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Abstract

Nanotechnology has in recent time, enhanced the efficiency and reduced the cost of solar cells for the
development of large-scale electrical energy. Researches have revealed that organic based-solar cells
persist the most suitable candidate for enerqy conversion devices; however, their low alteration
effectiveness is still a main challenge. Quantum dots (QDs) possesses the ability to absorb shorter
wavelength radiations, which further attracted investigation on quantum dots. Among the QDs, carbon
quantum dot has shown remarkable results as a semiconductor. It is cheap and non-toxic material. In
this study, we have reported the green synthesis of carbon quantum dots (CQD) by hydrothermal
synthesis method using the extract of Siam plant extract as stabilizing agent. The synthesized CQD
were characterized using High resolution transmission electron microscopy (HRTEM), X -ray
photoelectron spectroscopy (XPS), Fourier Transform Infrared (FTIR) spectroscopy, Atomic force
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microscopy (AFM), X-ray diffraction (XRD. The average particle size was found to be (49.0 nm) and
the optical band gap as (3.3 eV). Furthermore, the CQD was incorporated to poly (3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) polymer, and its electrical
characteristics were examined using four-point probe. The synthesized CQD is recommended to be use
as modified buffer layer for the enhancement of polymer solar cells.

Keywords: Organic solar cell, Carbon Quantum Dot, Siam plant extract and PEDOT; PSS

INTRODUCTION

Organic solar cells (OSCs) represent a transformative approach to renewable energy, offering
advantages in flexibility, lightweight design, and potential for low-cost production. Despite
advancements, challenges persist in optimizing power-conversion efficiency (PCE) while
maintaining sustainable manufacturing practices. Recent innovations in carbon quantum dots
(CQDs) nanomaterials with tunable bandgaps and exceptional charge-transport properties
have opened new pathways for addressing these limitations through eco-friendly synthesis
methods (Guo et al., 2017; Mistry et al., 2019; Riaz et al., 2019).

Recently, solution based technology has become widely favored for the manufacturing of bi-
stable memory devices (Sharma et al., 2024), field-effect transistors (Chen et al., 2020; He et
al.,2022), light-emitting diodes (An et al.,2023), and photovoltaic cells (Ali et al., 2024). These
technologies are being favored for their potential applications in next-generation electronic
and optoelectronic devices (Elangovan et al.,2024; Elumalai et al.,2016). The potential of this
technology is significant in the pursuit of creating cost-effective, high-efficiency, and vibrant
color displays suitable for flexible and bendable substrates, researchers are exploring solution-
based nanomaterials as potential candidates. Notably, carbon quantum dots (CQDs) have
emerged as significant opto-electronic nanomaterials due to their superior characteristics
compared to traditional inorganic quantum dots: They are cost-effective, with minimal
toxicity, superior water dispensability, and good biocompatibility. These make CQD suitable
for various applications such as bio imaging (Arumugham et al.,2020; Shanmugasundaram et
al.,2023; Shen et al., 2023), chemical and optical sensing (Dhariwal et al.,2023; Ghosh et al.,
2021), photo catalysis (or photo-electrochemical cells), rapid energy conversion, and so on.
(Kim et al., 2023).

Guo et al., (2017) synthesized CQDs from green carbon sources including bee pollens via a
simple hydrothermal route and applied them as sensitizers in mesoporous TiO>-based solar
cells. The bee-pollen-derived CQDs achieved a power conversion efficiency (PCE) of 0.11%,
attributed to their small size and favorable energy-level alignment that enhanced electron
injection and reduced recombination losses Guo et al.,(2017).Currently, CQDs are gaining
increased attention as materials for various applications, particularly in next-generation
electronic and optoelectronic devices. This interest is driven by their exceptional
physicochemical stability, diverse functionalities, and ease of functionalization.

