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Abstract

In this work it is reported the successful deposition of Cu—Se—-0 thin films by pulsed laser deposition.
Precursor powders were obtained by high-energy ball milling employing CuO and elemental selenium,
processed for 2, 4, and 6 h. X-ray diffraction and Raman spectroscopy indicate the formation of multiple
Cu—Se-0 crystalline phases, with phase evolution as a function of milling time. Raman spectroscopy
results indicate variations in the Cu—Se—0 vibrational features after the powders are deposited as thin
films. The films exhibit a morphology that varies depending on the precursor powder, progressing from
fragmented nanosheets to interconnected nanorods and semispherical particles. The film obtained using
the powder milled for 6 h exhibits a single-phase Cu,0(Se0,), structure, with crystallite sizes ranging
from approximately 21.7 to 32.8 nm. Optical measurements indicate an optical band gap in the range of
1.8-2.0 eV. Room-temperature photoluminescence measurements show emissions in the near-band-
edge region, with a broad emission centered at approximately 1.78 eV for F1-PLD and more defined
emissions around 1.95-1.97 eV for F2-PLD and F3-PLD. Electrical measurements indicate p-type
conductivity with carrier mobilities reaching up to 419.6 cm?/V-s and carrier concentrations ranging from
1.07 x 10"% to 1.86 x 102" cm~3. The use of high-energy ball-milled Cu—Se—0 powders as precursors for
PLD allows the preparation of Cu—Se-0 thin films, with the resulting materials being of interest for
semitransparent p-type oxychalcogenide applications in optoelectronics.

1 Introduction

Copper-based chalcogenide and oxychalcogenide materials have attracted significant attention in recent
decades as potential p-type semiconductors, particularly for the development of optically transparent or
semitransparent materials for optoelectronic applications [1]. Unlike conventional oxides, in which the
valence band is dominated by highly localized O 2p orbitals, Cu*/Cu?*-based systems exhibit
hybridization between Cu 3d orbitals and chalcogen p states. This interaction promotes enhanced
valence-band dispersion and may facilitate more efficient hole transport [1-3].

Among metallic chalcogenides, copper sulfides have been extensively studied due to their intrinsic p-type
semiconducting behavior and their pronounced crystallographic polymorphism as a function of
stoichiometry and synthesis conditions. This structural versatility leads to phases with distinct
optoelectronic properties, enabling their exploration in applications such as photocatalysis, plasmonics
[4], photothermal therapy [5], solar energy conversion [6], optical filters [7], and superionic materials [8—-9].
Within this family, copper-rich (Cu,S) and sulfur-rich (CuS) systems can be distinguished, where the Cu/S
ratio influences both direct and indirect band gap values, typically reported in the range of approximately
1.2-1.5eV [10].

This compositional dependence has motivated research on other chalcogenides, particularly the Cu-Se
system, which occurs naturally in several minerals with complex crystal structures. Representative
examples include berzelianite (a-Cu,_lSe), umangite (Cu,Se,), and klockmannite (CuSe), among others
[11-12]. The formation of these Cu—Se compounds is influenced by system enthalpy and synthesis
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temperature, often leading to metastable phases and polymorphic transitions. For example, Cu,Se
adopts a face-centered cubic structure at high temperatures, whereas at lower temperatures the a-Cu,Se
phase stabilizes in the Fm3m space group [13].

Similarly, CuSe exhibits several polymorphs (q, B, and y) with hexagonal, trigonal, and orthorhombic
symmetries, while CuSe, may crystallize in a marcasite-type structure (Pnnm) or transform into a cubic
pyrite-type phase at elevated temperatures. This structural diversity has resulted in discrepancies in
phase identification and space-group assignments in the literature, reflecting the intrinsic complexity of
the Cu—Se system [11, 14-15]. These characteristics have motivated the exploration of more complex
systems in which additional elements, such as oxygen, are incorporated into copper chalcogenide
frameworks.

