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Abstract

The synthesis of thin films in multilayer structures on different textiles is of interest due
to their potential use in flexible solar absorber coatings and thin-film solar cells. The aim
of the study was to deposit bismuth(Ill) sulphide and copper(ll) sulphide thin films on
various textiles at the same time. This was achieved using the sustainable and cost-effective
successive ionic layer adsorption and reaction (SILAR) method. The study examined
how the elemental distribution, phase composition, crystallinity, surface morphology, and
optical features of the resulting films are determined by the intrinsic structure and material
makeup of structural textiles. The analysis used data from scanning electron microscopy
(SEM), energy dispersive X-ray (EDX) spectroscopy and X-ray diffraction (XRD), as well
as ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy. Depending on the textiles
used, the formed films were polycrystalline and rich in copper. According to the findings,
the normalised atomic percentages were as follows: Cu, 57.66-68.75%; Bi, 1.19-5.26%; S,
30.06-38.63%. The direct transition optical energy gap values varied from 1.3 to 2.88 eV,
while the indirect varied from 0.9 to 2.25 eV, and the refractive index from 1.3 to 1.8. These
properties were influenced by the composition of the textiles and the films themselves.
These properties directly impact the films” applications.

Keywords: bismuth(IlI)-copper(Il) sulphide films; structural textile; SILAR; SEM; optical
properties

1. Introduction

As concern for sustainability rises, the adoption of renewable energy sources acceler-
ates. In 2024, more than 40% of global electricity was generated using alternative sources,
this increase was led by solar power [1]. Most photovoltaic (PV) solar systems use crys-
talline silicon solar cells (SCs), which have drawbacks related to the cost inefficient, arduous
process of silicon production, and limited flexibility of solar cells, as they are stiff and frag-
ile. While the study of perovskite solar cells has been comprehensive and the appeal of
their simple design is apparent, they are characterised by instability as semiconductors for
charge transfer. Moreover, they exhibit inflexibility and are unusable in instances where a
pliable and slight PV generator is required. The potential of creating flexible textile-based
photovoltaic systems arose from using textiles in electronic devices, which led to them
exhibiting exceptional performances. Finding suitable textiles and semiconductors is a key
element in alternative PV system production.
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Electrically conductive textile fabrics are made using conductive yarns. These yarns
can be produced using chemical coatings or metallisation (with copper, silver or nickel
nanoparticles). In metallisation, Ag and Cu show the highest value of electrical conductivity
(around 642 S/m) [2]. The full silver- or copper-plated yarns, mostly using polyamide (PA),
can be twisted, knitted, embroidered, woven and spun. Fabrics with surface metallisation
are conductive and have an electrical resistance of less than 1 (3/sq [2]. Their high electrical
and thermal conductivity makes them suitable for use as current conductors for sensors
and other applications.

Several materials show potential and are presently used for industrial implementation,
for example: polyvinylchloride (PVC) coated polyester (PES) fabrics, polytetrafluoroethy-
lene (PTFE) coated glass fibre (GF), etc. Polycotton is a blend of synthetic polyester and
spandex (S) fibres intertwined with natural cotton (C) fibres to create a fabric that combines
the best qualities of all three materials [3]. This combination produces a fabric that is
stretchy, durable and easy to care for, making it ideal for a wide range of items. Character-
istics like resilience, conductivity and energy efficiency of common fabrics can be enhanced
by the deposition of semiconductor thin films.

Since being used in optoelectronic and advanced electronic devices, nanocrystalline
semiconductors gained interest, due to their distinctive optical and structural properties.
One of these semiconductors is a metal sulphide. Due to their unique properties, metal
sulphides are gaining attention for expanding their application in electronics, optics, elec-
trochemical detection, photocatalysis, biomedicine, energy storage and conversion [4-7].

As indicated by studies, copper sulphides are p-type semiconductors, used in opto-
electronics [8], in lithium rechargeable batteries as cathode materials [9], for heterojunc-
tion diodes [10], and as gas sensors [11] and electrode materials for supercapacitors [12].
Nanocrystalline copper sulphide has at least five stable crystallographic phases at room
temperature, which vary in their Cu:S molar ratio, from copper-rich chalcocite (orthorhom-
bic CuyS) to copper-deficient covellite (hexagonal CuS) phase. Chalcocite is the most
widely studied of these compositions. The covellite phase can be used as a superconductive
material due to holes present in its valence band, which are aligned with the 3p orbitals
of sulphur [13]. Due to having a band gap of 1.21 eV, which can be tuned by changing
the morphology, copper sulphides are compatible with properties required for their usage
in solar cells [14] and photosensors [15]. Because of the efficient absorption in the near-
infrared region, which can be altered by changing stoichiometries, copper sulphides show
potential to be used in biomedical industries [16]. Furthermore, copper sulphides display
metal-like electrical conductivity [17], increased conductivity at high temperatures [18],
excellent electrochemical properties [9,19,20], and properties that align with excellent solar
radiation absorption [21]. Copper sulphides are prone to form nanostructures with various
morphologies, for example nanotubes, nanowires, nanospheres, nanoplates, nanorods,
nanoflowers, nanoribbons [22].

