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Abstract

In this work, hybrid multilayer structures containing CulnS, quantum dots coated with ZnMgO shells and
incorporated in conductive polymeric matrices (PEDOT:PSS and TFB) were prepared and characterized to develop
eco-friendly toxic-free light emitting devices. Results showed that addition of formamidinium acetate (FAAc) lead
to enhance the microstructure by reducing the agglomerations and surface roughness to support the homogeneity
and connection of the grains. The existence of all organic and inorganic constituents was confirmed with dominant
carbon bonds distinguishing the polymeric layers. The photoluminescence (PL) spectroscopy revealed a
reasonable enhancement in the intensity of the emitted light as well as a slight redshift due to treatment with FAAc.
The electrical characteristics showed the behavior of negative differential resistance at high voltages due to heating
and charge collection effects at the interfaces. A maximum value of external quantum efficiency (EQE) of 10% was
achieved at applied voltage of 6.5 V as the radiative recombination dominates. These results reveal that the FAAc-
treated hybrid structures show promising optoelectronic characteristics for low-cost light emitting devices with high
color purity and stable performance at high voltages.
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1. Introduction

The CulnS2 quantum dots are described as ternary semiconductor (I-111-VI) with adjustable energy
bandgap depending on size and chemical structure. The fundamental feature of these materials is they
are toxic-free of elements such as cadmium lead, which makes them eco-friendly. The
photoluminescence (PL) mechanism of these quantum dots mainly depends on the sub-bandgap
transitions due to point defects, such as copper vacancies or interstitial copper atoms. This behavior
lead to large Stokes shift that reduces the self-absorption, which is an important feature to enhance the
efficiency of light emitting devices [1-4]. The quantum confinement effect contributes to enhance the
quantum vyield throughout charge carriers trapping at the nanoscale that increase the probability of
radiative recombination [5-7].

The hybrid structures have significantly advanced the design of light-emitting devices as the quantum
dots were incorporated in polymeric or inorganic matrices to enhance the photochemical stability [8]. In
such systems, the interfaces play a crucial role in charge injection and nonradiative energy transfer
processes [9]. The efficiency of the hybrid device reasonably depends on the energy level alignment of
the donor and acceptor materials, especially the highest occupied molecular orbit (HOMO) and lowest
unoccupied molecular orbit (LUMO). This alignment assists in reducing the phenomenon of exciton
quenching as well as enhancing the excited state lifetime [10-12]. Moreover, the hybrid structures can
provide mechanical protection for the quantum dots against the photo-oxidation, which guarantees
sustainable spectroscopic performance when operated continuously with high electric current [13-15].

The photoluminescence characterization is the much more accurate analytical tool to understand the
dynamics of charge carriers within the hybrid nanostructures. By analyzing the emission spectrum, the
full-width at half maximum (FWHM) can be determined to show the size monodispersity of these
nanoparticles [16-18]. Also, the time-resolved photoluminescence (TRPL) technique provides a deep
insight about emission mechanism since it allows measuring the fluorescence decay time and
distinguishing between surface and bulk recombination processes. These measurements are important
to evaluate the energy transfer efficiency in the hybrid structure and determine the effectiveness of the
surface passivation by the chemical ligands [19-21]. Linking the experimental data of
photoluminescence to the structural characteristics prepares to enhance the light extraction efficiency
and hence develop light sources of high color purity at low production cost [22,23].
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The semiconducting nanoparticles or quantum dots are an exceptional type of nanomaterials those
made a revolution in the optoelectronics due to their unique optical and electronic properties, originate
from the quantum confinement effect where the excitons are confined within dimensions smaller than
Bohr radius of the material [24]. This confinement leads to splitting energy levels into sub-levels, so the
nanoparticle energy bandgap sufficiently depends on its size. Consequently, the color of the emitted
light can be accurately adjusted by controlling the quantum dot size during the formation process [25].
Amongst semiconducting materials widely used in this field, copper indium disulfide (CulnS2) represents
a promising eco-friendly candidate free of toxic elements. It has a direct energy bandgap in the visible
and near-infrared (NIR) that makes it optimum selection in solar cells, light-emitting devices, and
biosensing applications [26-28].