In recent years, attention has shifted toward copper oxides and oxychalcogenides, where oxygen
incorporation can modify crystal structure, copper oxidation state, and electronic properties. The
incorporation of oxygen can therefore provide additional flexibility in controlling the crystal structure,
copper oxidation state, and electronic properties of these materials. However, the relationship between
crystal structure, microstructure, and optoelectronic behavior in Cu—0O-Se systems remains not fully
understood, particularly for materials obtained through mechanochemical synthesis routes. Although
several Cu—Se and Cu—Se—-0 compounds have been individually investigated, studies correlating the
structural evolution of mechanically activated precursor powders with the phase evolution and
optoelectronic properties of Cu—Se-0 thin films deposited by PLD remain limited. Understanding this
relationship is important for controlling phase formation and evaluating the potential of Cu-Se-0
oxychalcogenides as p-type semitransparent thin-film materials.

Based on these considerations, the objective of the present work is to investigate the ball-milling
synthesis of copper oxyselenides within the Cu—Se—0 system, with particular attention to structures
possibly related to CuSeO, and Cu(Se0,), and their subsequent deposition as thin films by pulsed laser
deposition. The influence of precursor milling time on the phase composition, microstructure,
morphology, optical response, and electrical properties of the resulting films is examined. In particular,
the structural and optoelectronic characteristics are evaluated to assess the potential of Cu-Se-0 thin
films as semitransparent p-type materials for optoelectronic applications.

2 Experimental methodology

2.1 Material synthesis

Polycrystalline Cu—Se—0 systems were synthesized by ball milling (BM) using precursor powders of
copper oxide (Cu0, 3.5 g, 99.99%, Sigma-Aldrich) and elemental selenium (Se, 3.9 g, 99.99%, Sigma-
Aldrich). Mechanical milling was carried out in a Fritsch PULVERISETTE 7 planetary mill operating at 400
rpm under reversible rotation. The process consisted of 5 min milling cycles followed by 5 min rest
periods to minimize excessive temperature rise and promote homogeneous mixing [16—17]. Milling
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times of 2, 4, and 6 h were investigated, and the resulting powders were labeled P1-BM-2H, P2-BM-4H,
and P3-BM-6H, respectively. The milled powders were subsequently compacted into cylindrical pellets
with a diameter of 7 mm by applying 15 tons for 15 min using a hydraulic press. The resulting pellets
exhibited sufficient mechanical stability for use as targets in pulsed laser deposition (PLD). Thin films
were deposited from pellets prepared using powders milled for 2, 4, and 6 h (P1-BM-2H, P2-BM-4H, and
P3-BM-6H). The deposited films were identified as F1-PLD, F2-PLD, and F3-PLD, respectively, where the
sample ID indicates the precursor powder employed for target preparation. Depositions were carried out
onto soda-lime glass substrates using an EKSPLA Nd:YAG laser operating at a wavelength of 1064 nm.
A total laser energy of approximately 270 J was delivered during the deposition process, corresponding
to 300 pulses (0.9 J per pulse), and was measured using a PowerMax PC energy meter (Coherent). The
substrate temperature was maintained at 350°C during deposition, which was carried out for 5 min with a
target-to-substrate distance of 5 cm.

Following deposition, all films were subjected to thermal annealing at 530°C under a nitrogen
atmosphere. The samples were encapsulated in a semi-hermetic graphite crucible and annealed in a
horizontal furnace for 5 min under a continuous nitrogen flow of 1 L/min to maintain a controlled thermal
environment.

2.2 Material characterization

The crystal structure of the samples was analyzed using a PANalytical X'Pert PRO diffractometer
equipped with a Cu Ka radiation source (A =0.154178 nm), operated at 45 kV and 40 mA. The diffraction
patterns were recorded in the 26 range of 5-80 ° for films and 15-80 ° for powders, with a step size of
0.02° and a scanning rate of one degree per minute. Phase identification was performed using the
HighScore Plus software (PANalytical) and reference data from the International Centre for Diffraction
Data (ICDD) database [18]. Raman spectra were obtained using a Jobin-Yvon micro-Raman system,
employing the 632 nm wavelength of He-Ne laser as excitation source. The morphology of the samples
was examined by SEM using a JEOL JSM-7401F microscope. The accelerating voltage was maintained
between 18 and 25 kV, with a beam current of approximately 15 nA. Elemental composition of the
different Cu-Se-O systems was determined by EDS. Optical transmittance was measured by ultraviolet—
visible (UV-Vis) spectroscopy using a Jasco-670 spectrophotometer over the wavelength range of 200-
1100 nm, with a spectral resolution of 1 nm. The photoluminescence (PL) response was measured using
a SPEX 3247 spectrometer with a 488 nm excitation laser.

