and 90 s. Notably,
changes are evident in the surface morphology, and the chemical composition of the films changed
from x = 0.25 to x = 0.10 to x = 0.00, respectively, after plasma treatment at average ion energies of 25
and 200 eV, respectively.
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1. Introduction

Nanostructured binary copper selenides have wide applications in various fields, such
as solar cells, field-effect transistors, gas-sensing devices, Li-ion batteries, and biological
and medical appliances [1-3]. Copper selenides have various stoichiometric (CuySe, CuSe,
CuzSe;, CuSe,, CusSes) and nonstoichiometric (Cuy.«Se) phases. There is special interest
in the nonstoichiometric phase, owing to its unique properties. Cuy_,Se is an intrinsic
p-type semiconductor with direct and indirect bandgap energies in the range of 2.1-2.3 eV
and 1.2-1.4 eV, respectively [4]. Non-stoichiometry affects the crystalline structure and
the electronic and cation exchange properties. Nonstoichiometric nanostructured cop-
per selenide may exhibit various morphologies, such as nanocubes [5], nanotubes [6],
nanowires [7], nanosheets [8], nanodiscs [9], nanocages [10], and nanocrystalline films
with complex architectures [11]. The type of nanostructure is determined by the formation
methods and applied technological conditions. A detailed analysis of all the methods for
Cuy.«Se nanostructure creation is presented in [1]. Additionally, the properties of Cuy.Se
nanostructures can be changed by thermal annealing or doping with various chemical
elements. The plasma treatment of metal chalcogenides in argon plasma results in new
phenomena associated with effective surface modification [12-14]. However, currently, no
information about the effect of plasma treatment on the parameters of copper selenides
exists in the literature. This study aims to analyze the effects of treatment by argon plasma
with low ion energy on the structural parameters of nanocrystalline Cuy.«Se films with
complex architectures. An additional important physical problem investigated here is the
poorly studied process of the plasma sputtering of discontinuous layers with pores.
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2. Experimental Details

A commercial CuSe; alloy target (TASCO, 99.99% purity, 2-inch diameter) was used
for preparing CuySe thin film on 2 x 2 cm? Corning glass substrates. The thin films
were deposited by radio frequency (RF) magnetron sputtering (IDT Engineering Co.) at
room temperature using the following set of process parameters after pre-sputtering for
5min [15]. The Ar gas flux was 50 sccm; the base pressure was 1.0 x 10~ Torr; the
substrate-to-target distance was 5.0 cm; the frequency was 13.56 MHz; the RF sputtering
power was 35 W; and the vacuum pressure was 7.5 x 1073 Torr during sputtering. After
the growth process, the films were annealed using rapid thermal annealing (GD-Tech
Co., GRT-100) at a temperature of 300 °C for 20 min under 10 sccm N, gas ambient. The
thickness of the films was 850-870 nm.

The films were treated with RF high-density low-pressure inductively coupled plasma
(ICP) at an RF of 13.56 MHz using an RF ICP reactor [16]. The experiments were performed
with the following parameters. The inductive RF power P was 800 W; the argon gas flow
was 10 sccm; the operating argon gas pressure was 0.07 Pa; and the RF bias powers to the
substrate holder Py, was 0 and 300 W. The ion energy was controlled by the RF bias power
Py, applied on the substrate. At RF bias powers of 0 and 300 W, the average ion energies
were 25 and 200 eV, respectively. The ion current density was 7.5 mA cm~2. The plasma
treatment was conducted for durations of 30, 60, and 90 s. The plasma treatment of the
sample involved bombarding the surface with normal incident argon ions accompanied by
the heating of the surface and ultraviolet illumination of the argon plasma. The sample
temperature during plasma treatment can increase by 100 °C at Pg, = 0 W and a processing
duration of 60 s [12] as well as by 230 °C at Py, = 200 W and a processing duration of
30 s [16].

The surface morphology of the films was studied via scanning electron microscopy
(SEM) using a Supra 40 microscope (Carl Zeiss, Germany). The chemical analysis of the
samples was performed by energy-dispersive X-ray (EDX) microanalysis with the aid of
an INCA Energy attachment (Oxford Instruments). An accelerating voltage of 20 kV was
used in the research. The studies were carried out on an area of 20 x 15 um? with a normal
incidence of the electron beam. This provided the collection of information from the entire
thickness of the film. The reproducibility of the results on different parts of the film surface
was high, and the deviations in the determined Cu/Se ratio did not exceed 2%. The X-ray
diffraction (XRD) studies were performed using an ARL X’tra (Switzerland) diffractometer
for Cu K« radiation. The step-scan mode was used with a step size of 0.02° and counting
time of 1.5 s per step.

