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Abstract: In this paper, we present a one-step low-temperature solution combustion syn-
thesis (SCS) of CuS nanoparticulated functional films processed via a simple blade-coating
technique. This SCS route uses thiourea as a fuel and sulfur source, combined with cop-
per(Il) nitrate as an oxidant and a cupric ion source in an aprotic solvent such as non-toxic
DMSO. It is hereby shown that the proposed SCS process formed a stable and completely
dissolved molecular ink of thiourea and copper ion complexes, crucial for obtaining the
pure crystalline phase of CuS nanoparticles (NPs). The CuS was formed by calcination
at a low temperature of 200 °C during a brief annealing time of 20 min, to promote the
synthesis of ~10 nm CuS NPs. The obtained CuS NPs were thoroughly analyzed in terms
of structure and optoelectronic properties using various analytic and spectroscopic tech-
niques, including TGA, XRD, FE-SEM, EDS, AFM, and four-point probe electrical resistivity
measurements. The functionality of the prepared CuS nanoparticulated interlayers was
evaluated by incorporating them as a hole injection layer (HIL) in Super Yellow (SY) organic
light-emitting diodes (OLEDs).

Keywords: metal chalcogenides; CuS; covellite; copper sulfide; solution combustion syn-
thesis; p-type semiconductor; hole injection layer; organic light-emitting diodes

1. Introduction

Transition metal chalcogenides (TMCs) are a vast representation of a category of
inorganic materials that have attracted immense research interest due to their many tech-
nological applications [1,2]. TMCs have a stronger covalent bond than the corresponding
metal oxides. This is related to the lower electronegativity values from oxygen (3.5) to
sulfur (2.5), which can indicate that their covalent bonding character, as observed in their
crystal structures and physicochemical and optoelectronic properties, has diverse functions
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and applications [1,3]. TMCs such as NiS, ZnS, CoS, CdS, and CuS have already been
applied in electrochemical applications, including photo- and electrocatalysis, gas sensors,
and photovoltaic cells [4-8]. Among TMCs, copper sulfide (CuS) is one of the most signifi-
cant metal chalcogenides, attracting a lot of attention in contemporary research due to its
fascinating electronic properties [2,9,10].

Copper chalcogenides are binary compounds with a basic chemical formula of Cuy_S,
(0 < x < 1), presenting different crystalline phases ranging from orthogonal to hexagonal,
with a variety of stoichiometries, such as Cu,S, Cuj 955, Cuy S, Cuy 755, and CuS, which
are known as thermodynamically stable structures at room temperature [3,9,11,12]. Addi-
tionally, the different stoichiometry and morphology of the above chemical formula shift
the energy band gap, ranging from Eg~1.2 eV for Cu;S to Eg~2.4 eV for CuS, affecting the
optoelectronic properties [13].

CuS is an enticing material because of its Earth-abundant constituent elements, non-
toxicity, low cost, and promising implementations in areas such as optoelectronic, photo-
conductive, and photothermal applications, thus making it a very popular choice among
researchers [10,14-17]. CuS is a p-type semiconductor gaining major interest because of its
metallic-like electrical conductivity, which is credited to free holes of copper vacancies. CuS
has a broad range of implementations in lithium-ion batteries, solar cells, superconductors,
gas sensors, optical filters, photothermal therapy, biosensors, drug delivery, antibiotic and
antibacterial applications [7,9,18-41]. Regarding the applications stated above, a lot of
work has been devoted to the synthesis of CuS with a variety of shapes and sizes such as
nanowires, nanorods, nanoplates, nanotubes, and nanoflakes [11,42-46]. Many synthetic
paths, such as the solid-state reaction in high-vacuum conditions, the reflux method, elec-
trodeposition, sulfurization reactions, liquid-liquid interface, and hydro/solvothermal
and co-precipitation methods, have been reported for the synthesis of CuS nanostruc-
tures [10,14,42-44,47-50]. However, the production of high-purity and monodisperse
nanoparticles (NPs) remains a significant challenge that has not yet been overcome.

