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Abstract: Thin copper selenide films were synthesized on polyamide sheets using the successive
ionic layer adsorption and reaction (SILAR) method at three different temperatures. It was found that
elevating the temperature of the solution led to the creation of copper selenide films with different
features. X-ray diffraction characterization revealed that all films crystallized into a cubic Cuy_4Se,
but with different crystallinity parameters. With elevating the temperature, grain size increased
(6.61-14.33 and 15.81 for 40, 60 and 80 °C, respectively), while dislocation density and the strain
decreased. Surface topology was investigated with Scanning Electron Microscopy and Atomic Force
Microscopy, which revealed that the grains combined into agglomerates of up to 100 nm (80 °C) to
1 um (40 °C). The value of the direct band gap of the copper selenide thin films, obtained with UV /VIS
spectroscopy, varied in the range of 2.28-1.98 eV. The formation of Cu,_,Se was confirmed by Raman
analysis; the most prominent Raman peak is located at 260 cm™!, which is attributed to binary copper
selenides. The thin Cuy_,Se films deposited on polyamide showed p-type conductivity, and the
electrical resistivity varied in the range of 20-50 (). Our results suggest that elevated temperatures
prevent large agglomeration, leading to higher resistance behavior.

Keywords: copper selenide; polyamide; SILAR method

1. Introduction

Copper selenide can be formed in various stoichiometric compositions, such as CuSe,
CuySe, CuSe;, CuzSep, CuySes, CusSey, CuszSes, and non-stoichiometric compositions
Cuy_4Se [1-3]. The stoichiometric composition of copper selenide strongly influenced
its crystalline structure and electronic behavior—it alters its electronic, chemical, and
thermal properties [4,5]. Copper-deficient Cuy_,Se is an intrinsic p-type semiconductor
with direct bandgap energies in the range of 2.0 to 2.4 eV, the work function of 4.17 eV,
and high photo-electrochemical conversion efficiency (~14.6%) [3,5-8]. These features of
Cuy_«Se can be used as Shottky diodes [9], self-repairable electrodes [10], and photovoltaic
devices [8]. Furthermore, the Cu,_,Se columnar superstructures are used as low-cost and
highly efficient counter electrodes in quantum dot sensitized solar cells [11,12].

Several decades ago, due to concerns about homeland security, medical and environ-
mental monitoring as well as food safety, a large interest was shown in the development of
gas sensors for detecting volatile and toxic gases. Cuy_,Se exhibits good sensitivity and
short response and recovery times to Hg?* [13], and organic gases such as ethanol and
acetone [14].
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Many works have been reported on the formation of Cuy_Se on substrates, such as
glass [1,6,15], and fluorine-doped tin oxide [8,11,12,16].

Flexible electronics is a growing field that is promising to develop various new com-
mercial products such as displays, solar cells, flexible photovoltaics, and biomedical sensors
due to their lightweight and low cost [17-21]. Flexible polymer substrates possess unique
features such as low cost, low thickness, low mass, and excellent mechanical deformability.
They can remain in the environmental, chemical, and thermal environments required for
the construction of electronic circuits while maintaining their mechanical flexibility [22,23].
Recently, ferroelectric semiconductors have been increasingly studied [24,25].

When Cu;_4Se is deposited on a flexible transparent polymer substrate (polyvinylchlo-
ride, polyvinyl alcohol), the possibility of using thin flexible polymer substrates appears in
the fabrication of flexible optoelectronic devices [26]. Cuy_,Se films on polyester sheets
can be used as a transparent electrode for inorganic and organic hybrid light emitters, as a
possible replacement for indium tin oxide or fluorine-doped tin oxide [7].

This work reports the preparation and characterization of electrically conductive cop-
per selenide onto polyamide 6 (PA) sheets. Polyamide 6 was chosen as a cheap, chemically
stable, and flexible substrate. Flexibility is the ability of the material to be bent without
mechanical failures such as fracture and plastic deformation. One of the few mechanical
parameters that describe the deformation of a material is Young’s modulus, which charac-
terizes the resistance of a material to elastic deformation. Young’s moduli of polyamide
6 are lower than those of other polymers. For example, polyimide and polyethylene
terephthalate have a Young’s modulus of 4 GPa and 3 GPa, respectively, while the Young’s
modulus of polyamide 6 is 2.4 GPa [17,27,28]. As a semihydrophilic flexible polymer,
PA is capable of adsorbing molecules or ions of various electrolytes from nonaqueous
and aqueous solutions [29,30]. Unlike glass and fluorine-doped tin oxide substrates, on
which copper selenide builds a thin film, polymer allows the material to partially diffuse in
it, so the final product is a conductive composite (PA with copper selenide nanocrystals
embedded in it).