3. Results and Discussion

The initial state of the investigated copper selenide films has a nontrivial structure.
A typical initial film surface and the cross-section of the film shown in Figure 1. The
films consist of nanocrystallites with dimensions of 50-120 nm connected in large clusters.
There are large sinuous pores between the clusters. This structure of the copper selenide
films is common and occurs in various growth methods [17-21]. In the cross-sectional
image (Figure 1c), two layers are clearly distinguishable by the film thicknesses. The
lower layer has a thickness of approximately 630-650 nm, larger crystallites, and larger
pores, while the upper layer has a thickness of approximately 220 nm, smaller crystallites,
and smaller pores. The XRD patterns of the initial state within the 26 range of 5-90° are
shown in Figure 2. The characteristic peaks correspond to the (111), (200), (220), (311), (400),
(331), (422), and (511) lattice planes of cubic phase (Fm-3m) Cuy 755e to with high accuracy
according to the values in ICDD card 01-075-2714. No other phases were observed in the
studied layers. Notably, the highest intensity (Figure 2) is characteristic of the (111) plane,
i.e., the growth of the crystallites occurs mainly in the [111] direction of the cubic structure,
which is typical for Cuy.Se films [20-22]. The EDX data indicate that the ratio of Cu:Se
atoms in the copper selenide films after growing and annealing is 1.75:1.00; hence, the
chemical composition of the films deposited by this method can be identified as Cuy 75Se.
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A comparison of the chemical compositions obtained by the XRD and EDX methods is in
good agreement with the results. Thus, the copper selenide films in the initial state have
a chemical composition of Cuy 75Se, and are characterized by a nanocrystalline structure
with a complex architecture and large pore volume.

Figure 1. SEM images of the surface (a,b) and cross-section (c) of the film in a pristine state. The sample tilt during imaging
was (a) 0° and (b) 70°.
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Figure 2. XRD pattern of the film in the initial state. The bottom of the plot shows the details of the
ICDD card 01-075-2714 for Cuy y5Se.
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Ion sputtering in argon plasma led to significant changes in the surface morphology
of the studied films. The dynamics of these changes during sputtering by 25 eV argon ions
over a time interval of 30-90 s are shown in Figure 3. We consider an image taken normal to
the surface, an image of a tilted surface and a cross-sectional image of the film/substrate. As
shown in Figure 3b, when the process time was 30 s, vertical cone-shaped structure arrays
were formed on the surface. The density of these cones is approximately 7 x 10° cm~2,
and the angle of the cone at the top varies between 25-50°. Thus, a short duration of
exposure to argon ions leads to the restructuring of previously formed copper selenide
clusters and appearance of high (180-250 nm) cones. The height of these cones corresponds

approximately to the thickness of the top layer in Figure 1c.
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Figure 3. SEM images of the copper selenide film surface after plasma treatment at ion energy of 25 eV and durations of
30s (a,b), 60 s (c,d), and 90 s (e,f). The sample tilts during imaging were 0° (a) and 70° (b,d,f). (c,e) Cross-sections of film,
where the black lines are the borders of the lower and upper layers.

Several explanations for the appearance of micro- and nanocones have been proposed
in experimental and theoretical ion sputtering studies [23,24]. However, these explanations
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are all based on the compact materials. In our case, it is necessary to consider both
the complex porous structure of the surface and re-deposition processes of the chemical
elements that lead to the formation of local masks. The ions in a dense homogeneous ion
stream perform different functions when they interact with a porous surface. Some of the
ions result in the sputtering of clusters on the surface. The other ions, which fall into the
pore areas, participate in the etching of the material in the film bulk, and remove the thin
partitions in the porous structure. Sputtering processes are known to be accompanied by
the re-deposition of sputtered chemical elements on the surface, self-organization of local
masks, plasma-stimulated coalescence of nanoparticles, and densification of the porous
material [25,26]. In [27], it was shown that, during the initial stage of ion sputtering
of complex compounds containing copper and selenium, self-formation of copper-rich
nanoparticles occurs. The nanoparticles later serve as local masks in the formation of
cones. A similar situation occurs in our case. The rapid heating of the surface during
plasma treatment and the influence of argon plasma ultraviolet radiation play an additional
role in the ongoing processes. Consequently, arrays of vertical structures are formed. In
a previous study, we described the formation of vertical nanostructures with the petal-
shaped plate nanocrystallites on porous surfaces during the plasma sputtering of SnS
films [28]. However, in the case of SnS, there is an important additional vapor-liquid—
crystal mechanism during the vertical structures formation. Similar experimental results
with the formation of vertical structures have been reported in porous boron and tungsten
powders [29]. From the analysis of Figure 3, it can be seen that, when the exposure times
were increased to 60 and 90 s (Figure 3c—f), the cone-shaped structures arrays on the surface
were preserved; however, the height of the cones decreased, and the angle at the top of the
cone increased. The latter is due to the prevalence of the process of sputtering the cones
in this time interval. The analysis of the cross-section images shows that the ensemble of
cones is still located in the upper layer of the film. If we consider the tops of the cones, the
overall decrease in the film thickness is extremely small. This indicates that the sputtering
processes in Cuj 75Se films at the ion energy of 25 eV are weakly expressed, and that the
local masks on the tops of cones are practically not etched.

