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ic solar cell performance via Cu
nanorods-doped PEDOT:PSS: a pathway to efficient
charge transport and plasmonic enhancement

Thapelo E Seimela, Mohammed S. G. Hamed and Mmantsae Diale *

Copper nanorods (CuNRs) were synthesized through hydrothermal reduction and used as dopants in the

buffer transport layer of polymer solar cells. The CuNRs were incorporated into the hole transport layer

of thin-film organic solar cells (TFPSCs) to facilitate charge transport processes. The investigation

employs a conventional device architecture for fabricating the solar cells. The results show that the

power conversion efficiency (PCE) increased from 3.93% (pristine device) to 5.60% (device with 2%

CuNRs), representing an improvement of over 42% compared to the pristine device. The enhanced

performance is primarily attributed to the improved localized surface plasmon resonance induced by the

CuNRs into the PEDOT:PSS, which enhances charge transport at the interface and reduces charge

carrier recombination. In the optimized device with CuNRs doped in the PEDOT:PSS hole transport layer,

the highest recorded PCE was 5.60%, demonstrating this approach's effectiveness of the CuNRs in the

HTL. The effective use of CuNRs to enhance charge transport and plasmonic effects in thin-film organic

solar cells.
1. Introduction

In the past few years, polymer solar cells (PSCs) have garnered
signicant attention due to their distinct benets, such as
lightweight, mechanical exibility, ease of fabrication, cost-
effectiveness, and tunable optical and electronic properties.1–5

Recently, achieving power conversion efficiencies (PCEs) greater
than 20% in bulk heterojunction (BHJ) PSCs has been a major
breakthrough in organic photovoltaics.6 This achievement
stems from advancements in material development, device
optimization, and fabrication methods. However, despite these
improvements, PSCs still lag behind high performance inor-
ganic technologies such as CIGS and CdTe, which have reported
certied PCEs exceeding 22%.7,8 Emerging materials such as
antimony selenosulde (Sb2(S,Se)3) and kesterite-based CZTS
have also shown promising efficiencies in the range of 13–15%,
attracting attention due to their earth-abundant, non-toxic
composition and stability.9,10 Nonetheless, PSCs face persis-
tent limitations, including insufficient light absorption, limited
charge carrier mobility and short exciton diffusion lengths,
which continue to hinder further performance
enhancement.11–13

PSCs are based on conjugated polymers, with the photo-
active layer comprising a combination of donor and acceptor
materials. One of the most widely studied donor–acceptor (D/A)
systems includes poly(3-hexylthiophene) (P3HT) as the donor
a, Private Bag X20, Hateld, 0028, South

the Royal Society of Chemistry
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the
acceptor. This active layer is sandwiched between a transparent
conductive oxide (TCO) anode and a metallic cathode, usually
aluminium (Al), to facilitate charge extraction and transport.14–17

Charge transport layers are integrated at both the anode and
cathode interfaces to enhance device performance. These layers
are essential for optimizing charge transport, reducing recom-
bination losses, and aligning the energy levels of the device.18

Electron transport layers (ETLs) oen include materials such as
zinc oxide (ZnO), lithium uoride (LiF), and titanium dioxide
(TiO2), while commonly used hole transport layers (HTLs)
consist of poly(3,4-ethylene dioxythiophene) polystyrene sulfo-
nate (PEDOT:PSS), nickel oxide (NiO), and molybdenum
trisulde (MoO3).19–21 Furthermore, the donor and acceptor
materials within the active layer create a continuous inter-
penetrating network, facilitating effective exciton separation
and charge transfer. P3HT, in particular, tends to adopt a semi-
crystalline structure, strengthening p–p* stacking interactions
between polymer chains. This ordered structure improves
charge carrier mobility, reduces recombination losses, and
contributes to overall device efficiency.22

The performance and long-term stability of PSCs can be
signicantly enhanced by optimizing the absorber layer
composition, rening device architecture, and utilizing
advanced interface engineering techniques. One effective
approach involves integrating metallic NPs within either the
active layer or buffer layers, which has shown to boost both PCE
and device stability. Furthermore, incorporating metal NPs
enhance light absorption via localized surface plasmonic
RSC Adv., 2025, 15, 25929–25939 | 25929
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Table 1 Summary of the device performances

Device structure Plasmonic nanostructure Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Year Ref.