Consequently, nanocomposite structures, incorporating nanoparticles, are emerging as
promising options for electronic and optoelectronic devices that operate at lower currents,
consume less power, require lower voltage, and can withstand higher temperatures
(Divyapriyaetal., 2021; Peng et al., 2024; C. Wang et al.,2024; Yi et al., 2022; Zheng et al. 2024).
This research involved the synthesis of CQDs derived from Siam plant extract with a focus on
their optical, electrical, and structural properties using multiple techniques. These CQDs were
utilized in the fabrication of photovoltaic (PV) cells, incorporating CQD/ poly (3,4-
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ethylenedioxy thiophene) polystyrene sulfonate (PEDOT: PSS) composites as an interfacial
layer with electron extraction capabilities on an indium-tin-oxide (ITO)/glass substrate. The
study also delved into examining the mechanism and performance of these PV cells.

METHODOLOGY

Preparation of Extract

Green synthesis method was employed to synthesize the carbon quantum. During the process
fresh leaves of Siam plant extract were ploughed and washed with deionized water. The
leaves were air-dried at room temperature for fifteen days and then ground into powder. 20
g of the powder was heated in 1L of deionized water at 60 °C for 30 minutes and the extract
were filtered using Whatman filter papers. The filtered extract was kept at 4 °C for 24 hours
in order to ensure the stability of the extract.

Synthesis of Quantum Dots

A simple hydrothermal method was utilized to synthesize quantum dots (QDs). primarily, 10
mL of leaf extract was added to 40 mL of para polyphenyl and subjected to ultrasonic
treatment for 30 minutes. Subsequently, the mixture was transferred to a stainless-steel
autoclave and heated to 240 °C for 12 hours. the mixture was allowed to cooled at room
temperature sonicated for another 30 minutes and then centrifuged continuously at 6000 rpm
for 15 minutes. The resulting transparent yellow solution was filtered using a 0.22 pm
membrane filter. The prepared QDs solution was reserved for further characterization. This
procedure is based on the synthesis method described Wang et al., (2018)

Synthesis of PEDOT: PSS buffer Layer thin film devices

PEDOT: PSS buffer thin film were prepared via in-situ synthesis method, the process
generally involves the oxidative polymerization of the EDOT monomer directly in the
presence of polystyrene sulfonate (PSS) on the substrate, enabling the formation of a uniform
conductive polymer layer with strong adhesion. 2 g/ moL EDOT monomer were dissolved by
1 g of iron(Ill) sulfate as oxidizing agent in an aqueous solution containing PSS, which acts as
both a dopant and stabilizer for PEDOT. The PSS also provides hydrophilicity and film-
forming properties. Apply the precursor solution onto a cleaned ITO substrate glass using
spin coating method. Allow the oxidative polymerization of EDOT to proceed directly on the
substrate surface by thermal annealing at temperature of 30 °C. This stage converts EDOT
monomers into PEDOT chains complexed with PSS, forming a nano-sized core-shell structure
with PEDOT as the conductive core and PSS as the shell. After polymerization, the film was
resin with a polar solvent ethanol to remove unreacted monomers, oligomers, and excess
oxidants. Finally, dry and anneal the film at temperature of 90 °C to stabilize the PEDOT: PSS
layer and improve its electrical and mechanical properties. This procedure is based on the
synthesis method described Wang et al., (2017)

Synthesis of PEDOT: PSS/CQD Nanocomposite

The synthesis begins by thoroughly cleaning the glass substrates using filtered deionized
water followed by ethanol to eliminate any surface impurities. Prepare the PEDOT: PSS
aqueous solution by mixing it with filtered deionized water and ethylene glycol in a volume
ratio of 1:2:1, respectively, and stir gently for 10 to 15 minutes to ensure homogeneity.
Subsequently, incorporate carbon quantum dots (CQDs) into the PEDOT: PSS mixture, as
their inclusion enhances the nanocomposite’s electrical and morphological properties. The
resulting PEDOT: PSS/CQD solution is then deposited onto the cleaned substrates using a
uniform spin coating techniques. Finally, the coated substrates are dried in an oven at a
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temperature of 40 °C for 48 hours to remove residual moisture and promote the formation of
a stable nanocomposite layer. This procedure follows the synthesis approach reported by
Nguyen et al., (2023).