Electrical characterization was performed using a Hall effect measurement system (HMS-3000), from
which key transport parameters carrier concentration, mobility, and resistivity were obtained.

3 Results and Discussion

3.1 Cu-Se-0 powders.

Page 5/32



Figure 1 presents the XRD patterns together with the Rietveld refinements using HighScore Plus software
(Malvern PANalytical) of the Cu—Se-0 powders synthesized by high-energy ball milling for 2, 4, and 6 h.
Progressive changes in the diffraction patterns are observed with increasing milling time, indicating a
continuous structural evolution of the Cu—Se-0 system. The refinement provides quantitative
information on the phase composition, crystallite size, and lattice strain, as summarized in Table 1[19].

The P1-BM-2H sample is mainly composed of Cu,0 (89.23 wt.%), together with a minor amount of
elemental Se (10.27 wt.%), indicating that the mechanochemical reaction is still at an early stage after 2
h of milling. After 4 h of milling (P2-BM-4H), the elemental Se phase disappears and the CuSe, phase
emerges, accounting for 14.58 wt.% of the sample, while Cu,0 remains the predominant phase. This
result indicates the onset of the mechanochemical reaction between the precursor materials. For the P3-
BM-6H sample, the CuSe, phase becomes dominant (72.3 wt.%), whereas the Cu,0 content decreases to
19.0 wt.%. Additionally, the appearance of CuSe0; (8.7 wt.%) indicates the formation of a more complex
Cu—Se-0 oxychalcogenide system after prolonged milling. These results demonstrate a progressive
phase evolution driven by the increase in milling time [20-22].

The quantitative phase analysis obtained from the Rietveld refinement, together with the crystallite size
and lattice strain values, is summarized in Table 1. These results indicate that increasing the milling time
modifies not only the phase composition but also the microstructural characteristics of the powders.

Table 1
XRD parameters of the Cu-Se-O powders, obtained from XRD analysis.

Id. Sample Size (hnm) Strain (%) Phase Reference code  Quantification (%)
ICCD
P1-BM-2H 9.2 0.224 Cu,0 01-078-2076 89.23
Se 01-073-0465 10.27
P2-BM-4H 37.47 0.254 Cu,0 01-078-2076 85.42
CuSe, 01-071-0047 14.58
P3-BM-6H 16.48 0.230 Cu,0 01-078-2076 19.0
CuSe, 01-071-0047 72.3
CuSeO; 00-031-0479 8.7

Figure 2 shows Raman spectra of Cu-Se-O powders synthesized by BM at different milling times. The P1-
BM-2H powder exhibits Raman bands centered at 427 and 711 cm~, indicating the presence of common
Cu-Se-0 structural features, mainly related to Se-0 stretching and Cu-0 vibrational modes [23]. For the
P2-BM-4H sample, the Raman spectrum is dominated by bands at ~ 428 and 708 cm~", accompanied by

additional low-intensity features at ~ 187, 257, and 490 cm~" [24]. The emergence of these modes
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reflects an increase in local vibrational complexity, which can be attributed to mechanically induced
disorder and the coexistence of multiple Cu—Se—0 environments. In the case of P3-BM-6H, the Raman
bands become better defined and show a slight shift toward ~ 429 and 705 cm~’, while weaker modes
are detected at ~ 188, 257, 450, 490, and 708 cm~" [24-25].