ITO/PEDOT:PSS-NiSNPs/P3HT:PCBM/LiF/Al NiSNPs 0.58 18.65 55.88 6.03 2020 27
ITO/ITO/PEDOT:PSS:CuNSs/P3HT:PCBM/Ag CuNSs 0.84 10.70 93.60 5.44 2024 28
PEDOT:PSS-AuNRs/PTB7:PC71BM/LiF/Al AuNRs 0.80 17.90 68.80 10.31 2020 29
ITO/PEDOT:PSS:AuNSs:AuNRs/P3HT:PCBM/Al AuNRs 0.63 7.95 54.00 3.65 2020 30
ITO/PEDOT:PSS-AgNPs/PTB7:PC71BM/Ca/Al AgNPs 0.68 14.70 63.20 6.40 2018 31
ITO/PEDOT:PSS-CuNW/P3HT:PCBM/Al CuNW 0.58 8.78 53.00 2.80 2015 32
ITO/PEDOT:PSS:Ag-NPs/PBDB-T:ITIC/PFN/FM AgNPs 0.84 15.50 49.00 6.40 2021 33
ITO/PEDOT:PSS-ZnO:Ag/P3HT:PCBM/LiF/Al ZnO:AgNPs 0.57 16.88 50.80 4.88 2022 34
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resonance (LSPR), facilitates charge carrier extraction, and
contributes to the controlledmorphology of the photoactive layer.
Due to their crucial role in enhancing PSC's performance,
continued research is necessary to explore innovative NPs
synthetic techniques that optimize light harvesting and charge
transport, ultimately improving the device's performance and
stability of PSCs.23,24 PEDOT:PSS is widely recognized as a stan-
dard material for HTL in PSCs due to its excellent transparency,
ability to be processed in solution, and compatibility with exible
substrates.25,26 Despite these advantages, several challenges limit
its effectiveness and long-term stability in photovoltaic applica-
tions. The inherent acidity of PEDOT:PSS, attributed to poly-
styrene sulfonate, can lead to degradation of adjacent layers,
particularly the TCO electrode. Moreover, its relatively low elec-
trical conductivity and poor thermal stability hinder charge
transport efficiency, increasing series resistance and reducing
PCE. To address these limitations, researchers have explored
various doping strategies to enhance the conductivity and stability
of PEDOT:PSS. Hamed et al. demonstrated that doping
PEDOT:PSS with nickel sulde (NiS) nanocomposites signicantly
improved device's performance, achieving a PCE of 6.03%,
primarily due to LSPR effects.27 Similarly, in our previous work we
introduced copper nanospheres (CuNSs) within the PEDOT:PSS
layer, demonstrating that the strong near-eld enhancement
produced by LSPR signicantly improved charge transport and
overall device's efficiency (see Table 1).28 Our ETL-free device with
architecture ITO/PEDOT:PSS:CuNSs/P3HT:PCBM/Ag resulted in
a PCE of 5.44%.
1.1 Fundamentals of LSPR effects in energy harvesting

Recent advancements in nanoscience and nanotechnology have
led to the exploration of plasmonic metal NPs due to their
remarkable optical and electronic properties. Noble metals
such as gold (Au), silver (Ag), and copper (Cu) possess a high
density of free electrons, which interact strongly with incident
electromagnetic waves, giving rise to LSPR effects.35,36 This
phenomenon enhances light absorption, scattering, and near-
eld enhancement, making plasmonic NPs highly benecial
for applications in optoelectronic devices. When exposed to
incident photons, collective oscillations of conduction electrons
are induced, leading to improved charge carrier dynamics and
energy transfer processes within the photoactive layer.37,38