Bismuth-based compounds are attractive due to bismuth’s versatility; it is found in
ores such as bismuthinite (bismuth(IIl) sulphide) and bismite (bismuth(III) oxide) [23]. As
it is a harmless element, bismuth is considered a ‘green metal’. Bi,S; is used in several
industries for thermoelectric cooling technologies [24], photovoltaic converters, photo-
catalysts [19], and hydrogen storage [25], as a thermoelectric gas sensor [26,27], for optical
detection for IR and UV light [28,29], photoelectrochemical solar cells, and electronic and
optoelectronic devices [30]. It is a non-toxic n-type crystalline semiconductor, characterised
by a low direct energy band gap (1.3-1.7 eV), which is in the optimal range of the solar
spectrum. Furthermore, it displays exemplary properties, such as high ionic conductivity,
adequate conversion efficiency of incident photons to electrons (~5%) [24], and a high
absorption coefficient of 10*~10° cm~!, which are in line with solar energy conversion
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devices [31]. Bismuth(Ill) sulphide exhibits an orthorhombic, lamellar structure held
together by weak Bi-S bonds and is prone to form several nanostructures, including belts,
spheres, stars, snowflakes, ribbons, flowers, rods, tubes, and wires [32-36]. Bi,S3 thin
films have the potential to be used for memristors [37], cancer diagnostics [38,39], and
lithium-ion batteries’ anode material [40].

Recently, a new class of bismuth-based chalcogenide materials has gained considerable
attention due to its interesting optoelectronic properties and performance. This class com-
prises the ternary compounds I3-V-VI3, one of which is Cu3BiS3, also known as bismuth
sulfosalt of copper or wittichenite. This material is non-toxic and abundant in the Earth’s
crust. It is a stable phase with a low melting point of approximately 527 °C [41], demonstrat-
ing the potential for grain growth at low temperatures. It exhibits remarkable optoelectronic
properties, including a strong absorption coefficient (>10° cm~!) in the visible spectrum,
p-type conductivity and an energy bandgap of 1.10-1.86 eV [42], which falls within the
optimum range for various applications. Consequently, bismuth-based chalcogenides have
emerged as promising light absorbers due to their high optical absorption coefficient.

Copper bismuth sulphides show characteristics that align with the requirements for
photovoltaic application, such as fitting band gap and high optical absorption abilities in the
visible spectrum [43]. Furthermore, studies show that there is a growing demand for energy
storage devices, and copper bismuth sulphides show promise for use in supercapacitors [44]
and as photo absorbers and photocatalysts [45].

The physical methods of depositing bismuth and copper sulphides are well studied
and include the ultrasonic method [46], thermal evaporation [47], microwave irradia-
tion [35], spray pyrolysis [48], and pulser laser deposition [49]. However, these methods are
costly and demanding, involving ultrahigh vacuums and high temperatures, and requiring
complex equipment and high costs.

As an alternative, successive ionic layer adsorption and reaction (SILAR) [50,51] and
chemical bath deposition (CBD) [52] provide a straightforward process. However, there
are disadvantages to CBD film formation. The main problems with CBD are a lack of
fundamental understanding of its chemistry, which hinders process optimisation, and poor
control over film growth, which leads to inconsistent film properties and morphology.
Specific issues include inefficient use of reactants, significant waste generation and limited
control over film thickness due to supersaturation. The SILAR method is advantageous
since the precursors are placed separately. One SILAR cycle involves immersing the
substrate in a bath containing a cationic or an anionic precursor solution for a set period
of time. Afterwards, the substrate is rinsed and placed in another bath for the same
or a different amount of time. Each precursor solution may have a different required
temperature. The deposition rate and film thickness are controlled by the immersion
duration and number of cycles. In this study, the SILAR method was chosen to form copper
bismuth sulphide thin films.

Various precursors are used to prepare thin metal chalcogenide films [21,41,50-52].
The binary solvent approach, for example, can be used to produce soluble precursors for a
variety of metal chalcogenide semiconductors, such as CuyX, Bi; X3 and SnX, where X =S,
Se or Te, at room temperature and pressure. These chalcogenide-metallate precursors could
potentially be used to coat fabrics in the future [53].

We have previously reported on the preparation of thin films of bismuth sulphide with
respect to their application as photovoltaic components [50]. The structure, composition and
thermal stability offered by chemical methods deposited on copper bismuth sulphide thin
films in single and multilayer structures are of interest due to their potential applications in
solar control and absorber coatings. Their potential use in thin-film solar cells has also been
explored. This paper reports on XRD and SEM/EDS analyses of the films and their resulting
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effects on optical reflectance and absorbance, as well as providing information about their
structures and surface resistivity. Such properties directly impact their applications.

2. Materials and Methods
2.1. Materials

Four samples of textiles with different compositions were selected for the deposition
of copper bismuth sulphide thin films. Table 1 shows the composition and characteristics
of each textile. For the investigations, the textiles were cut into 2 cm X 7 cm samples, with
three identical samples taken from each textile.

Table 1. Characteristics of investigated commercial textiles.

Textile

. . . Heat Cold Surface
e B Weight,
Composition Colour Thllc;(;ess, aSI;mglg Resistance, Resistance, Resistivity, Manufacturer
Yarn Coating °C °C Qlsq
Verseidag-Indutex
PET * PVC white 0.56 850 +70 —30 - GmbH, Krefeld,
Germany
metallic- Kufner Holding GmbH,
PA Ag 0.10 34+2 +70 —-30 4.4 Unterhaching,
grey G
ermany
Kufner Holding GmbH,
PA Cu red-brown 0.05 52+5 +70 -30 2.4 Unterhaching,
Germany
Mianyang Jialian
C/PES/S _ B _ Printing and Dyeing
o green 0.35 290 +80 30 Co., Ltd., Mianyang,
China

* PET fabric, double-sided PVC coating and lacquer, upside high-gloss embossed, flame retardant acc. to DIN 75
200, free of cadmium. ** The most commonly used spandex fibre is made up of at least 85% polyurethane and 15%
other materials, such as nylon or polyester.