Figure 3 shows the SEM micrographs of Cu—Se-0 powders obtained by BM at different milling times. In
general, particle agglomerates with micrometer-scale dimensions are observed, together with
semispherical particles distributed over their surface, likely formed during the mechanosynthesis
process. The average particle size was measured from the SEM micrographs using ImagedJ software. For
2 h of milling (P1-BM-2H, Fig. 3A), a main aggregate composed of irregularly shaped particle
agglomerates with characteristic sizes on the order of ~ 12 pm is observed. A higher magnification
image of a selected region (Fig. 3A1) shows semispherical particles with approximate diameters of ~
350 nm located on the surface of these agglomerates. Increasing the milling time to 4 h (P2-BM-4H,

Fig. 3B), the surface morphology evolves toward agglomerates with a more homogeneous particle
distribution. Although irregular shapes are still present, a reduction in average size to approximately ~ 1
pum is observed, together with secondary particles of about ~ 250 nm on the surface (Fig. 3B1), indicating
a progressive fragmentation and refinement process. After 6 h of milling (P3-BM-6H, Fig. 3C),
agglomerates composed of more uniform particles with average sizes close to ~ 100 nm are observed,
as shown in greater detail in Fig. 3C1. Overall, increasing the milling time promotes particle size
reduction and morphological homogenization, favoring the formation of powders with particle sizes
below ~ 100 nm [26-27].

The elemental chemical analysis obtained by EDS (Table 2) reveals a compositional variation of the Cu-
Se-0 system as a function of mechanical milling time. The P1-BM-2H sample is dominated by Cu (40.69
at. %) and Se (37.57 at. %), with a lower oxygen content (21.74 at. %), suggesting a limited degree of
oxidation during the early stages of the BM process. As the milling time increases to 4 h (P2-BM-4H), an
increase in the Cu content (49.63 at. %) is observed, accompanied by a relative decrease in Se (31.26 at.
%) and O (19.10 at. %). This behavior may be associated with elemental redistribution induced by
mechanical activation and the possible formation of Cu-rich environments. In contrast, the P3-BM-6H
sample exhibits a higher oxygen concentration (36.44 at. %), together with comparable amounts of Cu
(33.28 at. %) and Se (30.28 at. %). This composition is closer to the expected range for Cu—Se-0
systems. This trend may be related to particle size reduction and the associated increase in surface area
promoted by prolonged milling, which can facilitate oxidation and the formation of oxide and oxyselenide
phases, in agreement with the XRD results.
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Table 2

Atomic concentrations of Cu, O, and Se in
the Cu-Se-0 powders, obtained from EDS
analysis.

Id. Sample Cu o Se
(At. %) (At.%) (At. %)

P1-BM-2H  40.69 21.74 37.57
P2-BM-4H  49.63 19.10 31.26
P3-BM-6H  33.28 36.44 30.28

3.2 Thin films of Cu—-Se-0

Figure 4 presents the XRD patterns together with the Rietveld refinements (X' pert HighScore Plus) of the
Cu-Se-0 thin films deposited by PLD using targets prepared from powders milled for different times.

The diffraction patterns reveal a progressive structural evolution as a function of the precursor powder.
Quantitative phase analysis, summarized in Table 3, indicates significant changes in the phase
composition, crystallite size, and lattice strain. The F1-PLD film exhibits a multiphase structure
composed predominantly of Cu,0 (56.5 wt.%), together with Cu,Se (20.03 wt.%), CuSeO, (7.0 wt.%), and
Cu(Se0;) (16.2 wt.%). In the F2-PLD film, the Cu,0 fraction increases to 77.4 wt.%, while the Cu,Se
content decreases to 8.3 wt.% and the CuSeO;, fraction increases to 14.3 wt.%; in addition, the Cu(Se0,)
phase is no longer detected. These changes indicate a progressive structural evolution toward a Cu-Se—
0 oxychalcogenide system with increasing milling time of the precursor powder. A markedly different
behavior is observed for F3-PLD, where the diffraction pattern is refined as a single Cu,0(Se0,), phase
(ICDD 00-046-0794). This structural transformation is accompanied by an increase in the average
crystallite size from approximately 22 nm to 33 nm, whereas the lattice strain remains within the same
order of magnitude for all films. Overall, these results suggest that prolonged mechanical activation of
the precursor powders suggesting that prolonged milling of the precursor powders modifies the phase
assemblage transferred during PLD and favors the stabilization of the Cu,0(Se0,), phase [20-21, 28~
29].
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Table 3
XRD parameters of the Cu-Se-0 thin films, obtained from XRD analysis.