Cuy_,Se films can be prepared by chemical bath deposition [1,7,31], combined elec-
trochemical followed by chemical bath deposition [8], sonochemical synthesis [32], ion
beam sputtering deposition [33], electrochemical [12], successive ionic layer adsorption
and reaction [15,34], and other methods.

Here, copper selenide nanocrystals were formed on the surface as well as inside the
polyamide using the simple and versatile successive ionic layer adsorption and reaction
(SILAR) method. The method used differs from other chemical methods, as it does not
require specialized equipment or conditions; it is quite inexpensive and simple, convenient
for large area deposition, and it can be used at room temperature [34]. As a low-temperature
process, it also avoids oxidation [35]. The SILAR method consists of two stages: first, copper
ions are adsorbed on the polyamide surface from a precursor solution containing copper
ions; second, copper selenide thin films are formed by treating the layer formed in the
first stage with a solution containing selenium ions. To the best of our knowledge, the
copper selenide/PA composite by employing the SILAR method has never been obtained
before. We suggest that slightly elevated solution temperatures could facilitate crystalline
formation in the polymer matrix and therefore improve the optical and electric properties
of the as-obtained composites. Combined with the natural abundance of material and the
low cost of composite production, the copper selenide/PA composite could be a possibility
for printable electronics on flexible substrates or in sensors in the future.

Structural characterization of the composites was performed with the help of X-
ray diffraction, Scanning electron microscopy combined with Energy-dispersive X-ray
spectroscopy, and Raman Spectroscopy, while the optical properties were characterized with
UV/VIS spectroscopy. The surface morphology of the films was investigated with Atomic
Force Microscopy. The conductivity of the composites was checked with a multimeter.
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2. Materials and Methods
2.1. Materials and Film Preparation

The reactive solutions were made with just pure analytical reagents and purified water.
All reagents were obtained from Sigma-Aldrich and used as received. Only freshly prepared
solutions were used for experiments and were not de-aerated during the experiments.

Thin copper selenide films were deposited on a PA sheet (PA 6, Tecamid 6, density
1.13g/ cm 3, thickness 500 um, surface resistance ~1 kQ)/m?), which was obtained from
Ensinger GmbH (Germany). Before the experiments, the PA films were boiled in distilled
water for 2 h to remove the remaining unpolymerized monomer residues. Then, they were
dried with filter paper and incubated over anhydrous CaCl, for 24 h.

The copper sulfate solution (CuSO,) was used as the cationic solution and the freshly
prepared sodium selenosulfate solution (Na;SeSO3) was used as the anionic solution for
the deposition of a thin film of copper selenide on PA using the SILAR method.

To prepare the Nay;SeSOj3 solution, selenium powder (99% purity) and anhydrous
sodium sulfite were dissolved in distilled water for 8 h at 80 °C with constant stirring. It
was kept for 24 h in a sealed container, to allow undissolved selenium to settle. A clear
solution was obtained after it was filtered [34].

In one SILAR cycle, the substrate was immersed separately in solutions of anionic and
cationic precursors. The substrate was washed with an ion exchange solution (distilled
water) to avoid a homogeneous deposition between each immersion.

Thin copper selenide films on polyamide substrate were grown by repeating these
cycles 30 times at different temperatures (40 °C, 60 °C, and 80 °C). The proposed reaction
mechanism of the obtained film could be found in [34].

2.2. Characterization of Copper Selenide Films

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffrac-
tometer equipped with a PW 1730 generator, 40 kV x 20 mA, using Ni filtered Co K«
radiation of 0.1778897 nm at room temperature. Measurements were carried out in the
2 h range of 10 to 70° with a scanning step of 0.05° and a scan time of 10 s per step. The
experimental values of d (lattice spacing) for copper selenide are determined using the
Bragg relation [36]. The average grain size (D) was calculated based on the full width
at the half-maximum intensity (FWHM) of the main reflections by applying Scherrer’s
formula [37,38]. Furthermore, to have more information on the number of defects in the
films, the dislocation density (8) [34] and the strain (¢) values were calculated [39].