Figure 1 shows textural views of PA/Ag and PA/Cu textiles taken with a stereo
microscope. PA/Ag is a knitted fabric with a metallic, silver-grey colour (Figure 1a), while
PA /Cu is a woven fabric with a red-brown copper colour (Figure 1b).

VS

Figure 1. Textural views by stereo microscope: (a) PA/Ag textile; (b) PA/Cu textile. Zoom magnifica-
tion is 3.2x.

Textural views of PET/PVC and C/PES/S textiles taken with an optical microscope
are shown in Figure 2. The PET/PVC textile has a smooth, white surface with evenly
distributed spherical filler particles (see Figure 2a on the left), which become more visible
when the brightness and contrast of the image are increased (see Figure 2a on the right).
The C/PES/S textile is a woven cotton fabric in a green colour with dark spandex thread
(see Figure 2b).
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Figure 2. Textural views by optical microscope: (a) PET/PVC textile; (b) C/PES/S textile. Zoom
magnification is 100 x.

To increase their adhesive properties, the PET/PVC samples were roughened and
thermo-oxidatively acid-treated in a solution mixed with 7.2 M H,SOy4, 6.6 M H3PO4 and
0.36 M CrOj3 at 68 £ 1 °C before deposition, according to the procedure described in our
previous work [50]. The reagents used to prepare the solutions are listed in Table 2.

Table 2. The reagents used in the research.

Reagent
CAS No. Purity, wt% Supplier
Name Formula
Sulphuric acid H,S0, 7664-93-9 >96 Eurochemicals *
Orthophosphoric acid H3POy4 7664-38-2 >60 Eurochemicals *
Chromium trioxide CrO3 1333-82-0 >97 Sigma-Aldrich **
Bismuth nitrate pentahydrate Bi(NO3); x 5H,O 10035-06-0 >99 Sigma-Aldrich **
Copper sulphate pentahydrate CuSOy4 x 5H,0 7758-99-8 >99 Eurochemicals *
Sodium thiosulfate pentahydrate Na,S$S,053 x 5H,O 7757-83-7 >98 Sigma-Aldrich **

* UAB Eurochemicals, Vilnius, Lithuania. ** Sigma-Aldrich Chemie GmbH, Munich, Germany.

2.2. Deposition of the Cu—Bi—S Thin Films

The bismuth sulphide films were deposited using the SILAR method. Bismuth(III)
nitrate provides bismuth ions (Bi**), copper(Il) sulphate provides copper ions (Cu?*) and
sodium thiosulphate provides sulphide ions (5*7). The solubility product of Bi,S; is
Kep =1 x 107 (mol/L)° [54], and the molar solubility is approximately 1.55 x 10~2° mol/L.
The solubility product of CuSis Ky, = 6.0 x 103 (mol/L)? [54], and the molar solubility
isS=7.75 x 1071 mol/L. In order to deposit mixed Cu-Bi sulphide thin films, the less
soluble BiyS3 must be deposited first. Only then can the CuS film be deposited. Otherwise,
some of the deposited CuS will either turn into BiySs or dissolve in an acidic Bi(NOs)3
solution due to hydrolysis. Water is likely involved in the reactions as a solvent to facilitate
the formation of sulphides. The basic equations of the reactions can be described as follows:

ZBi(N03)3(aq) + 3Na28203(aq) + 3H20(1) — BizSg(s) + 3H2504(aq)+6NaNO3(aq)/ (1)

A
CuSO4(aq) + Nazszog,(aq) + HQO(l) — Cus(s)+NaZSO4(aq)+HZSO4(aq)‘ 2)

The process parameters for depositing these thin films were fine-tuned through re-
peated experimentation. This included adjusting the concentration of the reagents, the
temperature of the solutions, and the exposure time for one cycle and number of cycles
until the desired quality of thin film was achieved. The deposition conditions for the Cu-Bi
sulphide thin films are shown in Table 3.
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Table 3. Thin films of copper bismuth sulphide deposition conditions.
Precursors Solution Concentration and Temperature
i . Number
Semiconductor  0.05 M Na,S,03 0.1 M Bi(NO3); 0.1 M CuSOq4 of Cycles
20+1°C 20+1°C 69 +1°C
Exposure time BiyS3 8 8 - 7
for one cycle, h CuS 1 - 1 19

A list of sample codes and their descriptions is provided in Table 4.

Table 4. Sample codes and description.

Code Copper Bismuth Sulphide Is Deposited onto Textiles
s1 mechanically roughened and thermo-oxidatively acid-treated polyethylene terephthalate
fabric coated with polyvinyl chloride
S2 100% nylon, metallised with silver
S3 100% nylon, metallised with copper
54 75% cotton, 24% polyester and 1% spandex

2.3. Characterisation Methods

A Nikon SMZ445 stereo microscope (Nikon Instruments Inc., Amstelveen, The Nether-
lands), equipped with zoom magnification ranging from 0.8 x to 3.5x, was used to capture
textural views. The surface of the textile was imaged using an Olympus CX31 optical
microscope (Olympus Corporation, Tokyo, Japan) with 100 x magnification. Images of
the optical microscope were captured using an Olympus C-5050 digital camera with a
resolution of 2560 x 1920 pixels.