Id. Sample Size (hnm) Strain (%) Phase Reference code  Quantification (%)
ICCD
F1-PLD 21.9 0.005 Cu,0 01-078-2076 56.5
Cu,Se 01-088-2044 20.03
CuSeO4 00-031-0479 7.0
CuSeO, 00-048-0375 16.2
F2-PLD 21.68 0.0043 Cu,0 01-078-2076 77.4
Cu,Se 01-088-2044 8.3
CuSeOq 00-031-0479 14.3
F3-PLD 32.79 0.0054 Cu40(Se03)3  00-046-0794 100

The XRD patterns of the Cu—Se-0 thin films show that the phases present in the system are not limited
to a single structural arrangement. Instead, the reflections can be associated with configurations
commonly reported for orthorhombic Pnma-type structures, where Cu?+ ions occupy nonequivalent sites
coordinated by distorted CuQs units, while Se** species are arranged in trigonal environments [29-30].
These local configurations have been related in previous studies to the formation of copper vacancies
under oxygen-rich conditions, which could help explain the presence of more than one oxoselenate phase
in the films. In terms of the Cu—Se—-0 ternary diagram, this behavior is consistent with regions where
several phases may coexist rather than a single stable compound. It is also worth considering that the
structural features observed here may be influenced by the mechanical milling stage used to prepare the
targets. This process introduces additional energy into the system and can lead to local rearrangements
that are not necessarily uniform. As a result, it is reasonable to expect the presence of both orthorhombic
and triclinic (anorthic) configurations, as has been reported for related systems covering a wide range of
space groups [31].

A similar interpretation is supported by the chemical potential calculations of the Cu—Se—0 system
performed with the Chesta software (Fig. 5). These calculations show that phases such as CuSe,,
CuSe0;, Cu,Se0;, CuO, and Cu,0 can appear within relatively close stability regions. In particular, CuSeO,
is located within a comparatively narrow stability range, which suggests that even small variations in
oxygen chemical potential may affect its formation. This observation is in line with the phase
coexistence seen in the XRD results and supports the idea that the system does not evolve toward a
single phase but rather toward a mixture of related structures [30, 32].
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Figure 6 shows Raman spectra of Cu—Se-0 thin films deposited by PLD. In the low-frequency region,
bands located around ~ 185 and ~ 260 cm~" can be associated with collective lattice vibrations of the
Cu-Se network, in agreement with the Eg modes reported by Ibrahim Garba Shitua and Khalida Mubeen
et al. [24] (~ 185.7 cm™") in CuSe nanoparticles and nanocomposites, as well as by Lingzhi L. et al. [33]
(~ 260 cm~") in CuSe nanosheets. In the intermediate-frequency region, bands observed at ~ 429, ~450,
and ~ 489 cm~" are attributed to mixed Cu—Se-O vibrations and 0—Se—0 bending modes. This
assignment is consistent with reports by A. H. Goldan et al. [23], who identified modes around ~ 450
cm-" in amorphous selenium, and with studies by Yaran Zhao and Yilin Denghan et al. [25, 34], where
bands near ~ 490 cm~" are associated with Cu—0 vibrations in copper oxides. At higher frequencies,
bands detected at ~ 603 and ~ 708 cm~" are mainly related to Se—0 stretching modes. Similar features
have been discussed in the work of Ray L. [35], who attributed a mode near ~ 710 cm~" to vibrations of
the (Se0,)?- group, as well as in reports of bands around 600-610 cm~" associated with Cu—0 stretching
in copper oxides. Overall, the Raman results obtained here are consistent with previous reports [23-25,
35] and allow a reasonable assignment of the vibrational modes associated with the polymorphic nature
of the Cu—Se-0 system, providing complementary information about its local structure.