Organic light-emitting diodes (OLEDs) are thin-film devices that exhibit highly ef-
ficient emission from a large 2D surface plane, in contrast to traditional LEDs, which,
although also efficient, tend to be point sources. OLEDs have a wide range of commercial
applications, including solid-state lighting and display technologies [51-54]. Poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) is a conducting hole injec-
tion layer (HIL) polymer that is most frequently used in the normal architecture of OLEDs
due to its low toxicity, wide availability, ease with which it can be processed from a solution,
and moderately high work function [55,56]. However, the hygroscopic and acidic nature
of PEDOT:PSS leads to degradation issues, weathering the ITO contacts and eventually
decreasing the stability of OLEDs [57-60]. Another well-known solution-processible HIL,
namely graphene oxide, exhibits low electrical conductivity and low hole injection effi-
ciency [13,61]. As a result, developing alternative p-type semiconductor HILs that would
display high electrical conductivity and resistance to chemicals and moisture remains an
open challenge.

In this paper, we aim to show an attractive method of low-temperature solution
combustion that leads to CuS nanoparticulated functional thin films. This process utilizes
thiourea as a fuel and sulfur source, alongside nitrate as the oxidizer agent in DMSO
solvent. In our study, CuS NPs of an average diameter of ~10 nm were synthesized
utilizing a low-cost and efficient solution combustion synthesis process. The synthesized
CuS NPs were formed by calcination at a low temperature of 200 °C during a time frame
of 20 min. The as-obtained CuS NPs were thoroughly analyzed for their structure and
optoelectronic properties using various techniques, including TGA, XRD, FE-SEM, EDS,
AFM, and four-point probe electrical resistivity measurements. The results demonstrate
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that the prepared CuS films have a highly pure crystalline structure with high electrical
conductivity. Moreover, the suggested synthetic route facilitates the formation of compact
films with low roughness through the blade-coating technique, which is suitable for the
fabrication of large printed electronic devices. In addition, CuS NPs are hereby used for the
first time as hole injection layers (HILs) built in Super Yellow (SY) OLEDs, and the primary
results of this device’s performance are illustrated in this paper.

2. Materials and Methods
2.1. Materials

Pre-patterned glass-ITO substrates (sheet resistance 4 (2/sq) were purchased from
Psiotec Ltd. (Berkhamsted, UK). Solution-processable poly(p-phenylene vinylene) PPV-
based polymer, PDY-132 Livilux® Super Yellow (SY), were purchased from Merck (Darm-
stadt, Germany) and used as a light-emissive polymer layer. SY was dissolved inside
an inert glovebox atmosphere using toluene solvent at a 6.5 mg/mL concentration. All
the other chemicals used in this study were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Synthesis of CuS NP Films

Following the typical synthesis of CuS nanoparticulated functional films, 1 mmol of
copper(ll) nitrate trihydrate and 2 mmol of thiourea were dissolved in 10 mL of DMSO
under stirring for 30 min at room temperature. The resulting mixture was then filtered
through a 0.22 um pore diameter polyvinylidene difluoride (PVDF) filter before further
processing. The resulting solution was diluted in DMSO at a 13 mg/mL concentration and
utilized as a coating ink on the ITO substrates with the doctor blade technique; then, the
created films were dried for 10 min at 100 °C on a preheated plate. Subsequently, both
the contact points of the ITO substrates and the non-patterned glass area of the substrate
were cleaned carefully using a cotton swab moistened with deionized water,thus avoiding

a short-circuit whilst achieving a functional area of 9 mm?

. The resulting films were
calcinated in a preheated oven at 200 °C under ambient air for 20 min to complete the
combustion process. Following this, the films were allowed to settle at room temperature.

The final thin CuS film thickness was ~45 nm.