The resistance of the conductive textile fabrics was measured using a direct current
numerical measuring device MS8205F (Mastech, Taipei, Taiwan, China) with custom-built
electrodes. These were manufactured using two nickel-plated copper plates. These plates
were fixed 1 cm apart and the material was placed between them.

XRD analysis was performed on a Bruker Advance D8 diffractometer (Bruker AXS,
Karlsruhe, Germany) with a tube voltage of 40 kV and a tube emission current of 40 mA. A
0.02 mm Ni filter was used to filter the X-ray beam, in order to select CuK«x (A = 0.15406 nm)
radiation. A fast-counting detector, the Bruker LynxEye, which is based on silicon strip
technology, was used to record diffraction patterns in a Bragg—Brentano geometry. The
specimens of the samples were scanned over the range of 20 = 3-70°. The scan rate was
0.02°min~!. The coupled two theta/theta scan type was used. Determination of the phase
composition of the formed films was done using Crystallographica Search-Match v. 2.1 and
ConvX v. 1.0 software.

Scanning electron microscopy (SEM) measurements were performed using a Hitachi
5-3400N (Chiyoda, Tokyo, Japan) microscope equipped with a Bruker Quad 5040 energy
dispersive X-ray spectroscopy (EDX) system. The samples were mounted using carbon tape.
Both the SEM and EDX analyses were performed using an accelerating voltage of 10 kV.
Images were captured using a secondary electron detector in standard high vacuum mode.
Prior to recording the spectra, the EDX detector was cooled to —20 °C and its energy scale
was calibrated using the Mo standard. The elements detected with EDX were quantified
using the standard-less ZAF method.

UV-Vis diffuse reflectance spectra were recorded using a Lambda 35 UV-Vis spec-
trophotometer (Waltham, MA, USA). Barium sulphate was used as a white standard. The
Kubelka—Munk method was employed to calculate the optical energy gap (Eop), using the
following equations [55,56]:
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2
F(R) = 7“2.15) , (©)
hoF~ (hv — Eop)". (4)

The Kubelka—Munk function (F), reflectance (R), photon energy (hv) and band gap
(Egp) are all key elements in this equation. 7 is a constant called the power factor of the
transition mode. n takes values 1/2, 1/3, 2 and 2/3 for indirect allowed, indirect forbidden,
direct allowed and direct forbidden transitions, respectively.

The difference in the refractive index of the constituent materials causes significant
light scattering in organic—inorganic composites [57]. The refractive indices (1) were
determined from the reflectance (R) data using the following formula [58,59]:

n= —(R —;12:;:2& (5)

3. Results and Discussion

The formation of a new phase on the surface of the textile samples under investigation
confirms the dark black colour of the composites obtained. The adhesion of the deposited
Cu-Bi-S films was tested by subjecting them to a steady stream of distilled water [60]. It
has been demonstrated by the tests that thin films deposited on the textile substrates have
adhered well.

Table 1 shows the measured surface resistance of the conductive textile fabrics only.
Silver has a higher electrical conductivity than copper due to its greater concentration of
free electrons and more efficient electronic structure, which allows electricity to flow more
freely through it. However, the measured surface resistance of the PA /Ag textile sample
was higher than that of the PA/Cu sample: 4.4 ()/sq and 2.4 ()/sq, respectively. This
can be explained by the thickness of the PA fibres, since conventional polyamide fibre is
an insulating material. The PA/Ag textile is almost twice as thick as the PA/Cu textile
and has a basis weight that is 1.5 times lower (see Table 1). To evaluate the effect of the
deposited Cu-Bi sulphide films on the electrical conductivity of these textile samples, their
surface resistivity was measured. For composite S2 (PA/Ag textile substrate), the resistivity
was 30 (3/sq, whereas for sample S3 (PA /Cu textile substrate), it was 52 (2/sq. The lower
resistance of composite S2 suggests that thin films with a higher conductive phase ratio to
the total film volume were formed.

3.1. XRD Characterisation

XRD was used to carry out the phase composition characterisation of the obtained Cu—
Bi sulphide thin films on the surface of different structural textiles. We used a combination
of data from the literature, our own data on bulk copper and bismuth sulphides precipitated
under the same conditions as thin films, and JCPDS reference patterns to perform a detailed
analysis of the XRD data.

Figure 3 shows the diffractogram patterns of the S1 sample, as well as the copper
and bismuth sulphide sediments. As previously reported [61], chemically deposited BiyS3
films are often amorphous or polycrystalline in their as-deposited state. The presence of
XRD peaks at 26 = 28.45° and 31.57° in the bismuth sulphide sediment indicates that it
is polycrystalline (see Figure 3). These peaks are attributed to the orthorhombic phase of
Bi,S3, with the following crystallographic planes: (211) and (221) (JCPDS: 17-320).

All the primary diffraction peaks in the XRD curve of the copper sulphide sediment
(Figure 3) are in good agreement with the standard data for the hexagonal structure of
covellite (CuS, JCPDS: 78-0876). The 20 Bragg angles of 27.27°,27.78°,29.31°, 31.78°, 32.74°,
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47.95°, 52.62° and 59.39° correspond to the (100), (101), (102), (103), (006), (110), (114) and
(203) directions, respectively.

Intensity, a.u.