The morphology of Cu—-Se-0 thin films deposited by PLD shows a clear microstructural variation that
appears to depend on the characteristics of the precursor powders, as shown in Fig. 7. The F1-PLD film,
derived from the P1-BM-2H powder (Fig. 7A), presents a heterogeneous surface characterized by the
coalescence of nanoparticles with sizes < 100 nm, together with fragmented nanosheets (nanoflakes)
with thicknesses on the order of ~ 30 nm and lengths of approximately ~ 200 nm. This morphology
suggests an early stage of anisotropic growth, possibly influenced by limited adatom surface mobility
and by residual energy inherited from the BM process, which may favor two-dimensional nucleation and
the formation of lamellar structures. For the F2-PLD film, obtained from the P2-BM-4H powder (Fig. 7B), a
noticeable change in morphology is observed. The surface is dominated by nanoparticles from which
interlaced nanorods emerge, with average lengths of ~ 800 nm and thicknesses in the range of 40—-50
nm. This evolution suggests that the nanosheets observed in the previous sample may act as structural
precursors that reorganize into a one-dimensional growth morphology. Such behavior can be associated
with surface diffusion processes and coalescence effects, as well as with local compositional variations
within the Cu-Se—-0 system. In the case of the F3-PLD film, derived from the P3-BM-6H powder (Fig. 7C),
a reduction of the previously observed anisotropic features is evident, leading to a more homogeneous
surface mainly composed of semispherical nanoparticles with average sizes of ~ 70 nm, together with
some dispersed agglomerates of approximately ~ 250 nm (Fig. 7C1). This behavior suggests a tendency
toward surface energy reduction through particle rearrangement and agglomeration, resulting in more
compact morphologies. Under these conditions, the nanorods appear less prominent, giving way to
structures with lower aspect ratio [36—37].

The elemental composition of the Cu—Se-0 thin films obtained by EDS is summarized in Table 4. For the
F1-PLD film, the atomic fractions are Cu (7.80 at. %), O (77.07 at. %), and Se (15.12 at. %), with oxygen

being the dominant element. For the F2-PLD film, the composition shows Cu (4.35 at. %), O (88.21 at. %),
and Se (7.44 at. %), indicating an increase in oxygen content and a decrease in both Cu and Se compared
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to the previous sample. In the case of the F3-PLD film, the atomic composition is Cu (7.46 at. %), O
(84.55 at. %), and Se (7.99 at. %), showing a similar Cu content to F1-PLD, while Se decreases and oxygen
remains the predominant element [38-40].

Table 4

Results of EDS analysis of deposited thin
films.

Id. Sample Cu o Se

(At. %) (At.%) (At %)

F1-PLD 7.80 77.07 15.12
F2-PLD 4.35 88.21 7.44
F3-PLD 7.46 84.55 7.99

3.3 Optical and electrical properties of Cu—Se-0 thin films

Optical transmittance was measured for the Cu—Se-0 thin films within the 300-1100 nm range (Fig. 8).
In the case of the F1-PLD sample, the spectrum shows a clear drop in transmittance around 500 nm, with
values in the visible region remaining close to 10%. The response of the other films differs noticeably. For
F2-PLD and F3-PLD, transmittance in the visible range is considerably higher, typically between 50 and
60%. At the same time, the absorption edge is no longer located at 500 nm, but appears shifted toward
longer wavelengths, near 550 nm.

The optical band gap of the Cu—-Se-0 thin films was determined from Tauc plots (Fig. 9) constructed
from the measured absorbance spectra. The analysis was performed assuming an indirect allowed

transition according to the Tauc relation (a hv )1/2 = A(hv — Eg) [41-42], giving values in the