Scanning electron microscopy (SEM) was performed using a Raith GMBH e-Line
instrument equipped with a field emission gun operating at 10 kV accelerating voltage,
magnification: 20,000 k. A secondary electron signal was used for imaging. Energy-
dispersive X-ray spectroscopy (EDX) imaging was performed using QUANTAX EDS with
an X-Flash Detector 3001 and ESPRIT software.

The UV/VIS absorbance and diffusion reflectance spectra were recorded in the wave-
length range of 200-800 nm on a Shimadzu UV-2600 spectrophotometer equipped with an
integrated sphere. The diffuse reflectance and absorbance spectra were measured relative
to a reference sample of BaSOj. The optical band gap from the diffuse reflectance measure-
ments was calculated using the Tauc plot [40,41]. The acquired diffuse reflectance spectra
are converted to Kubelka—Munk function [42]. The optical band gap was estimated by
extrapolating the linear portion of a plot of (¢hv)? versus hv to & = 0. Using this function, a
plot of («hv)? against hv is obtained.

Raman measurements were performed using TriVista 557 micro-Raman system in
backscattering configuration, equipped with a nitrogen-cooled CCD detector. The 514.5 nm
line of Ar*/Kr* ion laser was used as the excitation source. The measurements were
performed with low laser power to prevent a local overheating of the sample.

The surface morphology of copper selenide samples was investigated by atomic force
microscopy (AFM). AFM imaging was performed using the NTEGRA Prima system from
NT MDT. AFM measurements were performed at room temperature and under ambient
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conditions. The AFM topography and phase images were acquired simultaneously using
NSGO1 probes with a typical resonant frequency of 150 kHz and a 10 nm curvature radius
of the tip apex.

The constant current resistivity of the copper selenide films was measured using a
multimeter MS8205F (Mastech, Shenzhen, China) with special electrodes. The electrodes
were produced from two nickel-plated copper plates with a 1 cm spacing and the dielectric
material between them.

3. Results
3.1. XRD Characterization of Copper Selenide Thin Films

The crystal structures and orientations of the thin copper selenide films on the PA
substrate were investigated by X-ray diffraction patterns and are shown in Figure 1. The
XRD results revealed that all films have a polycrystalline structure.
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Figure 1. XRD patterns of the initial PA and copper selenide thin films.

Semicrystalline peaks of polyamide were observed between 9° and 30° (in 20). These
peaks, according to JCPDS 12-923, appear at 20.3° and 23.8° with the corresponding d-
spacing of 4.36 and 3.74, respectively. They are attributed to the (100x) and (001«) crystal
planes, respectively, showing the presence of a dominant crystalline x-phase [28,43,44].
Two reflections were also observed at around 26 = 9.6° (020y) and 28.8° (002/202«). XRD
analysis showed that the temperature of the solutions of anionic and cationic precursors
used in the experiment influenced the composition of the obtained thin films. The X-ray
peaks on diffractograms are more intense when the solutions” temperature is higher. The
peaks at 28° and 45° are absent in the spectrum of pure PA and they correspond to planes
(111) and (220) of a cubic phase of Cu,_,Se Berzelianite (JCPDS 6-680). It is common
Cuy_,Se phase [12,15]. The experimental values of the Miller indices d, 26 and (hkl) of PA
and copper selenide thin films are given in Table 1.
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Table 1. Values of the Miller indices d, 20 and (/kl) of PA and copper selenide thin films.
Temperature
Miller Indices (hkl) PA 40°C 60 °C 80°C
(20) d(A) (20) d(A) (20) d (&) (20) d (&)
(020vy) 9.6 9.21 9.65 9.16 10.2 8.67 9.6 9.21
PA (100) 20.35 4.36 20.3 4.37 20.95 4.24 20.25 4.38
(001x) 23.8 3.74 24 3.70 24.3 3.66 23.75 3.74
Cuy_4Se (111) - - 27.15 3.28 27.7 3.22 27.1 3.28
PA (002/202cx) 28.75 3.10 28.8 3.10 294 3.04 28.75 3.10
Cuy_4Se (220) - - 44.95 2.02 45.5 1.99 44.8 2.02

Changes in the intensities and full width at half maximum (FWHM) values of these
peaks were observed with the use of different temperatures of solutions. The intensities
of the diffraction peak increased slightly with changing temperature of the solution tem-
perature from 40 to 80 °C. The structural parameters for the (220) peak such as FWHM (f),
grain size (D), dislocation density (), and strain (¢) for all films were evaluated by XRD
patterns and presented in Table 2. As shown, grain size increases, while dislocation density
and strain decrease with the change in the deposition temperature.