Diffraction angle 20, °

Figure 3. XRD diffractogram of Bi,S; sediment, CuS sediment and sample S1. Peaks are labelled
as follows: e—rhombohedral CaCO; (JCPDS: 05-0586); O—tetragonal TiO, (JCPDS: 04-006-1890);
O—orthorhombic Bi,S3 (JCPDS: 17-320); Y¥—hexagonal CuS (JCPDS: 78-0876); *—orthorhombic
CusBiS; (JCPDS: 43-1479).

PET/PVC is a PVC-coated, woven PET fabric consisting of multiple components.
In this composite, the woven PET fabric is stabilised and protected by the main and
top PVC coatings. The main PVC coating comprises the PVC polymer itself, a softener,
calcium carbonate (CaCO3), a thermo-stabiliser, and a UV absorber. The top coating
contains titanium dioxide (TiO;), which provides UV stability. The characteristic peak at
26 = 46.85° corresponds to the (018) crystal plane of rhombohedral calcite (CaCOs3, JCPDS:
(05-0586). Similarly, five characteristic peaks at 26 = 35.74°, 41.55°, 54.03°, 56.32° and 68.78°
correspond to the (101), (200), (211), (220) and (301) crystal planes of the tetragonal rutile
phase of titanium dioxide (TiO,, JCPDS: 04-006-1890) (see Figure 3, composite S1).

Many of these peaks correspond well with the XRD data obtained for bulk BiyS3
and CuS. However, the specific 20 values and their corresponding intensities slightly
differ depending on the crystal quality and form (bulk or thin film). Some CuS and Bi;S3
peaks overlap (see Figure 3, sample S1). Peaks at 26 = 14.13°, 19.62°, 37.55° and 51.73°
are attributed to the orthorhombic phase of Cu3BiS; (wittichenite) with the following
crystallographic planes: (310), (111), (311) and (340) (JCPDS: 43-1479).

The XRD pattern of the Cu-Bi sulphide films deposited on a textile consisting of a PA
fibre fabric with an Ag coating is shown in Figure 4. The XRD peaks are located at 26 =
21.50°,27.17°,29.23°, 31.53°, 37.18°, 46.30°, 47.34°, 52.48°, 56.36°, 59.60°, 61.96°, 63.60° and
64.58°. Specifically, the peak at 20 = 21.50° is attributed to the (001) crystal lattice plane
of the y-phase of PA6 in JCPDS: 12-923. Two additional peaks of different intensity were
also registered at 260 = 37.18° and 64.58°, corresponding to the face-centred cubic silver
crystal lattice planes (111) and (220) (JCPDS: 04-0783), respectively. The other peaks of
different intensity at 260 = 27.17°, 29.23°, 47.34°, 52.48° and 59.60° are attributed to the
hexagonal structure of covellite (CuS, JCPDS: 78-0876), with the following crystallographic
planes: (100), (102), (110), (114) and (203). The peak at 31.53° can be attributed to CuS
(crystallographic plane (103)) in relation to BipS; (crystallographic plane (221)) (JCPDS:
17-320). The other peaks at 26 = 46.30°, 56.36°, 61.96° and 63.60° are indexed to the
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orthorhombic phase of CuzBiS; (JCPDS: 43-1479) with the following crystallographic
planes: (131), (241), (322) and (340).

Q1
1

Intensyti, cps
—
o

o

Diffraction angle 20, °

Figure 4. XRD diffractogram of sample S2. Peaks are labelled as follows: A—PA6 (JCPDS: 12-923);
O—Ag (JCPDS: 04-0783); ¥—hexagonal CuS (JCPDS: 78-0876); [J—orthorhombic Bi,S3 (JCPDS:
17-320); *—orthorhombic Cu3BiS; (JCPDS: 43-1479).

The XRD pattern of the Cu-Bi sulphide films deposited on a textile consisting of a PA
fibre fabric with an Cu coating is shown in Figure 5. The peak at 26 = 22.68°, assigned to
the crystal lattice plane 002/202 of the x-crystalline form of PA6 (JCPDS: 022-0700). Peaks
at 20 = 19.72° and 46.30° are attributed to the orthorhombic phase of Cu3BiS3 (wittichenite)
with the following crystallographic plane (340) and (131) (JCPDS: 43-1479). The XRD
peak at 20 = 28.52° are attributed to the orthorhombic phase of Bi,S3, with the following
crystallographic plane (211) (JCPDS: 17-320). The peaks located at 26 = 27.45°, 47.30°,
56.38°,59.43°, 61.92°, 63.62° and 64.98° are attributed to the hexagonal structure of covellite
(CuS, JCPDS: 78-0876), with the following crystallographic planes: (100), (102), (110), (114)
and (203). The peak at 31.49° can be attributed to CuS (crystallographic plane (103)) in
relation to BiyS3 (crystallographic plane (221)) (JCPDS: 17-320).

20
18 -
16 -
14 -
12 -
10 ~

Intensyti, cps

S N B O ©
1

0 10 20 30 40 50 60 70
Diffraction angle 20, °

Figure 5. XRD diffractogram of sample S3. Peaks are labelled as follows: A—PA6 (JCPDS: 12-923);
V—hexagonal CuS (JCPDS: 78-0876); [J—orthorhombic BiyS3 (JCPDS: 17-320); *—orthorhombic
Cu;3BiS; (JCPDS: 43-1479).