Characterize the PEDOT: PSS/CQD nanocomposite to evaluate its properties, such as
electrical conductivity, optical properties, and stability.
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Figure 1. Chemical structure of PEDOT: PSS (Morimune-Moriya et al., 2022)

Characterization and Measurement

To scrutinize the characteristics of Carbon Quantum Dots (CQDs), a range of techniques are
utilized. The UV-Visible spectroscopy (Jasco V530) measures the absorbance of CQDs within
the wavelength range of 200 to 700 nm. X-Ray Photoelectron Spectroscopy (XPS) is used to
identify and quantify elements present on a surface, determine the bonding state of elements,
and measure the elemental composition as a function of depth. Fourier transform infrared
(FT-IR) spectroscopy is employed to detect the functional groups present in CQDs, with the
analysis conducted in the wavenumber range of 400-4000 cm. Photoluminescence (PL)
analysis is used to examine the electronic behavior of materials in detail. X-ray diffraction
analysis (XRD) is utilized to measure the average spacing’s between layers or rows of atoms,
and to determine the orientation of a single crystal or grain.

RESULTS AND DISCUSSION

Photoluminescence Analysis

The carbon quantum dots display excitation-dependent photoluminescence performance, a
common trait pragmatic in fluorescent carbon materials. This distinctive is advantageous for
smoothing effective charge transport in solar cell applications. In Figure 2a, the UV-vis
absorption and photoemission spectra of the prepared CQDs are presented. The absorption
peaks at approximately 240 nm and 343 nm are ascribed to 1— * transitions of C=C functional
groups and n— m* transitions of C=0 functional groups, respectively. The former corresponds
to the m— 1+ transition of aromatic sp2 domains, while the latter arises from electron excitation
from ground to excited states, leading to intense and narrow photoluminescence. Upon
excitation, the QDs exhibit fluorescence emission, with the strongest emission observed at an
excitation wavelength of 450 nm, as depicted in Figure 2a. The band gap (Eg) is derived using
Tauc plot analysis, resulting in an optical band gap value of 3.3 eV, as illustrated in Figure 2b,
indicating the semiconductor nature of the synthesized material. This band gap value
enhances the efficiency of light-to-electricity conversion.
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Figure 2. (a) UV-vis absorption and photoemission spectrum of prepared QDs and (b) the
corresponding Tauc plot

HRTEM Analysis

The analysis conducted using high-resolution transmission electron microscopy (HRTEM)
expose key insights into the fine structure and particle size of the carbon quantum dots (CQD)
synthesized. As depicted in Figure 3. The globular morphology and unvarying dispersion of
the dots are evident in Figure 3a. Additionally, Figure 3b highlights an average grain size of
approximately 4.80 nm, with a moderately thin size distribution ranging from 3.8 nm to 5.8
nm. The HRTEM images presented in Figure 3c exhibit the coexistence of an amorphous phase
and a crystalline phase within the CQD. Moreover, the observed average lattice spacing of
0.29 nm closely corresponds to the in-plane lattice spacing of the CQD, underscoring its
crystalline nature. The trend of the obtained results is in line with (Toth, 2021).
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Figure 3. (a) HRTEM image of the prepared CQD. (b) the size distribution of CQD. (c) the lattice spacing
of CQD.

XPS Analysis

The X-ray photoelectron spectroscopy (XPS) was employed for the analysis of the chemical
compositions present in the carbon quantum dots CQD. The findings portrayed in Figure 4
designate that the CQD/Polymer predominantly comprises of carbon, nitrogen, and oxygen
(G, N, and O) with corresponding bond energies of 284.58, 399.66, and 531.55 eV, respectively.
The elemental composition was determined to be 68.6%, 5.5%, and 25.9% for carbon, nitrogen,
and oxygen, respectively. Through both Fourier-transform infrared spectroscopy (FTIR) and
XPS analyses, it was discovered that the surface of the quantum dots features hydrophilic
functional groups such as -COOH, -OH, and -NHo>. These functional groups facilitate the
uniform dispersion of CQD/PEDOT: PSS in aqueous solutions.
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Figure 4. XPS (X-Ray Photoelectron Spectroscopy (XPS) Analysis) survey spectrum of the Carbon Quantum
Dots/PEDOT: PSS.

