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Abstract

Flexible polymers modified with copper sulfides have emerged as a novel class of materials,
presenting composite structures with remarkable properties suitable for applications in flexible
electronics. This study focuses on the deposition of copper sulfide (Cu,S) layers onto the surfaces of
polyamide and polypropylene through the chemical bath deposition method, employing either 2 or 3
deposition cycles. The objective is to explore the impact of deposition cycles and discern the optimal
conditions for the deposition process. Comprehensive analysis of the Cu,S thin films entails techniques
such as scanning electron microscopy (SEM), Raman spectroscopy, UV-VIS spectroscopy, and X-ray

diffraction to shed light on their structural and optical characteristics.
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1. INTRODUCTION

The CuS, commonly referred to as covellite, demonstrates both superconducting and metallic
behaviour at distinct temperatures, as documented in various studies [1-5]. Notably, this material is
environmentally friendly and abundant. Its considerable potential for application in Li-ion
rechargeable batteries has been widely recognized [6-8]. Additionally, numerous reports highlight its
suitability for use in optoelectronic devices [9], solar cells [2, 5, 9, 10], photo catalytic activity [11],
chemical sensing [12], and in the fabrication of gas sensors for devices [8, 13, 14]. The origin of
superconductivity in CuS is elucidated by its intriguing crystal symmetry. It possesses two distinct
crystalline forms at different temperatures. Under ambient conditions, it adopts a hexagonal structure
with the space group P63/mmc (Z=6) [15, 16, 17]. However, at a low temperature of approximately
55K, it undergoes a structural phase transition from a hexagonal structure to orthorhombic crystal
symmetry (Cmcm) [17]. Despite extensive investigations of the structure and associated properties of
Cus, the findings exhibit mutual inconsistencies. Notably, there are conflicting reports regarding the
transition temperatures from the conducting to the superconducting state in CuS. Raveau et al. [18]
have documented superconducting behaviour below 40K, while Buckel et al. and Saito et al.
independently observed it at remarkably lower temperatures, specifically 1.2K and 1.72K, respectively
[19, 20].

Copper sulfide forms five stable phases at room temperature: covellite (CuS), anilite (Cuy.75S),
digenite (Cu,gS), djurleite (Cuy¢sS) and chalcocite (Cu,S) with a crystal structure varying from
orthogonal to hexagonal [13]. Copper sulfide films are interesting absorber materials with their film
solar cells with ideal optical characteristics [5, 21, 22]. Copper sulfide thin films maintain
transmittance in the infrared region, low reflectance in the visible region, and relatively high
reflectance in the near infrared region, which has been used in many applications, including solar
control coatings, solar energy conversion, electronic, and low-temperature gas sensor applications [14,
21, 22, 23].

Furthermore, disagreement persists regarding the valence state of the Cu atom within the
structure. Several oxidation formalisms propose a valence state for the Cu atom ranging from 1 to
1.4e” [20, 24, 25]. Conversely, X-ray absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS) assert the ionic state of the Cu atom with a valency of 1e [10, 26, 27]. Kumar et
al.'s XAS investigation [28] reports two oxidation states of the Cu atom, corresponding to two distinct
crystallographic positions. Moreover, X-ray emission spectroscopy (XES) and X-ray absorption near-
edge spectroscopy (XANES) consistently depict the same valence state of the S atom in solid CusS [29,
30, 31]. Consequently, a consensus on the aforementioned aspects of CuS remains elusive.

Nanocomposites are a class of composites wherein at least one of the constituent phases exhibits
dimensions within the nanometer range [6]. These materials have emerged as promising alternatives to
address the limitations associated with microcomposites and monolithics. However, their preparation

presents challenges, particularly in the precise control of elemental composition and stoichiometry



within the nanocluster phase. Widely regarded as materials defining the 21st century, hanocomposites
possess distinctive design characteristics and property combinations not observed in traditional
composites.