The diffraction patterns of the 54 samples (Figure 6) exhibited the peaks at around
260 = 22.09°, 25.39°, 27.45°, 28.84°, 31.29°, 47.54°, 51.46° and 58.66°. The peak at 20 = 22.09°,
corresponding to the crystal lattice planes (220) of cellulose I, which is found within the
cotton fibres (JCPDS: 03-0226). The peak at 25.39° attributed to orthorhombic CuzBiS3
(JCPDS: 43-1479). The peaks at 26 = 27.45°, 47.54°, 51.46° and 58.66° are indexed to the
hexagonal structure of covellite (CuS, JCPDS: 78-0876), with the following crystallographic
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planes: (100), (110), (108) and (203/116). The peaks at 28.84° and 31.29° can be attributed
to Cu3BiS; (crystallographic planes: (220) and (131)) as well to BiS3 with (211) and (221)
directions (JCPDS: 17-320).

40
35 4
30 A
25 4
20 A
15 ~
10 A
5 4

Intensyti, cps

0 10 20 30 40 50 60 70
Diffraction angle 20, °

Figure 6. XRD diffractogram of sample S4. Peaks are labelled as follows: A—cellulose I (JCPDS: 03-
0226); Y—hexagonal CuS (JCPDS: 78-0876); L1—orthorhombic BipS3 (JCPDS: 17-320); *—orthorhombic
Cu3BiS; (JCPDS: 43-1479).

The XRD data obtained are consistent with the EDX results, which indicates that the
deposited thin films are copper-rich. Therefore, the dominant phases in the deposited
multiphase thin films are CuS and Cu3BiSs.

3.2. SEM/EDX Characterisation

SEM-EDX spectroscopy was evaluated for the analysis of the surface elemental com-
position of a material, as well as its morphology.

Figure 7 shows SEM images of the S1 sample. Image (a) shows a textured crystalline
surface covered with rounded granular features. Cu-Bi-S granules are relatively uniform in
size and densely packed forming a continuous layer. Upon higher magnification (image (b))
the surface exhibits a porous structure with irregularly shaped voids of varying sizes. Solid
areas consist of small, agglomerated particles. Pores are not evenly distributed—some areas
are densely packed with pores, while others are more compact. At 4000 x magnification
(image (c)) nanostructures become visible. The particles are not perfectly spherical; many
appear angular or fused, and the exact shape of nanocrystals is unidentifiable. Image (d)
shows an agglomeration of a nanoflake-shaped nanocrystalline structure.

Figure 7. Cont.
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Figure 7. SEM images of the S1 sample: (a)—50x magnified; (b)—1000x magnified; (c)—4000x
magnified; (d)—10,000 x magnified.

Figure 8 shows SEM images of the 52 sample. At 50x magnification (image (a)), the
knitted texture of the fabric appears evenly coated, which is further confirmed at the higher
magnification (image (b)). The fibre is covered by a homogenous layer; no pores or cracks
are visible. Image (c) reveals that, although the strand is evenly coated, certain localized
regions contain larger nanocrystals of varying shapes and sizes. Higher magnification
(image (d)) shows nanoball-shaped nanocrystals that vary in size (0.45~1.36 pm) and are
interconnected to form larger clusters.

S

10.0KV x50 SE mi 10.0kV x1.00k SE

10.0kV x4.00k SE 10.0kV x10.0k SE

Figure 8. SEM images of the S2 sample: (a)—50x magnified; (b)—1000x magnified; (c)—4000x
magnified; (d)—10,000 x magnified.
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Figure 9 shows SEM images of the S3 sample. At low magnification (image (a)), the
woven texture of the fabric appears homogeneously coated. Higher magnification (image
(b)) confirms that the strand is evenly coated, no pores or cracks are visible. Image (c) shows
that the surface of the sample is roughly textured, nanocrystals are interconnected in a con-
tinuous nanocrystalline layer. These nanocrystals vary in both size and shape. At 10,000 x
magnification (image (d)) shows that nanoball-shaped crystals formed a homogenous
layers and are clustered together.

Figure 9. SEM images of the S3 sample: (a)—50x magnified; (b)—1000x magnified; (c)—4000x
magnified; (d)—10,000 x magnified.

Figure 10 shows SEM images of the sample S4. These images show the complex,
woven structure of the cotton fabric, with the threads and fibres clearly visible. Due to their
small thickness and excellent adhesion to the fibre surface, the thin film particles on the
fibre are practically invisible (image (a)). However, at higher magnification (image (b)), it
can be seen that each fibre is covered in Cu-Bi sulphide particles of various sizes. While the
coating may appear uneven, image (c) shows that there are no uncoated areas. Image (d)
reveals individual crystallites about 100 nm of a distinctive shape that are closely spaced
on the surface, as well as clusters of various sizes and shapes.

Reactions of bismuth and copper ions with thiosulphate ions occurred on the textile’s
surfaces, combined with nucleation and growth of Cu-Bi sulphide particles, and enabled the
development of particles immobilized on the surface, which are visible in SEM micrographs.
EDX analysis confirmed the presence of Cu, Bi and S particles on the textile surface, as
shown in Figure 11b.
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Figure 10. SEM images of S4 sample: (a)—50x magnified; (b)—1000x magnified; (c)—4000x
magnified; (d)—10,000 x magnified.

Based on chemical elemental maps (Figure 11b) of the S1 and S4 samples, copper and
sulphur are evenly spread out, while some localised areas contain more bismuth, which
can be attributed to the formation of larger nanocrystalline structures. S2 and S3 elemental
maps suggest a more even distribution of bismuth, copper and sulphur, which attributes to
a more homogeneous composite surface.