FT-IR Analysis
Fourier-transform infrared (FTIR) spectroscopy was employed to examine the functional

groups present in the synthesized CQD. The FTIR spectrum as presented in Figure 5. exhibits
distinctive peaks, including a top at 3416 cm corresponding to O-H and N-H stretching
vibrations, a top at 2991 cm attributed to C-H stretching vibrations, a C-C stretching peak at
1609 cm?, and a C-N stretching peak at 1384 cm. Additionally, peaks at 1070 cm™ and 612
cm? are associated with C-O stretches and out-of-plane C-H bending vibrations, respectively.
The analysis specifies the presence of two hydrophilic functional groups, namely -OH and -
NH2, on the QD surfaces. Furthermore, the broad bands observed at 3315 cm across all QD
samples were assigned to -OH stretching and N-H bond stretching.
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Figure 5. FTIR spectrum of the Prepared Carbon Quantum Dots

AFM Analysis
The AFM image in Figure 6a. elucidate the distribution of carbon quantum dots CQD on a

glass substrate. The CQDs prepared exhibit sizes ranging from 0.5 to 3.5 nm with slight
aggregation, consistent with the HRTEM measurements shown in Figure 2a. Raman
spectroscopy was employed to analyze the chemical structure of the CQDs. The resulting
Raman spectrum in Figure 6 displays distinct D and G bands at approximately 1380 cm and
1575 cm?, respectively. These bands are associated with defect-activated and sp2-bonded
carbon. aligning with previous findings Wang et al., (2023).
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Figure. 6: (a) AFM image of CQD (b) Raman Spectroscopy Spectrum of CQD

XRD Analysis
The X-ray diffraction presented in Figure.7 illustrates the characteristics of the synthesized
carbon quantum dots. The broad peak observed at 20 = 20.6° shows the presence of the (002)

Bragg reflections, a finding that corresponds well with the study conducted by Shin et al.
(2021).

This outcome validates the amorphous graphite nature of the prepared CQDs, signifying the
successful extraction and conversion of the carbon source from the green plant extract into
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Figure 7. XRD of the Prepared Quantum Dots
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Photovoltaic Performance

The photovoltaic performance of the PEDOT: PSS/CQD solar cells was evaluated using a
solar simulator (Agilent 4155C) under a light intensity of 100 mW /cm?2. Figure 8. depicts the
I-V traits of the solar cells, while Table 1 outlines the relevant photovoltaic metrics such as
power conversion efficiency (PCE), fill factor (FF), open-circuit voltage (Voc), and current
density (Jsc). The findings reveal a significant link between the PCE of the composite and the
CQD/PEDOT: PSS ratio, with a remarkable PCE of 20.700%, outperforming other ratios and
rivaling silicon solar cells. This efficiency improvement may be attributed to enhanced
electrochemical activity at this specific mixing ratio.

PEDOT.PSS
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00 01 02 03 04 05 06 0.7
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Figure 8. J-V characteristics of PEDOT: PSS, CQD and PEDOT: PSS/CQD composites.

Table 1. Photovoltaic performance of solar cell based buffer layer anode

Sample ]sc (l‘l‘lA/Cl‘l‘l2 ) Voc(V) FF %PCE

PEDOT: PSS 0.375 0.520 0.663 15.000

CQD 4.600 0.540 0.750 18.500

PEDOT:PSS/CQD 4.990 0.450 0.829 20.700
Conclusion

In this work, a unique and eco-friendly approach was established for the synthesis of carbon
quantum dots (CQDs) using a hydrothermal method. The reducing agent employed was an
extract derived from Siam plant extract, which eliminated the need for dangerous chemicals
during the synthesis process. CQDs were carefully characterized using various spectroscopic
techniques to understand their structural, optical, and morphological properties.
Furthermore, the CQDs were integrated into nanocomposites for photovoltaic applications.
The current-voltage (I-V) characteristics of the nanocomposites demonstrated a significant
improvement in power conversion efficiency, reaching up to 20.700% for the PEDOT:
PSS/ CQD nanocomposite. This improvement in performance highlights the potential of the
developed CQDs as an effective material for enhancing the efficiency of photovoltaic devices.
This work contributes to the ongoing efforts in the field of green nanotechnology, providing
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a promising avenue for the development of eco-friendly and high-performance materials for
various applications.
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