The LSPR effect arises when the dimensions of a metal NP
are signicantly smaller than the wavelength of incident light,
generally under 100 nm. This phenomenon occurs as the
25930 | RSC Adv., 2025, 15, 25929–25939
oscillating electric eld of the incident light triggers collective
oscillations of the conduction electrons within the NP, leading
to collective electron oscillations. As shown in Fig. 1(a), this
interaction results in the polarization of the electron cloud,
causing charge separation within the NP.39 Moreover, the
accumulation of opposite charges on either side generates an
electric dipole, which oscillates in response to the alternating
electric eld of the incident light. This resonance phenomenon
signicantly enhances the optical absorption and scattering
properties of the NP. Since this resonance is conned to the NP
surface, it is termed LSPR. In the case of elongated NPs, such as
nanorods (NRs), two distinct resonance modes exist. Longitu-
dinal resonance occurs when electrons oscillate along the
longer axis, resulting in absorption in the near-infrared (NIR)
region. In contrast, transverse resonance involves oscillations
along the shorter axis, leading to absorption in the visible or
ultra-violet (UV) spectrum (see Fig. 1(b)). For efficient hot elec-
tron generation, NPs must effectively absorb light, leading to
photon absorption and the excitation of high-energy electrons
above the metal's Fermi level. These energetic electrons can
participate in catalytic reactions or contribute to charge trans-
port in photovoltaic applications. The competition between
absorption and scattering in plasmonic NPs is primarily inu-
enced by their size, shape, and composition. In spherical NPs,
the absorption (Cabs) and scattering (Csca) cross-sections can be
mathematically modeled to optimize their behavior for various
optoelectronic applications.40,41

Csca ¼ 8p

3
k4r6

j3� 3mj2
3þ 23m

(1)

Cabs ¼ 4pkr3 Im

�
3� 3m

3þ 23m

�
(2)

In this context, the wave vector is given by k = 2p/l, and l

represents the wavelength of incident light. The particle's
radius is denoted as r, while 3 and 3m correspond to the
wavelength-dependent complex permittivity of the metal and
the surrounding medium, respectively. Consequently, the
condition for plasmon resonance occurs when 3 − 23m = 0,
leading to a strong plasmonic absorption band (see Fig. 1(c)).42

As shown in eqn (1) the intrinsic optical properties of the metal
nanostructure determine the precise location of this absorption
peak.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic depiction of LSPR in metallic NPs via the oscillation of free electrons on the surface of the NPs. (b) Schematic representation
of the transverse and longitudinal oscillation of electrons confined in metal NRs. (c) The spectral ranges of metallic NPs with plasmonic
properties.42
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Different metals exhibit LSPR absorption at distinct spectral
regions due to variations in their dielectric properties. For
instance, metal nanostructures of noble metals such as Au and
Ag typically display strong LSPR effects in the visible to near-
infrared region.43 In contrast, metals like magnesium (Mg),
indium (In), and gallium (Ga) exhibit LSPR primarily in the UV
region.44 While metal suldes provide tunability and abun-
dance, CuNRs demonstrate stronger LSPR in the visible spec-
trum, cost less than noble metals, and can be synthesized using
wet-chemical methods. These attributes highlight the novelty
and potential of CuNRs in enhancing plasmonic effects within
OSCs.45,46 These differences arise due to the unique electronic
structures and plasmonic behavior of eachmaterial. Integrating
metal NPs into the buffer layers of PSCs offers several advan-
tages. Metal NPs can serve as conductive bridges, improving
charge transport by lowering interfacial resistance. Addition-
ally, different plasmonic effects contribute to enhanced device
performance. For instance, LSPR can greatly enhance light
absorption in PSCs, by amplifying the interaction between
incident photons and the active layer. Furthermore, metal NPs
can improve optical connement by scattering light, effectively
increasing the optical path length and boosting absorption
efficiency. Moreover, the strong localized electromagnetic elds
generated around plasmonic NPs further intensify photon
harvesting within the active layer, facilitating enhanced exciton
generation and charge separation. These combined mecha-
nisms contribute to improved photovoltaic performance and
overall efficiency of PSCs.47–49

In this work, CuNRs were successfully synthesized and
incorporated into the PEDOT:PSS matrix through uniform
physical mixing, without the need for covalent bonding. Their
integration signicantly modied the electronic and
© 2025 The Author(s). Published by the Royal Society of Chemistry
morphological properties of PE-DOT:PSS, leading to enhanced
electrical conductivity, improved carrier mobility, and reduced
recombination. The modied PEDOT:PSS was employed as the
HTL in P3HT:PCBM-based PSCs, following a conventional
device architecture. This strategic incorporation led to a signif-
icant enhancement in photovoltaic performance, with an opti-
mized device achieving an average PCE of 5.60% at a CuNRs
concentration of 2%. This represents an approximately 42%
improvement compared to the reference device without CuNRs.
The observed boost in PCE is primarily attributed to enhance-
ments in short-circuit current density (Jsc) and ll factor (FF),
both of which contribute to more efficient charge extraction and
reduced recombination losses. The ndings suggest that
embedding CuNRs within the PEDOT:PSS layer effectively
improves conductivity and carrier mobility, facilitating better
charge transport at the interface.