0.0

u T ¥ T

eumseran >
0.8

= $-36.3 at%
06 _; cl

.
0.4

E Bi-5.0 at.%
0.2

] T

8

% Energy, keV 6 10

Figure 11. Cont.
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Figure 11. EDX results relating to the S1-54 samples: (a) Representative EDX spectra. The normalised

atomic percentages of Cu, Bi and S in the films are shown in the corresponding insets; (b) Chemical

elemental maps of Cu (red), Bi (green) and S (blue), 5000 x magnified.

3.3. UV-Vis Analysis

UV-Vis diffuse reflectance spectroscopy was used to characterise the optical properties

of the obtained composites. This technique indirectly measures the material’s electronic

structure and provides information about the electronic transitions of the different or-
bitals of a solid through the absorption spectra [55]. It has been reported that UV-Vis DR
spectroscopy is the most effective method for evaluating the optical properties of textile

fibres [62].
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Figure 12 shows the reflectance values in the UV-Vis region of the textiles under inves-
tigation. For the etched PET/PVC textile sample, the spectrum shows 15-17% reflectance
in the 200-330 nm range, increasing rapidly to 60% in the 330-400 nm range. The highest
reflectance value is reached at 540 and 800 nm, with dips in reflectance at 440 and 640 nm.
Figure 13 shows that the S1 composite has a consistent reflectance of 6% throughout the
250-1000 nm wavelength range, with slight increases to 8-10% in the 450-700 nm range
and a sharp increase to 25% in the 220-200 nm range. The S1 composite demonstrates good
sunlight absorption.
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Figure 12. Optical diffuse reflectance spectra of the investigated textile sample as a function of
wavelength in the range of 200-800 nm.
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Figure 13. Optical diffuse reflectance spectra as a function of wavelength, ranging from 200 to 1000

nm, for obtained composites.

The slight dip in the reflectance of the PA/Ag textile sample (Figure 12) at 295 nm
is attributed to PA6. After the 300 nm mark, reflectance gradually rises throughout the
300-800 nm range, reaching a value of 21-23%. The optical reflectance spectrum of the
52 composite (Figure 13) shows a continuous value of 2-3% throughout the 200-1000 nm
range, which suggests high sunlight absorption.

Figure 12 shows that the PA/Cu textile spectrum exhibits a gradual increase in re-
flection in the 200-570 nm range. After this, the reflection value rises rapidly, reaching
a maximum of 58% at 800 nm. Figure 13 shows that the reflection of the S3 composite
remains consistent throughout the 200-800 nm range at 7-8%, suggesting absorption of
92-93%.

The C/PES/S textile sample consists of cotton, which reflects a substantial amount
of visible light and has a highly distinctive reflectance region in the 200-400 nm range
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(Figure 12) [63]. The highest reflectance value of 92% is registered at around 250 nm,
which is usually associated with impurities (e.g., lignin) in cellulose I. The spectrum of
the 54 composite (Figure 13) shows absorption of around 97-98%, as indicated by the low
reflectance value.

The bandgap energy of semiconducting materials depends on various factors, such as
the growth technique and conditions, thickness, and type (e.g., bulk, thin film, or nanopar-
ticles). Consequently, the bandgap energy of the same compounds varies. The indirect and
direct optical energy gap (Eop) values of the obtained composites were determined from the
intercept of the linear fit with the photon energy axis (see Figure 14). As can be seen, the
Eop values of the samples differ greatly depending on the composition of both the textiles
and the deposited thin films (see Table 5).

Table 5. Composition, optical energy gap values (Eq,) and refractive indices (1) of the obtained
composites.

Composition, at. % from EDX Eop, eV
Sample Composition from XRD Direct Indirect Mx600 nm
Cu Bi S . e
Transition Transition

S1 58.7 5.0 36.3 2.2 4+0.01 0.9 +0.015 1.76
hexagonal CuS 1.3 +£0.01

S2 4 68.75 1.19 30.06 - 1.39
orthorhombic Cu3BiSs, 1.8 +£0.02

S3 orthorhombic Bis S 63.78 5.26 30.96 2.88 + 0.01 2.25 + 0.01 1.52

S4 57.66 3.71 38.63 1.45 +0.02 0.9 +0.01 1.34

Bi,S; films have two transitions on interaction with light: an indirect one at 1.03 eV [64],
and a direct one at 1.3-1.7 eV [31,65]. This wide disparity in values is the result of varying
stoichiometries, which in turn result from different deposition methods. The BiyS3 thin
films deposited by the SILAR method on the textiles under investigation exhibited the
following direct-transition optical energy gap values: 1.58-1.68 eV [50].

CuyS have an experimentally observed indirect bandgap in range of 1.1-1.4 eV and
a direct bandgap in range of 1.3-2.9 eV, depending on the material stoichiometry [66,67].
Moreover, this semiconductor exhibits near-metallic electrical conductivity due to the
presence of copper vacancies, which act as electron acceptors and contribute free holes to
the material’s valence band, thereby enhancing its electronic conductivity. CuS exhibits
p-type conductivity, providing the compound with a remarkable potential for the design of
heterojunctions [68].

Copper bismuth sulphide (Cu3BiS3) has p-type conductivity and an energy bandgap
of 1.10-1.86 eV for direct transition [42,69] and 1.5-1.7 eV for indirect transition [70].