Polymer nanocomposites consist of two primary elements: an organic polymer matrix and
inorganic components, often semiconductors. This category encompasses a variety of structures,
including three-dimensional metal matrix composites, lamellar composites, colloids, porous materials,
gels, and copolymers where nanosized materials are dispersed within the bulk matrix. The properties
of these nanocomposites are intricately linked to the characteristics of their components, morphology,
and interfaces. To broaden the potential applications of polymer nanocomposites, enhancements in the
thermal, mechanical, and electronic properties of conventional polymer materials are essential [32,
33]. This necessitates a concerted effort to improve and optimize these properties, thereby extending
the range of possible applications for these advanced materials.

Usage of polymer films, coated with electroconductive layers, has been increasing in the past
years due to their elasticity, resistance against corrosion and low toxicity. Electrically conductive Cu,S
layers on polymers can be prepared by methods of vacuum evaporation, activated reactive evaporation
[13], electroless deposition [34], successive ionic layer adsorption and reaction (SILAR) [15],
chemical bath deposition [35], and sorption—diffusion methods [36, 37].

Polyamide is a semihydrophilic polymer with the ability to absorb ions and molecules from
various electrolytes in both aqueous and non-aqueous solutions [38]. This property makes it useful for
a range of applications. Polyamide is known for its high thermal resistance and excellent mechanical
properties. Types of Polyamide:

e Nylon 6 (PA 6): This is a widely used polyamide with good mechanical properties and

excellent resistance to abrasion.

¢ Nylon 66 (PA 66): Known for its high melting point and chemical resistance, it is commonly

used in the automotive industry.

Nylon is widely used in the textile industry for the production of fabrics, garments, and carpets.
Polyamide is used in various automotive components, such as gears, bushings, and engine parts. Nylon
is used in the production of durable and heat-resistant plastic parts.

On the other hand, polypropylene (PP) is an economical thermoplastic polymer that boasts
outstanding chemical, physical, and mechanical characteristics. These include flame resistance,
transparency, a high heat distortion temperature, dimensional stability, and recyclability, making it
well-suited for a wide array of applications [39, 40, 41, 42]. Polypropylene is relatively rigid, has a
high melting point (160-166 °C), low density (0.91-0.94 g/cm?®), and demonstrates good resistance to
high temperatures, chemical agents, and impacts [43].

This study aimed to investigate the morphology and optical properties of copper sulfide layers
formed on polyamide and polypropylene film using the chemical bath deposition method. Structural

characterization of the thin films was performed with the help of X-ray diffraction, and Scanning



Electron Microscopy, while the optical properties were characterized with UV/VIS spectroscopy and
Raman spectroscopy.
2. MATERIALS AND METHODS

2.1. Thin films formation

Commercially available PA (PA 6, Tecamid 6, Ensinger GmbH (Germany) and PP (Proline
X998, KWH Plast, Finland) films were chosen as flexible substrates for the deposition of thin films of
copper sulfide Cu,S). The nominal characteristics of PP and PA films provided by the manufacturer

are given in Table 1.

TABLE 1. Characteristics of PA and PP films

Polymer Appearance Thickness (um) Density (g/cm®) Surface
Resistance (€2)
PA opaque 500 1.13 10"
PP clear 150 0.90 10"

Acetone (CH;COCHs;, 99.5%), alcohol (CH;CH,OH, 95%), and all other chemicals used for
deposition were purchased from Sigma-Aldrich and were of analytical grade, used without further
purification.

Before the experiments, the PA films were boiled in distilled water for 2 h to remove the
remaining un-polymerized monomer residues. PP films were etched for 25 min at 90 °C with
oxidizing solution (H,SO4/HsPO, (1:1), saturated with CrOs) [39] Then, samples of polymers were
dried with filter paper and incubated over anhydrous CaCl, for 24 h.

The Cu,S thin films deposit was carried out at room temperature by using the following
procedure: 0.05 M CuCl, and 0.05 M Na,S,05; were mixed, and the pH of the resultant solution was
adjusted to 3. The pre-treated PA and PP samples were vertically immersed along the wall of the
reactor and were left undisturbed for the deposition of Cu,S films for 16 h at 20 °C. At the end of the
deposition time, the samples were taken out and then the substrate was rinsing with distilled water for
30 s to remove the desorbed ions and dried in a desiccator for 8 h. The deposition process was carried
out by repeating such deposition cycles 3 times. The formed samples were annealed at 80 °C for 30

minutes in an air atmosphere.