2.3. Device Fabrication

The fabrication of a basic organic light-emitting diode structure (ITO/CuS/SY/LiF/Al)
utilized the CuS NP films, prepared on ITO substrates as described above, with the desired
property of a hole injection layer. The ITO substrates had been previously cleaned in acetone
and isopropanol under sonication for about 10 min, then dried at room temperature, and
set under a UV-ozone treatment for 5 min. A highly concentrated Super Yellow/toluene
solution was spin-coated at 6000 rpm for 30 s in an inert glovebox atmosphere directly
onto the CuS-coated ITO substrate. The resulting Super Yellow films, annealed in the same
inert atmosphere on a hotplate at 50 °C for 20 min, yielded a thickness of around ~80 nm.
Thereafter, the contact points with the ITO substrates and the non-patterned glass area were
meticulously cleaned with a cotton swab saturated with chlorobenzene (CB).To finalize the
OLED stack, 1 nm (0.2 A/s) of lithium fluoride (LiF) and 100 nm (2 A/s) of aluminum (Al)
were thermally evaporated in a vacuum chamber (Angstrom Engineering, Kitchener, ON,
Canada) at a minimum pressure of ~2 x 10~ mbar through a shadow mask to achieve
a functional area of 9 mm?. Finally, the fabricated devices were encapsulated by placing
them on a glass slide, with an Ossila E131 (Sheffield, UK) epoxy resin, which was activated
by 365 nm UV irradiation.
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2.4. Characterization

Thermogravimetric analysis (TGA) measurements were performed on a Perkin-
ElmerDiamond system. Thermal analysis was conducted from 40 to 400 °C under an air
atmosphere (100 mL min~! flow rate) with a heating rate of 10 °C min~!. X-ray diffraction
(XRD) patterns were collected on a PANanalyticalXpert Pro MPD powder diffractometer
(40 kV, 45 mA) using CuK« radiation (A = 1.5418 A), (Malvern Panalytical, Worcestershire,
UK). Energy-dispersive X-ray spectroscopy (EDS) and field emission electron microscopy
(FE-SEM) were carried out using a JEOL JSM-IT700HR microscope equipped with a JED-
2300 detector (JEOL Ltd., Tokyo, Japan). EDS data acquisition was carried out at least ten
times (at different locations) for each sample using an accelerating voltage of 20 kV and a
60 s accumulation time. Diffuse reflectance UV-Vis spectra were recorded at room tempera-
ture with a UV-2600 optical spectrophotometer (Shimadzu, Kyoto, Japan), using powder
BaSOy as a 100% reflectance standard. Reflectance data were converted to absorption (x/S)
data according to the Kubelka-Munk equation [62]: /S = (1-R)?/(2R), where R is the
reflectance and « and S are the absorption and scattering coefficients, respectively. The
energy band gap (Eg) values of the samples were determined from Tauc plots for direct
allowed transitions, i.e., the plot of (¢hv)? vs. photon energy (hv), where a is the absorption
coefficient and hv is the energy of incident photons. AFM images were obtained using an
AFM EasyScan 2 controller under the tapping mode (Nanosurf, Switzerland). The thickness
of the films was measured with a Dektak 150 profilometer (Veeco, NY, USA). Photoelectron
spectroscopy in air (PESA) measurements were recorded using a PESA spectrometer, Model
AC-2 and a power number of 0.3 (RikenKeiki, Tokyo, Japan). Finally, the completed devices
were characterized using current density-voltage-luminance characteristics (JVL), obtained
using a Botest LIV functionality test system with a calibrated silicon photodiode sensor
(spectral sensitivity 350-730 nm and responsivity 60 nA /lux). All the characterizations
were performed under ambient conditions.

3. Results and Discussion

SCS has been recently implemented in the production of metal oxide thin films at
low temperatures [63-65]. Overall, SCS exhibits the benefit of efficiently synthesizing
uniform materials featuring a fine particle size and, notably, at a considerably lower
temperature, compared to traditional solid-state reaction processes and co-precipitation,
sol-gel, and hydrothermal synthesis methodologies. During SCS, the quantity and nature
of chemical compounds, such as the fuel and oxidizing agent, have a significant impact on
the morphological and structural properties of the resulting materials [6,64]. In addition,
the selection of the fuel reagent and solvents for the solution combustion process is critical
in preventing the development of large clusters and precipitations [66].