Despite the potential advantages of the CulnS2 quantum dots, their effective employment in optical
and photonic devices requires solving the challenges related to their stability and quantum yield. The
bare quantum dots mostly suffer from the surface defects that work as nonradiative recombination
centers, which reduce the photoluminescence efficiency [29,30]. To overcome this limitation, the
quantum dots are incorporated into the hybrid structures to prepare a protective host for these quantum
dots, enhance the charge transfer, and support the thermochemical stability [31]. The proposed
strategies include coating of the quantum dots with inorganic shells from another semiconducting
material with larger energy bandgap (such as ZnO) to form core/shell structures. This shell effectively
isolates the core from the surrounding environment, passes electrons and holes towards the core,
increases the probability of radiative recombination, and hence significantly support the
photoluminescence efficiency [32-34]. Furthermore, the quantum dots can be dispersed within a
conductive or dielectric polymeric matrix to provide mechanical support and allow low-cost solution
processability in order to fabricate large-scale devices with controlled design to enhance the charge
transfer to the electrodes of the functional devices [35-37].

In this work, CulnS2 quantum dots were incorporated into polymeric matrices to form hybrid
structures and their optical, electronic, and spectroscopic characteristics were introduced to show their
feasibility for specific applications, mainly, light-emitting devices.

2. Experimental Part

To fabricate the hybrid structure shown in Fig. (1), the PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate) solution was prepared and filtered with 0.5um-porosity
filtering paper to ensure the structural purity of the prepared layer. As well, the TFB (Poly(9,9-
dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)) solution by dissolving 8 mg in 1 mL of
chlorobenzene with stirring at temperature of 50 °C for two hours to ensure complete dissolving and
homogeneity. The CulnSz quantum dots coated with ZnO shell and dispersed in toluene at a
concentration of 10 mg/mL. A specific amount of zinc-doped magnesium oxide (ZnMgO) was dispersed
in ethanol at a concentration of 30 mg/mL. All solutions were kept in desiccators in dry nitrogen to avoid
any degradation in their photochemical characteristics.

The multilayer structures were formed on indium-doped tin oxide (ITO) substrates. These substrates
were thoroughly cleaned by ultrasonic waves, rinsed in acetone and isopropanol, and dried with nitrogen
gas flow. The spin coating method was used to deposit the multilayer structure layer by layer. First, the
PEDOT:PSS layer was deposit at 4000 rpm for 30 seconds and then heated up to 120 °C for 10 minutes
to remove the solvent. Second, the TFB layer was deposited at 2000 rpm for 30 seconds and then
heated up to 150 °C for 20 minutes. Third, a layer of CulnS2 quantum dots was deposited at 1500 rpm
for 30 seconds and then slowly heated up to 80 °C for 3 minutes to keep the stability. Finally, a layer of
ZnMgO was deposited at 2000 rpm for 30seconds and then heated up to 80 °C for 10 minutes. The
deposition conditions were accurately controlled to produce homogeneous and surface defect-free
layers. In order to perform the optoelectronic measurements on the prepared hybrid structures, silver
paint was used to make front electrode over the top ZnMgO layer. The formamidinium acetate (FAAc)
was added to the CulnS2 solution as it modulates precursor chemistry by forming complexes that control
the size and bandgap of the resulting nanocrystals, without significantly altering their crystal structure.

The photoluminescence spectra were recorded using a dual-beam computerized spectrophotometer
supplied with various lasers (405, 430, 530, 630, and 850nm) as excitation sources. The emission
spectra were recorded in the spectral range of 400-800 nm at room temperature. The Fourier-transform
infrared (FTIR) spectroscopy was carried out using a Shimadzu spectrometer, the surface morphology
was introduced by the scanning electron microscopy (SEM), while the electrical (current-voltage)
characteristics were determined using a dc power supply and microammeter.
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Fig. (1) Schematic diagram of the multilayer structure fabricated in this work

3. Results and Discussion

Figure (2) shows the FTIR spectrum of the CulnS2 QDs with the FAAc additive. This spectrum shows
distinct absorption peaks revealing the chemical structure of the prepared multilayers. Within the
spectral range of 1350-1450 cm-', the vibration peaks are ascribed to the bending mode of C-H bonds
in the organic (PEDOT:PSS) compounds that contain conductive polymers as well as in the TFB layer
that contains polymers of aromatic units [38]. These peaks confirm the existence of carbon chains within
these layers. In the range of 1500-1600 cm-', absorption peaks related to the vibrations of the aromatic
ring (C=C) in both PEDOT:PSS and TFB, which further confirms the existence of the conductive
polymers [39]. In the range of 1650-1750 cm-', the peaks are attributed to the vibrations of the C=0
bonds, which may result from the humidity adsorbed by or slight surface oxidation on the PEDOT:PSS
layer or due to the precursors used to prepare these layers [40]. In the range of 2850-2950 cm™', the
absorption peaks ascribed to the stretching modes of the C-H bonds are observed to reveal the
existence of the alkyl side chains in the TFB [41].
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Fig. (2) FTIR spectrum of the Ag/ZnMgO/CulnS,/TFB/PEDOT:PSS/ITO structure with FAAc additive