Table 2. Grain size (D), dislocation density (J), strain (¢) and full width at half maximum (FWHM, B)
values of copper selenide thin films.

Temperature 26 (°) B () D (nm) 51073 (nm~2) £1073 (nm—2)
40 °C 44.95 1.30 6.61 22.89 13.72
60 °C 45.5 0.60 14.33 4.86 6.25
80°C 448 0.54 15.81 4.00 5.76

These changes can be attributed to the improvement in film crystallization and to the
inductive lattice matching, which has a strong impact on structural parameters. The higher
values of D, and the smaller §, 6 and ¢ values indicate better crystallization of thin films.
Regarding the values of D, f, and 4, the best results were obtained for the film made at
80 °C, suggesting that a higher temperature facilitates the crystallization of the film.

3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Scanning electron microscopy was used to evaluate the changes in surface morphology
of the copper selenide layer on the PA substrate, with the changes in synthesis parameters.
The SEM micrographs of the samples are presented on the left-hand side of Figure 2, with a
magnification of 20,000 k. The images clearly show that the polymer is well-covered with
copper selenide thin films.

Copper selenide grains grow in irregular shapes and sizes. By changing temperature,
it could be seen that when the temperature increases, the copper selenide film becomes
denser, coated with tightly packed spherical grains that, in turn, were combined into
agglomerates of 100 nm to 1 um. Micrographs show a compact structure composed of
single types of small, densely packed microcrystals. The thin copper selenide films on
surface of PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. Such morphological forms can produce a very rough surface with high porosity,
which leads to increased catalytic activity.
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Figure 2. SEM micrographs and EDX spectra of copper selenide/PA thin films.

The elemental analysis of the copper selenide thin films was performed using an
EDX micro-analytic unit attached with scanning electron microscopy and shown on the
right-hand side of Figure 2. The presence of emission lines in the investigated energy
range indicates that copper selenide films were successfully deposited on the polyamide
substrates and the expected elements (selenium and copper) were detected. The element
analysis revealed the presence of Cu and Se with the average atomic percentages shown
on the right side of Figure 2. All films show a higher atomic presence of Cu than Se,
which confirms the presence of Cuy_4Se. The Cu/Se ratio measured by EDX analysis was
1.52-1.78, which is in good agreement with the XRD results.



Chemosensors 2022, 10, 313

7 of 13

3.3. Measurements of Electrical Resistivity

The resistance of thin films of copper selenide formed on PA plotted in Figure 3 is
measured from the close contact up to the 1 cm distance of electrodes, and it includes the
contact resistance of the electrode contacts. On the contrary, the pure PA substrate shows
no electrical conductivity—the material is a pure insulator.
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Figure 3. Resistance vs. distance graph for copper selenide films on PA. The results are the averaged
values of 4 measurements, and error bars are indicated as the pink area.

At a distance of 1 cm between the electrodes, the resistances of films obtained at 40 °C,
60 °C and 80 °C are 270 ), 124 () and 49 ), while the values for the close contact between
the electrodes were obtained to be 50 (2, 26 (3 and 20 (), respectfully. The corresponding
slopes are 16, 11, and 2.6, which implies that the electrical properties of the film improve
with elevating the temperature. Compared to XRD results, the sample obtained at 80 °C
has the best crystallinity, which is directly connected with higher conductivity (i.e., lower
resistivity). As it can be seen in the graph, the error bar values are minimal for the sample
obtained at 80 °C, and they increase with decreasing the temperature.

3.4. Optical Analysis of Copper Selenide Thin Films

The absorbance and diffuse reflectance spectra of thin films of copper selenide on
PA in the wavelength range of 200-800 nm are presented in Figure 4. An increase in the
absorbance of the copper selenide films is observed with the increased temperature of
solutions, as well as the opposite effect of the reflectance.