We observe a different situation when the energy of the argon ions increased to 200 eV.
A set of SEM images for the sputtering duration of 30-90 s is shown in Figure 4. The
physical processes described above for the ion energy of 25 eV were repeated for ions with
an energy of 200 eV and a sputtering duration of only 30 s. Within such a short duration,
the sputtering still affected only the top layer of the film. At the processing time of 60 s, the
top layer of the film was completely etched (Figure 4c), and at a processing time of 90 s,
the lower layer of the film is etched (Figure 4e). The etching rate became uniform over the
sample area, and was approximately 3 nm/s.

The changes in the surface morphology of Cuy 75Se films during plasma treatment are
accompanied by changes in the composition and crystal structure of the layers. EDX studies
have shown that if the ratio of Cu/Se atoms was initially 1.75, then after sputtering by
25 eV ions for 60-90 s, the ratio became 1.87-1.88. Further, after plasma treatment by 200 eV
ions for 60-90 s, the ratio increases to 1.98-2.01. Thus, the process of sputtering Cuj 755e
nanocrystalline porous films by argon ions decreases the number of chalcogen atoms. From
a physical perspective, this decrease is due to both the peculiarities of the copper selenide
sputtering process and the effect of heating the sample during plasma treatment. Within
the framework of linear cascade theory [30] the ratio of partial sputter yields Ys./Y¢, is
determined by the surface concentrations N, ge, N3, surface binding energies Us,, Uc,, and

masses Mg, and Mc,,:
YSe ~ NSSe (MCM>2m(uCu>l_2m (1)
YCu N(S:u MSe uSe

where m can be assumed to be zero at low ion energies of 25 and 200 eV of our exper-
iment [30]. Unfortunately, no information exists on the values of the surface binding
energies of Cu and Se atoms in Cuy 755e in the literature for accurate calculations. Hence,
we used the corresponding values for the single-component materials as a rough estimate.
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Consequently, sublimation heat values of 102.2 kJ/mol for Se and 337 kJ/mol for Cu
from [31] were used. Thus, at Ys./Yc, 2 1.8, preferential sputtering of selenium occurs for
the Cu; 75Se films. During the ion sputtering of a binary compound, the selenium atoms
quickly leave the working area because of their high volatility, and do not participate in
the re-deposition process at the surface. In addition, the film temperature increases during
ion sputtering. It is well known that the additional heating of the sample can also lead
to the reduction of the chalcogen content in copper selenide films and contribute to the
transformation from Cu,_,Se to Cu,Se [32-34].

Figure 4. SEM images of the film surface after plasma sputtering at ion energy of 200 eV and processing times of 30 s (a,b),
60 s (c,d), and 90 s (e,f). The sample tilts during imaging were 0° (a) and 70° (b,d,f). (c,e) show cross-sections of the film.
The dashed line in (c,e) shows the upper border of the lower layer in Figure 1c.

The X-ray diffractograms of the samples after plasma treatment at ion energies of
25 and 200 eV for durations of 60 and 90 s are presented in Figure 5. The results of the
X-ray diffractometry indicate a change in the phase composition during ion sputtering.
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In the initial state, the films were single-phase cubic crystal lattice Cuj 755e. After plasma
treatment with 25 eV argon ions for 60 and 90 s, three phases appeared: cubic phase
berzelianite Cuy ygSe (ICDD card 01-072-7490), monoclinic phase CuySe (ICDD card 00-058-
0228), and cubic phase berzelianite Cu,Se (ICDD card 01-088-2043). After plasma treatment
with 200 eV ions, two phases appeared in the diffractograms: monoclinic Cu;Se phase
(ICDD card 00-058-0228) and cubic CuySe phase (ICDD card 01-088-2043). The coexistence
of the cubic and monoclinic phases in Cuy_,Se is expected and has been reported previously,
for example, in bulk samples synthesized via conventional solid-state sintering technology
in [35]. Thus, the results of X-ray diffractometry of Cu,.,Se films, after plasma sputtering,
are in good agreement with the EDX data, and confirm the transformation of Cuj 75Se to
Cu;Se during the Ar plasma treatment.
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Figure 5. XRD patterns of the films after plasma treatment at ion energies of 25 and 200 eV. The
bottom of the figure shows the ICDD card details for cubic phase Cu;j 73Se (ICDD card 01-072-7490),
cubic phase CuySe (ICDD card 01-088-2043), and monoclinic phase CuySe (ICDD card 00-058-0228).

4. Conclusions

The results show for the first time that ion-plasma sputtering is an effective method for
modifying or removing surface layers in copper selenide films. The ion energy and process
duration are significant. At an ion energy of 25 eV, local masks are formed on the surface,
leading to the formation of ensembles of cones. When the ion energy is increased to 200 eV
at longer process times, these local masks are peeled off and no high cones are formed.
The etching process in argon plasma at ion energies of 25-200 eV is accompanied by a
transformation of the phase composition of the films by the Cuy.,Se-to-CuySe mechanism.
This transformation is due to the specific behavior of the metal and chalcogen atoms during
ion-plasma treatment.
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