range of 1.8-2.0 eV. This range falls within what has been described for copper oxide-related systems
[43]. In previous work, Garba et al. [44] described a shift of Eg from 1.80 to 2.10 eV as particle size
decreased, linking this behavior to structural modifications at the nanoscale. For copper selenide-based
materials, however, lower values have been reported. For example, Krishnan et al. [45] indicated that
Cu,Se and Cu,-xSe nanostructures typically show band gaps between 1.41 and 1.52 eV, which has been
associated with the contribution of selenium. A somewhat different trend was described by Ali et al. [46],
where Eg decreases gradually after thermal treatment, from 2.1 eV to 1.9 eV as the temperature
increases. Along with this change, variations in optical response were also noted, including lower
transmittance and reflectance and a higher absorption coefficient. In that context, the narrowing of the
band gap has been linked to an increase in absorption [47-48]. Additional values reported by Lee et al.
[49] place the band gap of Cu,Se close to 2.2 eV, while elemental Se is found near 1.9 eV, with estimated
values around 2.15 eV and 1.79 eV, respectively.

PL measurements were carried out in the 500-800 nm (2.4-1.2 eV) range using a 488 nm excitation
source (Fig. 10). In the case of F1-PLD, the emission is relatively broad and centered at approximately
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1.78 eV. The PL spectrum was fitted with a single Gaussian component, indicating that the emission is
dominated by a single radiative process. The broad emission profile is characteristic of polycrystalline
semiconductors, where structural disorder and local variations in the electronic environment contribute
to spectral broadening. For F2-PLD, the emission shifts toward higher energies and the PL spectrum was
fitted with two Gaussian components centered at approximately 1.95 and 1.97 eV. Both components
exhibit comparable intensities, although the 1.97 eV emission is slightly more intense than the 1.95 eV
component. A similar behavior is observed for F3-PLD, where the Gaussian components remain at
approximately the same energy. However, the relative intensity of the 1.97 eV component increases
markedly, becoming nearly twice that of the 1.95 eV component, resulting in a more defined emission
profile. The 1.97 eV emission is close to the optical band gap values obtained from the Tauc analysis,
suggesting that this component is associated with near-band-edge radiative recombination. In contrast,
the lower-energy component at 1.95 eV may be related to localized electronic states or shallow defect-
related transitions reported for Cu-based oxide/chalcogenide semiconductors [46—49].

Hall measurements carried out at room temperature (Table 5) show that all Cu—Se-0 films behave as p-
type semiconductors. This tendency is not unusual for copper-based oxides and chalcogenides and is
often linked to the presence of acceptor-like defects in the structure. Electrical conductivity values span
from 7.2 x 10-" to 1.26 x 10* (Q-"-cm-"), which is consistent with semiconducting behavior. The mobility
values are not constant from one sample to another and span a broad interval, from 11.9 up to 419.62
cm?/V-s. The lowest mobility is associated with the F1-PLD film, where the surface is mainly formed by
nanoflake-like features. In contrast, the F2-PLD sample, characterized by the presence of nanorods,
shows a much higher mobility.

Table 5
Electrical properties of Cu-Se-O system thin films obtained by PLD.

Id Thickness  Bulk Mobility Sheet Resistivity Conductivity
Sample

nm Concentration 2/\/e Resistance 1/

(nm) (cm™) (em?/Ves) ( (\varvec{) (

\varvec(2/l) em) \varvec() e
cm)

F1-PLD 185 9.18 x 102° 11.9 3.1x10° 57 %10+ 1.75x 103
F2-PLD 141 1.07 x 106 419.6 9.9 x 104 1.39 7.2x107"
F3-PLD 150 1.86 x 102 42.4 5.3 7.9x1075 1.26 x 104

Rather than being a simple variation, this difference seems to follow the changes in morphology
observed by SEM. More elongated structures appear to facilitate charge transport, while more
fragmented surfaces tend to limit it. In this context, copper vacancies are frequently considered when
discussing p-type conductivity in these systems, as they can act as acceptor centers. This interpretation
is consistent with the trends suggested by the chemical potential analysis [29].
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The resulting carrier concentrations, ranging from 107® to 102" cm-3, are in good agreement with values
previously reported for p-type oxide—chalcogenide materials deposited by PLD. Samanta et al. [45]
reported similar carrier concentrations and mobilities in semiconducting oxides, attributing this behavior
to the presence of acceptor-type defects.