2.2. Thin films characterisation



Structural characterization of polymers coated with films was done by a Scanning Electron
Microscope Hitachi SU8030 supported with a secondary electron detector.

Raman measurements were carried out in a backscattering configuration on a Horiba XploRA
confocal Raman instrument equipped with a charge-coupled-device (CCD) detector. The spectra
acquisition was carried out using an excitation laser wavelength of 532 nm of ca. 100mW power, in a
spectral range of 200 — 1100 cm .

The UV/VIS diffusion reflectance spectra were recorded in the wavelength range of 300 — 1000
nm on a Shimadzu UV-2600 spectrophotometer equipped with an integrated sphere. The absorbance
spectra were measured relative to a reference sample of virgin polymers (PA and PP). The optical
band gap from the absorbance measurements was calculated using the Tauc plot.

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffractometer
equipped with a PW 1730 generator, 40 kV % 20 mA, using Ni filtered Co Ka radiation of 0.1778897
nm at room temperature. Measurements were carried out in the 2 h range of 10 to 90° with a scanning

step of 0.05° and a scan time of 10 s per step.

3. RESULTS AND DISCUSSION
3.1. Scanning Electron Microscopy

The scanning electron microscopy technique was used to evaluate the changes in the surface
morphology of polyamide and polypropylene after 2 or 3 cycles of copper sulfide Cu,S thin films
deposition. The description makes reference to SEM micrographs in Figure 1. In Figure 1(a), the SEM
images illustrate the initial state of the polymers, with PA on the left and PP on the right. In Figure
1(b), the SEM images indicate that copper sulfide grains exhibit irregular shapes and varying sizes
after 2 cycles of film deposition. Following 3 cycles of film deposition, Figure 1(c) reveals
micrographs displaying a dense structure composed of a single type of small, closely packed
microcrystals. The thin copper sulfide films on the surfaces of PP and PA are well-dispersed,
relatively uniform, and consist of randomly oriented particles. Such morphological characteristics can
result in a highly rough surface with significant porosity, potentially leading to increased catalytic
activity. The pronounced agglomeration on the surface of thin films indicates semiconductor

characteristics of Cu,S.
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Figure 1. SEM micrographs of PA (left) and PP (right) polymers: (a) virgin polymers, (b) after 2
cycles of film deposition, and (c) after 3 cycles of film deposition.

PA showcases a porous structure reminiscent of seaweed, indicating a high degree of porosity.
Consequently, it necessitates 3 cycles of film deposition to achieve the desired results. The substantial
porosity on the surface of PA promotes strong adhesion and facilitates the growth of the copper sulfide
film. In contrast, the surface of PP bears a resemblance to melted plastic and displays a porosity
relatively lower than that of PA. For PP, the optimal outcome is achieved with 2 cycles of film
deposition, as further cycles result in the agglomeration of film material.



These findings underscore the importance of customizing the number of film deposition cycles
to align with the specific surface characteristics of different polymers. The choice of cycle count plays
a pivotal role in shaping the resulting film morphology and its associated properties.

3.2. X-ray diffraction

The crystallinity and the preferred crystal orientation of the Cu,S nanocomposite were analyzed
by the XRD method. Figure 2 shows the diffraction pattern of the film. There is one high intensity
diffraction peak around at 26=28,46° which is related to lattice planes of (101) (PDF 06-0464) the
hexagonal phase of the Cu,S covellite structure [4, 6, 22, 39]. The other peak that appeared with lower
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Figure 2. X-ray diffraction results of PA/Cu,S and PP/Cu,S after 2 or 3 cycles of deposition.

The peak of lower intensity in our case is visible only in the instance of Cu,S on the flexible
polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable
only in the case of PP/Cu,S after 3 cycles, corresponding to 26=32.49 degrees. This pertains to the
Cu,S (0.6<x<1) phase, present in the sample at a significantly lower concentration, as confirmed by
the Raman spectrum [38].

3.3. UV-VIS Spectroscopy

UV/VIS analysis is able to describe the electrical properties of the materials. Bandgap (E),
which indicated conductivity of the material: conductor, semiconductor or insulator, can be calculated
from the data of this investigation. The optical absorption data have been analyzed to determine the

optical bandgap values using the Tauc’s relation [44]:

ah = A(hv — Eg)n (1)

where o — the absorption coefficient, hv — the photon energy, A — the proportionality constant, E4 — the

optical bandgap, n — a constant associated with different types of electronic transitions.