In this study, for the first time, we used an aprotic polar solvent, such as non-toxic
DMSO, to form a stable and entirely dissolved molecular ink of thiourea and copper ion
complexes. Dissolved thiourea in DMSO was employed as a fuel and sulfur source, while
nitrates (copper nitrate) served as an oxidizing agent. This was critically important for
obtaining uniform crystalline-phase of CuS NPs. DMSO as an aprotic polar solvent has an
exceptionally high pKa and does not possess a reactive oxygen nature, unlike protic polar
solvents such as HO and ROH [67,68]. Thus, by utilizing DMSO solvent, the formation
of Me-O-Me and/or Me—O-C chemical bonds was prevented [69,70]. This formation can
result in precipitation and a change in bulk solution composition, creating impurities in the
final material, as well as mixed crystal phases. Moreover, the advantage of using thiourea
lies in its functions as a chelating ligand capable of solvating copper cations through the
coordinated soft Lewis base S-donor site with the corresponding ions [71]. This process
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generated pure single crystals of CuS NPs (see below), which subsequently formed a film
composed of a continuous network of linked CuS NPs.

3.1. Synthesis and Characterization of CuS Nanoparticles

Thermogravimetric analysis (TGA) was used to observe the combustion reaction. The
reaction was carried out in ambient air, using a heating rate of 10 °C min~!. As depicted in
Figure 1a, the reaction demonstrated a pronounced and steep mass loss at a temperature
range of ~120-150 °C as seen in the TGA curve, credited to the formation of CuS by SCS.
A secondary stage of mass loss appeared at around 300 °C, which was attributed to the
oxidation of organic residues and the transformation of CuS to CuSQOy, as confirmed by
XRD of the residual material calcinated at 300 °C (Figure S1) [72]. This suggests that the
synthesis of CuS NPs by the combustion approach can efficiently occur at a significantly
lower temperature.
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Figure 1. (a) TGA profile of the prepared CuS material via the combustion process. (b) Powder X-ray
diffraction pattern of CuS nanocrystals (NCs) annealing at 200 °C for 20 min.

Figure 1b depicts the XRD pattern of the CuS nanocrystals synthesized at 200 °C for
20 min by SCS method. All the corresponding diffraction peaks confirmed the hexagonal
covellite CuS crystal structure with lattice constants a = 3.792 A and b = 16.34 A (JCPDS
No. 06-0464). No other crystalline phase, such as Cu,S, Cu; g5, and Cuy 9¢S, was noted, thus
revealing the purity of the synthesized material [73]. The presence of broad diffractions
stipulated the small grain composition of CuS; by applying the Scherrer’s equation to the
(102) diffraction peak, the mean grain size of the 200 °C annealed sample was calculated to
be ~10 nm.

In order to evaluate the CuS morphology, field emission scanning electron microscopy
(FE-SEM) was employed. The FE-SEM image depicted in Figure 2a confirms that CuS
consists of spherical nanoparticles with an average size of ~10 nm. The SEM-EDS elemental
mapping depicted in Figure 2b,c reveals a homogeneous distribution of Cu and S elements
throughout the CuS material, suggesting a uniform composition for all CuS NPs. The EDS
analysis showed that the average atomic ratio of Cu to S was 1:1 (Figure S2).