The direct optical energy gap values obtained from the fits (see Figure 14b) are consis-
tent with the reported values for the E,, of multiphase Cu-Bi-S materials. The presence
of two distinct E,, values (Figure 14b and Table 5) confirms that the S2 sample comprises
two dominant semiconductor materials. The E,, value of 1.3 eV is similar to that of Cu-Bi
sulphide compounds, while the value of 1.8 eV is similar to that of Ag nanoparticles [71]
because Cu-Bi sulphide films were deposited on a polyamide textile metallised with silver.
The highest E,, value for the S3 sample can be attributed to the Cu-Bi-S/Cu solid mixture.
The indirect Eyp values for the S1 and 54 samples were found to be 0.9 eV, i.e., about 0.2 eV
lower than in other research. However, for the S3 sample, the Ey, value was 2.25 eV, i.e.,
higher, similarly to the direct E,, value for this sample.
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Figure 14. Optical energy gap determination from diffuse reflectance spectra by the Kubelka-Munk

method: (a) indirect transition; (b) direct transition.
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The refractive index (1) is a fundamental parameter for applying materials in optical
equipment due to its direct relationship with energy dispersion. According literature
data [72] the refractive index of Cu-Bi-S thin films varies depending on their composition
and how they are deposited, but generally falls within the range of 1.4 to 2.5. The values
of copper-doped bismuth sulphide films are between 1.4 and 1.8. The refractive index is
significantly influenced by the specific copper-to-bismuth ratio, film thickness, and crystal
phase (e.g., BiyS3 vs. CuzBiS3) absorption.

CuS thin films exhibit a higher refractive index, potentially around 2.31-2.64, while
other copper sulphide (CuxS) compounds may show lower values like 2.07-2.26 [73,74].

Figure 15 shows the variation in the refractive index (1) of the S1-54 samples within
the 200-1000 nm wavelength range. The spectral behaviour of the refractive indices of the
obtained composites was very similar within the wavelength regions of 200400 nm and
800-1000 nm. They are approximately 1.5. However, obvious differences can be seen in the
400-800 nm region.
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v 2 M2600 nm
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0 . | .
200 400 600 800 1000
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Figure 15. Refractive index as a function of wavelength, ranging from 200 to 1000 nm, of the obtained
composites.

Table 5 presents a summary of the obtained data.

In our opinion, differences in the refractive index are related to the composition
of textiles and films. The n value of a material depends greatly on the density of its
electrons and how tightly they are bound to the atomic nucleus. Cu-Bi-S films contain
various types of semiconductor, such as CuS, CuzBiS3 and BiyS3. Due to differences in
the density of free electrons, the refractive index of each material varies. The volume
fraction ratio of each phase to the film’s total volume also varies. It should also be noted
that other interesting effects may occur in Cu-Bi-S films, and that the refractive index of
the multiphase material cannot be predicted simply by interpolating the corresponding
parameters of the pure phases.

Composite materials with an optical energy gap and refractive index obtained through
the manufacturing process can be suitable for use in optical non-volatile memories, optical
waveguides, and solar cells with improved efficiency, as these values are typical of standard
lens materials.

4. Conclusions

Compact, multiphase Cu-Bi sulphide semiconductor nanocomposites were synthe-
sised simultaneously on various textiles using the SILAR method. The results obtained
imply that the surface morphology and elemental and phase composition of the nanocom-
posites, as well as their optical properties, were sensitive to the textiles used for thin film
deposition. Scanning electron microscopy (SEM) analysis confirmed the development of a
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highly complex surface consisting of flake-like sub-micron structures and agglomerates. De-
position onto PET/PVC and C/PES/S textile samples with normalised atomic percentages
of Cu (57.66-58.7%), Bi (3.71-5.0%) and S (36.3-38.63%) resulted in the formation of a large,
non-uniform crystalline layer. In contrast, the analysis of thin films deposited onto PA/Ag
and PA /Cu textile samples with normalised atomic percentages of Cu (63.78-68.75%), Bi
(1.19-5.26%) and S (30.06-30.96%) suggested the formation of a homogeneous thin film
with low surface resistivity of 30 ()/sq and 52 (}/sq, respectively.

Energy dispersive spectroscopy (EDX) confirmed the presence of copper, bismuth and
sulphur. A higher Cu content was observed in all of the composite samples obtained, which
distinctly suggests the dominance of copper sulphide compounds. The X-ray diffraction
(XRD) analysis data are consistent with the EDX results and suggest that the deposited thin
films are copper-rich. Consequently, the predominant phases in the deposited multiphase
thin films are CuS and Cu3BiSs.

The direct optical band gap (Eop) was found to be 1.38-2.88 eV and the indirect to be
0.9-2.25 eV. The variation in band gap depends on the textile substrate used, as well as the
volume fraction ratio of each phase (CuS, Bi;S; and Cu3BiS3) to the film’s total volume.
The refractive indices are also influenced by the composition of the textiles and films.
Optical analysis indicated that Cu-Bi-S thin films are a suitable flexible absorber material
for photovoltaic applications due to their suitable band gap and high optical absorption in
the visible spectrum. The results presented are promising for optimising the fabrication
process of Cu-Bi sulphide/textile nanocomposites, which are one of the most important
components in flexible electronics.

The results suggest that future research should focus on selecting appropriate textiles,
as well as optimising the bismuth sulphide deposition process, in order to achieve the
desired Eop. This would prove the obtained composites to be valuable for utilisation.
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