It is important to observe that some peaks in the range of 1000-1200 cm-' may be attributed to the
vibrations of S=0 and C-O-C bonds in the PEDOT:PSS, which confirms the formation of this layer [42].
Despite that the CulnS2 and ZnMgO layers are fundamentally inorganic, their effects on the spectrum
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may be limited in the region below 1000 cm-* as the vibrations of the metal-oxygen (M-O) or metal-sulfur
(M-S) bonds appear but may partially be blocked due to the absorption of the organic layers or the
interference with the absorption of silver (front electrode), which may support some absorption peaks
due to the surface amplification but not change the positions of the peaks [43]. In general, the FTIR
spectrum reveals the proposed multilayer structure with apparent dominant vibrations of the organic
PEDOT:PSS and TFB layers, while the inorganic layers show smaller contributions.

Figure (3) shows the SEM images of the CulnS2 QDs without and with the FAAc additive, whose
effect on the morphology of the CulnS2 QDs is apparent. The surface of the CulnS2 QDs (Fig. 3a) shows
grains or clusters with relatively apparent boundaries with grain size in the range of 10-30 nm. The
surface seems dense but apparent agglomerations are observed, which refers to a conventional
crystalline grown of CulnS2 QDs with differences in the particle size distribution. This structure may lead
to huge number of grain boundaries that work as recombination centers of charge carriers in photonic
devices, such as solar cells and photonic sensors, which may reduce the their efficiencies.

In the second image (Fig. 3b) of the CulnS2 QDs with FAAC additive, a radical variation in the surface
morphology is observed as the surface shows lower roughness, much more homogeneity, and
observable smaller agglomerations. The grains seem denser and better connected due to the role of
FAAc as a passivation agent during the preparation process. It reduces the reaction rate or control the
crystalline growth to produce reasonably uniform grains. The addition of FAAc to the CulnS2 QDs
solution may enhance the wettability of the precursors on the substrate or assist in removing the organic
impurities during crystallization to produce cleaner and denser surface [44]. The final result is the
formation of CulnSz2 layer with higher surface quality, fewer large vacancies and structural defects, and
hence better optical and electronic properties of the material. Accordingly, it can be said that the addition
of FAAc reasonably enhances the microstructure and then makes the material much more suitable for
the applications requiring effective transfer of charge carriers and improved photonic response.

(a) (b)
Fig. (3) SEM images of CulnS; QDs (a) and CulnS; with FAAc additive (b)

Figure (4) shows the photoluminescence (PL) spectra of the CulnS2 QDs without and with the FAAc
additive. The CulnS2 QDs shows relatively weak absorption peak at 690 nm due to a high level of the
nonradiative recombination due to surface defects or large grain boundaries that work as trapping
centers for the charge carriers, which reduces the PL efficiency. The relative broadening of the spectrum
refers to a broad distribution of energy states resulted from the structural defects. On the other hand,
the PL spectrum of the CulnS2 QDs with FAAc shows drastic enhancement in the intensity with a peak
shifted to 710 nm. This dramatic enhancement confirms that the addition of FAAc have reasonably
improved the crystalline structure and reduced the nonradiative defects, as revealed by the SEM
images. The shift in the peak (~20 nm) means that the nature of fundamental electronic transition in the
material was not chemically affected, i.e., the FAAc did not reasonably change the energy bandgap of
the CulnS2 QDs, instead, it enhances the radiative efficiency throughout surface passivation. The drop
of the spectrum beyond the peak became sharper due to narrower distribution of the grains and much
more uniform in energy states. The tail in the spectrum of the CulnS2 QDs with FAAc beyond 900 nm
may refer to electronic transitions related to shallow surface states or residual defects, but their relatively
low intensity confirms that the recombination mostly occurs along direct radiative path.
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Figure (5) shows the electroluminescence (EL) spectra of the CulnS2 QDs with FAAc additive for
three different values of the operating voltage (5, 10, and 15 V) as the sufficient dependence on the
operating voltage reveals the recombination dynamics in these nanostructures. At low voltage (6 V), the
intensity of the EL spectrum is low with a peak at 725 nm, which means that the carrier injection is
relatively weak and the produced radiation originates solely from recombination from the regions of
higher efficiency or the radiative centers of lower energy. Increasing the voltage to 10 V has resulted in
more than 6 times increase in the intensity while the peak was not shifted from 725 nm with slight
broadening in the spectrum width due to the increase in the density of injected charge carriers and the
activation of more radiative recombination centers. The further increase in the intensity (~150%) with
increasing the voltage to 15 V refers to exceeding a specific threshold by the charge carriers injection
as the majority of injected electrons and holes tend to radiative recombination instead of dissipating in
nonradiative paths. As well, the peak position was not changed that confirms that the
electroluminescence (EL) originates from the same fundamental electronic transition in CulnS2 and the
FAAc has enhanced the efficiency of this transition with no change in its nature. The extended spectrum
at wavelength longer than 800 nm may be attributed to contributions from surface states or shallow
defects those are activated at higher injection rates, however, the low intensity reveals that most
radiation is produced by the direct transition through the energy bandgap.
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Fig. (4) PL spectra of the CulnS; QDs with and without FAAc additive