The inset in Figure 3a displays the UV-Vis/NIR absorption spectrum of the CuS
NPs. CuS NPs exhibited a pronounced optical absorption onset in the visible region at
a wavelength of approximately 510 nm. This absorption was associated with an energy
band gap (Eg) of 2.44 eV, according to the corresponding Tauc plot for direct allowed
transition, i.e., (ahv)? vs. photon energy plot (Figure 3a). The Eg of CuS NPs was similar
to other reported values of CuS materials synthesized at the nanoscale that show a slight
blue shift in comparison to corresponding bulk material (Eg~2.4 eV), possibly related to
quantum confinement effects [10]. The absorption tail at longer wavelengths arose from
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scattering effects and/or inter-band transitions from the valence band to mid-gap states
in the CuS nanoparticles [74,75]. Figure 3b shows the photoelectron spectroscopy in air
(PESA) measurement data of the photocurrent yield*? against the photon energy of a CuS
NP film. The intersection of the linear line of best fit (red dashed line) after photoelectron
emission onset with the baseline (blue dashed line) gave the value of the CuS ionization
energy (IE), ~4.9 eV [76].

m— (A

Figure 2. (a) Typical FE-SEM image and (b,c) EDS element mapping images of as-prepared CuS NPs.
Cu element (green color) and S element (orange color).
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Figure 3. (a) Tauc plot (¢hv)? vs. photon energy (hv), showing an energy band gap of 2.44 eV for the
synthesized CuS NPs. The inset depicts the UV-Vis/NIR absorption spectrum of CuS NPs. (b) PESA
measurement results for a CuS NP film.

3.2. Blade-Coating-Processed Thin Films of CuS NPs

The blade-coating technique was employed to create thin films of CuS NPs on ITO sub-
strates, utilizing the processing parameters outlined in the experimental section. Figure S3
displays the surface topography obtained by AFM for a 45 nm blade-coated film of CuS
NPs on ITO-coated glass substrates. The CuS NP film revealed a smooth and dense to-
pography of just 5.6 nm roughness. Producing a CuS layer with low surface roughness
is advantageous for the performance of OLEDs because it enables the establishment of
a uniform electric field across the active area of the device. Furthermore, the compacted
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nanoparticulate CuS film demonstrated a significant elevation in electrical conductivity,
providing a conductivity as high as 94.7 S cm ! at room temperature as measured by the
four-point probe electrical resistivity technique. The low surface roughness of the CuS
nanoparticulated thin films (5.6 nm) together with the deep work function (4.9 eV) and the
relatively high electrical conductivity (94.7 S cm ') qualified the SCS-based CusS thin film
as a potentially good interlayer candidate for incorporation within organic optoelectronic
device structures.

3.3. Device Performance

The functionality of CuS nanoparticulated interlayers is investigated by incorporating
the as-synthesized CuS thin films as hole injection layers (HILs) in a Super Yellow (SY)-
based, OLED structure, as presented in Figure 4a.

-~
b) 2.5eV
28V LiF
2.9eV
E 3 Al
©
E- 4.3eV
Super yellow 7
ITO (2]
ITO/Glass o
5.1eV

Figure 4. Schematic illustration of (a) normal SY:OLEDs (ITO/CuS/SY/LiF/Al) and (b) flat band
diagram of the standard configuration of a Super Yellow OLED device.