The absorbance spectra of the film were measured in the range of 2001000 nm, as shown in
Figure 4. Films have max absorbance around 300 nm and then absorbance drops, one more hill in NIR

region, around 900 nm, indicates a copper-deficient compound (Cu,S or less).
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Figure 3. UV-VIS Absorbance spectra and spectra plot of (ahv)? or(ahv)"? versus Photon energy (hv)
for polymers with thin films.

The experimental values of (ahv)® against hv are plotted in Figure 3. The variation of (ahv)?
with hv is linear, indicating that a direct transition is present. Extrapolating the straight-line portion of
the plot of (ahv)® against hv to energy axis for the zero-absorption coefficient gives the optical band
gap energy of the samples.

The energy band gap values for a thin film using PA polymer, which has a thickness of 0.05 cm,
are as follows:

For the direct band gap:
After 2 cycles: 2.75 eV
After 3 cycles: 2.78 eV

For the indirect band gap:
After 2 cycles: 1.41 eV
After 3 cycles: 1.29 eV

These values represent the amount of energy required to transition an electron from the valence

band to the conduction band. The direct band gap signifies the energy difference between the highest
energy state in the valence band and the lowest energy state in the conduction band, whereas the
indirect band gap considers transitions involving changes in momentum.

It is important to note that the number of film deposition cycles can have a discernible impact
on the band gap values. In this particular case, subtle variations in the band gap values are observed

between 2 and 3 cycles of film deposition for both direct and indirect transitions.



The energy band gap values for a thin film using PP (polypropylene) polymer, with a thickness

of 0.02 cm, are as follows:
For the direct band gap:

After 2 cycles: 2.76 eV

After 3 cycles: 2.77 eV
For the indirect band gap:

After 2 cycles: 1.37 eV

After 3 cycles: 1.31 eV
It is noteworthy that the values of the direct band gap slightly exceed the typical range reported

in the literature, which generally falls within 2.5 eV [45]. Although the film thickness did not differ
significantly, the direct band gap values for all four samples were remarkably consistent. These results
underscore that the PP/Cu,S and PA/Cu,S composites exhibit clear semiconductor properties, and their

direct band gap values suggest their suitability as promising materials for the fabrication of solar cells.

3.4. Raman Spectroscopy PA and PP polymers with thin films

Raman spectroscopy provides valuable insights into the local structure of materials. Based on
the XRD patterns, Cu,S and Cu,.,S can be expected in the Raman spectra. The knowledge of the
vibrational properties of bulk material is deciding for the analysis of the vibration properties of
nanoparticles; hence, we began the analysis of vibrational properties with a brief report of the data
from the literature, which are related to the registered phases. Copper sulfide exists in five stable
phases at room temperature. These phases have crystal structures that range from orthogonal to
hexagonal. Hexagonal Cus$S crystals have a space group Dg," and a primitive unit cell that contains 12
atoms, namely, six of Cu and six S ones. Group theory analysis predicts eight Raman active modes of

the zone-center for this crystal [46]:

241, + 2E 15 + 4E»; (2)

The Raman spectra are usually analyzed using the convolution of the Lorentzian functions,

where each line has intensity (1), given with:

24 w
I(w) o ?4(W—WC)2+W2 )
where w., W, and A are the position of the maximum, the half-width of the peak, and the peak
intensity, respectively. In Figure 4, Raman spectra are depicted for PA and PP polymers with thin

Cu,S films following 2 or 3 cycles of film deposition, spanning the frequency range of 200-1100 cm™.



The data measured depicted with lines in Figure 4 resemble the calculated thick curve, which

represents the sum of the components each one defined with Equation 3.
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Figure 4. Raman spectra of the Cu,S nanocomposite on PP and PA polymers.