4 Conclusions

Cu—Se-0 oxychalcogenide powders were obtained by high-energy ball milling at different milling times
and subsequently used as precursors for the deposition of thin films by PLD. At 6 h of milling, the powder
exhibited an elemental composition of 36.44 at.% 0O, 33.28 at.% Cu, and 30.28 at.% Se, as determined by
EDS. All PLD films showed an increase in oxygen content, while the elemental composition indicated a
loss of Cu for the films prepared using the powders milled for 2 and 4 h. The film prepared with the
powder milled during 6 h exhibited a single-phase Cu,0(Se0,), structure. XRD analysis showed that the
crystalline structure of F3-PLD corresponded to single-phase Cu,0(Se0,),, with crystallite sizes ranging
from approximately 21.7 to 32.8 nm.

The SEM analysis showed that the structural changes were accompanied by pronounced variations in the
surface microstructure. F1-PLD exhibited nanoparticle coalescence together with nanoflake-like features,
F2-PLD presented interconnected nanorods, and F3-PLD evolved toward a more homogeneous surface
composed mainly of semispherical nanoparticles. The Raman spectra showed variations in the Cu-Se—
0 vibrational features with increasing ball-milling time and after deposition as thin films.

Optical transmission measurements yielded band gap values in the range of 1.8—2.0 eV, while the PL
response changed from a broad emission centered at 1.78 eV for F1-PLD to more defined emissions at
1.95 and 1.97 eV for both F2-PLD and F3-PLD. Hall measurements indicated p-type conductivity for all
films, with carrier concentrations ranging from 1.07 x 106 to 1.86 x 10%' cm~2 and mobilities between
11.9 and 419.6 cm?/V-s. The resulting electrical conductivity therefore varied substantially among the
films, reflecting the combined contribution of carrier concentration and mobility.

Overall, the combination of high-energy ball milling and PLD allows the preparation of Cu—Se-0 thin films
with different structural and optoelectronic characteristics. The solvent-free processing of the precursor
powders and their direct use for PLD deposition provide a practical approach for preparing Cu—Se-0 thin
films without solution-based precursor processing. The obtained results provide a basis for further
investigation of these materials as semitransparent p-type oxychalcogenides for optoelectronic
applications.
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Figure 1

A) XRD patterns of the Cu—Se—-0 system obtained at different milling times.
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Figure 2

Raman spectra of Cu—Se-0 powders synthesized by BM at different milling times, showing
characteristic vibrational modes associated with Cu—Se, Cu-0, and Se-0 bonds.
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Figure 3

SEM analyses of Cu-Se—0 powders synthesized by BM. (A) P1-BM-2H, (B) P2-BM-4H, and (C) P3-BM-6H.
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Figure 4

XRD patterns of Cu—-Se—0 thin films deposited by PLD from targets prepared at different milling times.
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Chemical potential diagrams of the Cu—Se-0 system: (A) chemical potential diagram and (B) theoretical
phase diagram estimated at 300 K.
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Chemical potential diagrams of the Cu—Se-0 system: (A) chemical potential diagram and (B) theoretical
phase diagram estimated at 300 K.
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Raman spectra of Cu—Se-0 thin films deposited by PLD for samples F1-PLD, F2-PLD, and F3-PLD,
showing characteristic vibrational modes associated with Cu-Se, Cu—-0, and Se-0 bonds.
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Figure 7

SEM analysis of Cu—Se-0 thin films deposited by PLD: (A) F1-PLD, (B) F2-PLD, and (C) F3-PLD.
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Figure 8

Optical transmittance spectra of Cu—Se-0 thin films deposited by PLD.
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Optical band gap estimation of Cu—Se-0 thin films obtained by PLD using the Tauc method: (A) F1-PLD,
(B) F2-PLD, and (C) F3-PLD
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Optical band gap estimation of Cu—Se-0 thin films obtained by PLD using the Tauc method: (A) F1-PLD,
(B) F2-PLD, and (C) F3-PLD
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Figure 10

Photoluminescence (PL) spectra of Cu-Se-0 thin films deposited by PLD for samples F1-PLD, F2-PLD,
and F3-PLD.
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