Figure 5 shows the electroluminescent performance of the test SY:OLED structure
using, for the first time, SCS-based CuS as an HIL. As shown in Figure 5a, SY:OLEDs
incorporating CuSHIL exhibited a turn-on voltage of 2.6 V and a luminance of 10k cd/m?.
Figure 5b presents the JV characteristics. The SY:OLED CuSHIL displayed a current ef-
ficiency (CE) and power efficacy (PE) of up to 2.7 cd/A and 1.9 Im/W, respectively, as
presented in Figure 5¢,d. Both the CE and PE curves peaked in the range of 100-1000 cd /m?.
While these preliminary results for SY:OLEDs with CuS as a novel HIL confirmed the suc-
cessful functionality of SCS-based CuS NP interlayers in a simple, non-thickness-optimized
OLED stack, the obtained SY:OLED efficiency was lower than that typically achieved
(usually 5.0 cd/A and 4.5 Im /W) for optimized PEDOT:PSS HIL-based SY:OLEDs [56].
Given the difference in HIL work functions (CuS vs. PEDOT:PSS, 4.9 eV vs. 5.1 eV, re-
spectively), experimentally verified by the presented (Figure 3b) PESA measurements and
schematically illustrated in Figure 4b, the lower performance of CuS HIL-based SY:OLEDs
compared to PEDOT:PSS HIL-based SY:OLEDs likely stemmed from differences in the
nature of the CuS|SY interface vs. the PEDOT:PSS|SY interface. In Figure 54, the CuS HIL
device appears more injection-limited (note the very gradual slope in log (I) versus voltage
compared to the very abrupt slope that would be expected from a device with current
flow that is limited by space charge effects) compared to the PEDOT:PSS-based HIL device.
The energetic offset between the HOMO levels of CuS and SY may have contributed to
reducing the efficacy of hole injection, although, at 0.2 eV, the barrier was relatively small,
not fully explaining the strong injection-limited characteristics. The lower performance of
the SY:OLED device may be attributable to a number of factors, but it is not possible to
pinpoint the exact cause(s) without further studies. One direction of investigation would
stem from the expectation that CuS films are optically quite dense, so the calculation of
an optimal interlayer thickness may be necessary to improve light outcoupling efficiency.
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Besides purely optical considerations, the relative electronic characteristics of the CuS|SY
interface vs. the PEDOT:PSS|SY interface likely play a somewhat significant role given
the small difference in HIL work functions (CuS vs. PEDOT:PSS, 4.9 eV vs. 5.1 eV, re-
spectively) [56]. The CuS:SY interface is likely more injection-limited compared to the
PEDOT:PSS|SY interface, so recombination profiles are affected accordingly. Explicitly, this
distinction would naturally pull the recombination zone closer to the interlayer in the case
of CuS, which, in turn, would also affect the light outcoupling efficiency, depending on
the ITO (230 nm) | IL (45 nm) | SY (80 nm) cavity constraint. Nevertheless, we have hereby
demonstrated that the work function of CuS is adequately aligned to the HOMO level of
SY to produce a working OLED and that optimization could very feasibly improve the
device’s characteristics.
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Figure 5. Electroluminescent performance of OLED devices based on the ITO/CuS/SY/LiF/Al device
structure: (a) luminance-voltage characteristics (LV), (b) current density-voltage (JV) characteristics,
(c) current efficiency as a function of luminance, and (d) power efficacy as a function of luminance.

4. Conclusions

To conclude, SCS at a low temperature, employing thiourea as a fuel and sulfur
source, was effectively developed and implemented to fabricate functional and uniform
nanoparticulated CuS thin electronic films. The formation of monodispersed CuS NPs
with a size of ~10 nm was entirely controlled, utilizing thiourea as the chelating agent,
which was completely dissolved in an aprotic environmentally friendly solvent like DMSO.
The SCS process occurred at a relatively low temperature of 200 °C with a brief reaction
time of 20 min, leading to high-quality and compact nanoparticulated CuS films with a
low roughness of ~5.6 nm, a work function of 4.9 eV, and an exceptionally high electrical
conductivity of ~94.7 S cm ! for solution-processed nanoparticulated HIL. The presented
X-ray diffraction, EDS, and FE-SEM measurements validated the pure crystalline phase
and small-particle composition of the SCS-based CuS. Moreover, the proposed SCS route
enabled the fabrication of electronic films utilizing the blade-coating processing technique,



Nanoenergy Adv. 2025, 5, 3 90f 12

suitable for the fabrication of up-scalable printed electrical devices. The functionality of
SCS-based CuS nanoparticulated interlayers was confirmed by their incorporation as HIL
in SY:OLEDs. The reported SCS method offers a pathway to fabricate solution-processed
metal chalcogenides at the nanoscale that can be used as functional materials for future
advanced electronic applications.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /nanoenergyadv5010003/s1, Figure S1: XRD pattern of precursors
materials calcinated at a temperature of 300 °C for 20 min; Figure S2: EDS spectrum for CuS
NPs; Figure S3: AFM image of ITO/CuS NP thin films after combustion synthesis at 200 °C for
20 min; Figure S4: -V characteristics (log scale) of OLED devices based on the ITO/CuS/SY/LiF/Al
device structure.
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