A small peak at 265 cm™ corresponds to the Cu-S vibration in covellite (CuS) [46].
Additionally, a highly sharp peak at 471 cm™ is attributed to the S-S stretching vibration of S, ions at
the 4e sites [46]. The dominance of the S-S stretch band in the spectrum, particularly when the
potential enters the region where Cu,.,S is formed [47], suggests that lattice atoms are well-ordered in

a periodic array. This result underscores the capability of Raman spectroscopy to distinguish between



copper sulfides with and without S-S bonding. Notably, the intensity of this peak increases after 3
cycles of film deposition. By increasing the number of deposition cycles, stable Cu,,S phases are
obtained, opening up possibilities for new applications.

Raman spectroscopy is a technique that has enabled the determination of Cu,S and Cu,,S
phases composition in thin films nanocomposite. The presence of the Cu,S phase is approximately
2,5%, while the Cu,.,S phase is three times higher. In the case of PA polymer, after the third cycle of
deposition, there is an increased agglomeration indicated by increased intensity of the mode. In the
case of nanocomposite with PP, there is no pronounced agglomeration.

CONCLUSION

Copper sulfide thin films are deposited on a flexible polymer substrate using the chemical bath
deposition method. Scanning electron microscopy was used to evaluate the changes in surface
morphology of PA and PP after 2 or 3 cycles of film deposition Cu,S. The thin copper sulfide films on
surface of PP and PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. The XRD method was used to analyze the crystallinity and preferred crystal orientation of
Cu,S nanocomposite. There is one high intensity diffraction peak around at 26=28,46° which is related
to lattice planes of (101) the hexagonal phase of the Cu,S covellite structure. The other peak appeared
with lower intensities around at 26=47° is related to the lattice planes of (107) the Cu,S covellite
structure. The peak of lower intensity in our case is visible only in the instance of Cu,S on the flexible
polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable
only in the case of PP/Cu,S after 3 cycles, corresponding to 26=32.49 degrees. This pertains to the
CuoS (0.6<x<1) phase, present in the sample at a significantly lower concentration, as confirmed by
the Raman spectrum. Direct and indirect allowed transitions are exhibited for Cu,S thin films with
energy band gaps of 2.75-2.78 eV and 1.29-1.41 eV, respectively. Direct band gap values exceeding
the conventional literature range indicate that these composites possess desirable semiconductor
characteristics, rendering them potentially excellent candidates for utilization in photovoltaics
applications. Raman spectroscopy has been utilized to analyze composition of Cu,S and Cu,.S phases
in thin film nanocompostion. In Raman spectra small peak at 265cm™ corresponds to the Cu-S
vibration in covellite (Cu,S). Highly sharp peak at 471 cm™ is attributed to the S-S stretching vibration
of S, ions at the 4e” sites. The dominance of the S-S stretch band in the spectrum, particularly when the
potential enters the region where Cu,.,S is formed, suggests that lattice atoms are well-ordered in a

periodic array.
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Ancmpakm

QnexcubunHu noaumepu Moouguxkosanu baxap-cyiguouma nojasuiu cy ce Kao HO8d KIACA
Mamepujana, npedcmasasajyhiu KOMRO3UMHe CMPYKmype ca U3aHpeoHuM 0COOUHAMA NO200HUM 3d
npumery y prexcubunnoj erekmponuyu. Osa cmyouja ce okycupa Ha denoHosarse ciojesa baxap-
cynguoa (Cu,S) na nospuiune noruamuda u NOAUNPONULEHA RyMeM Memode XeMUujcKo2 maiodicerbd u3
Kynke, npumenom 2 umu 3 yuxiyca manodcerva. Lluw je ucmpascumu ymuyaj 6poja yuxiyca
ManodAcerba U ymepoumu onmumaite ycioge 3a npoyec manodicerva. Ceeodyxeamna anaiuza maHKux
¢uamosa CU,S obyxeama mexnuke xao wimo cy ckenupajyha erexmponcka mukpockonuja (SEM),
Paman cnexmpocxonuja, UV-VIS cnekmpockonuja u pendeencra ougppakyuja xaxo du ce paceemaune

mUxoee CmpyKmypHe U onmuike Kapakmepucmuke.

Kwyune peuu: bakap-cynguo, Hanoxomnosum, Onmuuxa ceojcmea, SEM, Paman cnekmpockonuja,

UV-VIS cnexmpockonuja, Penoeencka ougparyuja