The determination of band gaps in semiconductors is significant for obtaining basic
solid-state physics.

In this study, we used the Tauc plot for the determination of the optical band gap
from diffuse reflectance measurements [40—42]. The experimental values of energy gaps for
copper selenide thin films are determined to be 2.28 eV for the sample obtained at 80 °C,
2.14 eV for the sample at 60 °C, and 1.98 eV for the sample obtained at 40 °C (Figure 5).
This is in good agreement with the values of the reported data [3,5,6].

The obtained band gap values are also consistent with AFM data, according to the
rule—the smaller particle size, the bigger the band gap.
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Figure 4. Diffuse reflectance and absorbance spectra of copper selenide/PA thin films.

3.5. Raman Analysis of Copper Selenide Thin Films

Raman spectroscopy is a useful spectroscopic technique for detecting the vibration
energy levels of compounds and for further confirming the crystal structure.

Consequently, further clarity on the crystalline phase of the copper selenide thin films
was explored by Raman analysis. As shown in Figure 6, the typical Raman spectra of
three copper selenide film samples (deposited at different temperatures) exhibit similar
peak positions.
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Figure 5. Plots of (whv)? versus hv for copper selenide/PA thin films.
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Figure 6. Raman spectra of the copper selenide/PA thin films.

The only strong peak, observed at 260 cm ™!, can be assigned to the Se-Se stretching
vibration in Cu,_,Se and is consistent with the previous reports [11,45], while the peak at
187 cm~! corresponds to the Cu-Se vibration [46]. The peak at 520 cm ™! is the first overtone
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of the intensive peak at 260 cm~!. Raman analysis confirms the composition of the copper
selenide/PA films. There are no modes of elemental selenium or copper. The background
at the beginning of the spectra comes from PA.

3.6. AFM Analysis of Copper Selenide Thin Films

Atomic force microscopy is a very suitable method for visualizing the surface mor-
phology and quantitative analysis of surface roughness. 2D and 3D images, as well as
histograms of 5 x 5 um areas of copper selenide/PA films, are presented in Figure 7. The
height and surface morphology of the copper selenide thin films formed on PA depend
on the temperature of the solutions of anionic and cationic precursors used in the experi-
ment: the microstructure of the thin film changes according to the deposition temperature.
The surface image shows that the surface of the film is rough with particles gathered into
agglomerates. The typical parameters of the quantitative analysis of AFM images are
presented in Table 3. With an increase in the precursor solution temperature, the surface
roughness decreases and the film becomes more compact and dense. Average roughness is
~194 nm at a precursor solution temperature of 40 °C and decreases to ~16 nm and ~13 nm
in case of the temperature of 60 °C and 80 °C. As can be seen, a thin film of copper selenide
deposited at 80 °C temperature solution has greater uniformity and homogeneity than
other films.

4s s0
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0 05 10 18

, °
0O 05 10 16 20 25 30 35 40 45 80
um

o9 19

04 05 06 07 OF

e ar 02 9

08 10 15 20 28 30 36 40 48 80
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Figure 7. 2D and 3D AFM images and histograms of copper selenide/PA films.
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Table 3. Surface roughness parameters of copper selenide thin films.

Temperature
Parameters
40 °C 60 °C 80°C
Maximum height of peaks, hnax, nm 1048.41 117.32 123.16
Average height, hiean, Nm 565.57 65.64 49.99
Average Roughness, R,, nm 194.62 16.24 13.32
RMS Roughness, Rq, nm 227.76 19.90 17.21
Surface skewness, Ry 0.42 —0.13 0.58

4. Conclusions

Cuy_4Se thin films can be deposited on a flexible polyamide substrate by using the
SILAR method, while by adjusting the temperature of precursor solutions we can affect
and tune the optical, structural, and electrical properties of as obtained films. XRD analysis
revealed that Cuy_,Se exists in the cubic crystal structure. The band gap energy of Cuy_Se
films was found to be in the order of 1.98-2.28 eV. Raman analysis confirmed the formation
of the Cu,_,Se phase (260 cm~!) without any elemental selenium or copper phase. A thin
film of copper selenide deposited at 80 °C temperature solution has greater uniformity and
homogeneity than other films, the largest grain size, but with the smallest agglomerates,
the largest band gap value, and the best conductivity.
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