The observed symmetry in all spectra at all voltages refers to a stability in the recombination
mechanism and an absence of thermal effects or material degradation at high voltages. Unshifted
emission peak with increasing voltage (no Stark effect) reveals that the internal electric field in the
structure does not reasonably deform the energy states, which confirms the quality of the interfaces
between the layers as well as the passivation effect of the FAAc additive in reducing the density of
confined charges.
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Fig. (5) EL spectra of CulnS; QDs with FAAc additive at three different values of operating voltage
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Figure (6) shows the current-voltage characteristics of the multilayer structure fabricated in this work
as a light emitting device. At low applied voltages (4-4.5 V), no current was flowing in the device as the
charge carriers (electrons and holes) did not have sufficient energy to overcome the potential barriers
at the interfaces. Within the variation of voltage from 4.5 to 6 V, the current exhibited a sharp linear
increase as this range represents the efficient initial carrier injection and reached a maximum value of
29 mA/cm? at applied voltage of 7 V, which can be considered as the optimum operation point of this
device. Beyond this point, the current gradually decreased to reach an approximately constant value of
16 mA/cm? during the range of 9-10 V. This behavior refers to a phenomenon known as “negative
differential resistance” and the reduction in the current is usually attributed to the effects of Joule heating,
which changes the conduction characteristics of organic materials (PEDOT:PSS and TFB) or to the
intense carrier recombination that reduced their lifetime and effective mobility. As well, the existence of
absorbing layer (CulnSz2) and blocking layer (ZnMgO) may lead to charge accumulation at the interfaces
under strong fields to prevent current flow. In general, these characteristics reveal good performance of
the fabricated device in the voltage range from 6 to 8 V, but they show the challenges of thermal stability
and injection balance at higher voltages. These characteristics are important in designing solar cells and
light emitting diodes.
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Fig. (6) Current-voltage characteristics of multilayer structure fabricated in this work

Figure (7) shows the variation of external quantum efficiency (EQE) of the multilayer structure
fabricated in this work with the applied voltage. The behavior of the CulnS2 QDs treated with FAAc
reveals complex dynamics of the current-to-light conversion by the fabricated device. The EQE is very
low at low voltage (<5.5V) as the charge carriers injection still below the threshold required to initiate
the effective radiative recombination as the nonradiative processes reasonably dominate. The EQE
increases sharply with increasing applied voltage beyond 5.5 V as the operation threshold is exceeded
and the injected charge carriers started to overcome the traps and defects. The highest value of EQE
(~10%) is determined at 6.5 V can be exceptional result to confirm the high quality of the CulnS2 QDs
treated with FAAc. Beyond this peak, the EQE gradually decreases with increasing applied voltage and
this phenomenon is known efficiency roll-off, which occurs when the charge carrier density becomes
very high and the nonradiative recombination processes (Auger) dominates, or when the heating
resulted from high current flow that increases the lattice vibrations (phonons) and hence the energy loss.
The FWHM of about 1 V refers to a relatively stable operation range of the fabricated device.

© All Rights Reserved ISSN (print) 2958-8960 (online) 3006-6042 Printed in IRAQ 82



L RN IRAQI JOURNAL OF MATERIALS
. Volume (5) Issue (2) April-June 2026, pp. 77-84
: M Published and Sponsored by American Quality for Scientific Publishing, Inc. (AQSP)

100

EQE (%)

0.1 1

0.01

0.001 +

0.0001 +———mr—m————F———1—++T1+—
5 6 7 8 9 10
Applied voltage (V)
Fig. (7) Variation of EQE with applied voltage for multilayer structure fabricated in this work

4. Conclusions

In concluding remarks, the addition of FAAc to the CulnS2 QDs leads to passivate surface defects
and hence enhance the microstructure of the hybrid structures based on these nanostructures
incorporated in polymeric matrices. Consequently, the PL intensity is enhanced and its peak is shifted
by 20nm without changing the energy bandgap of the active nanostructures. The negative differential
resistance and efficiency reduction were observed at high applied voltages due to heating effects and
dominance of Auger recombination process. These results confirm the effectiveness and feasibility of
the fabricated hybrid structures in the applications of eco-friendly light emitting devices.
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