2. Experimental procedure
2.1 Materials and methods

The polymers utilized in this study included copper sulphate
(CuSO4), ascorbic acid (AA), polyvinylpyrrolidone (PVP) with
average molecular weight of 40 000, poly(3,4-ethylene dioxy-
thiophene):poly(styrene sulfonate) (PEDOT:PSS), poly(3-
hexylthiophene-2,5-diyl) (P3HT), as well as phenyl-C61-butyric
acid methyl ester (PCBM). Additionally, indium tin oxide (ITO)-
coated glass substrates measuring 20 × 15 mm with a sheet
resistance of 15 U per square were acquired from Ossila Co. Ltd.

2.2 Synthesis of CuNRs

The CuNRs were synthesised by thermal reduction, following
the method reported by Zhang et al..50 Briey, 0.24 g (38.45 mM)
RSC Adv., 2025, 15, 25929–25939 | 25931
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Fig. 2 (a) Schematic diagram of CuNRs in HTL of PSC and (b) corresponding energy level diagram of the device architecture used in this study.
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of CuSO4, and 0.20 g (45.42 mM) of ascorbic acid were dissolved
in 50 ml deionized water (DI H20) and stirred for 5 min.
Subsequently, 0.50 g (89.98 mM) of PVP was added to the
solution and vigorously stirred to homogeneity. The resulting
mixture was transferred into a steel hydrothermal autoclave and
heated to 120 °C in an oven for 4 h. A brown colloidal dispersion
of CuNRs was obtained, as shown in the insert of Fig. 5(a).
2.3 Fabrication of PSCs

PSCs were fabricated on ITO-coated glass substrates using
a conventional device architecture. The substrates underwent
a thorough cleaning process, including sequential sonication in
DI H20, acetone, and isopropanol for 10 min. Aer drying with
nitrogen, they were annealed at 100 °C for 15 min under
ambient conditions. Different volumes (10, 20, and 30 mL) of
CuNRs were mixed in 1000 mL of PEDOT:PSS. The PEDOT:PSS
doped with and without CuNRs doping was utilized as HTLs
that were prepared by spin-coating deposition on ITO
substrates at 3500 rpm for 50 s, followed by annealing at 100 °C
for 15 min. The absorber layer comprised a blend of P3HT and
PCBM, which was prepared by dissolving in chloroform solvent
and stirring for 4 h at 50 °C. The P3HT:PCBM precursor solution
was spin-coated onto the PEDOT:PSS at 1200 rpm for 45 s and
annealed at 100 °C for 10min. The samples were moved into the
vacuum chamber to deposit the ETL (LiF) and Al electrodes.
These two were deposited at thicknesses of 14 and 400 nm,
respectively. The effective area of each diode has been estab-
lished as 0.02 cm2. The current density–voltage (J–V) charac-
teristics were measured under standard test conditions using
an Ossila solar simulator equipped with a Newport 92251A-1000
solar simulator and an AM 1.5 G lter, providing a light inten-
sity of 100 mW cm−2. The overall device structure consisted of
layers in the order: glass/ITO/PEDOT:PSS-CuNRs/P3HT:PCBM/
LiF/Al, as illustrated in Fig. 2(a). Correspondingly, Fig. 2(b)
presents the energy level alignment across the different func-
tional layers of the fabricated BHJ solar cell device.
Fig. 3 X-ray diffraction pattern of synthesized CuNRs.
3. Results and discussion
3.1 Characterizations of CuNRs

3.1.1 XRD. The X-ray diffraction (XRD) data were measured
from CuNRs thin-lm shown in Fig. 3. Three prominent peaks
25932 | RSC Adv., 2025, 15, 25929–25939
are indexed at the diffraction angles 42.87°, 49.98° and 73.79°,
corresponding to the (111), (200), and (220) lattice planes,
respectively. These peaks conrm the face-centered cubic (FCC)
structure of metallic Cu, aligning with the JCPDS No. 04-0836
reference pattern.51 Moreover, the 2q peak at 42.87° has the
highest intensity, indicating preferred orientation along the
(111) plane. The crystallite size (D) of the CuNRs was estimated
using the Scherrer's equation:

D ¼ Kl

b cos q
(3)

where, l represents the X-ray wavelength (1.5405 Å), k is the
Scherrer's constant (k = 0.89), b represents the full width at half
maximum (FWHM) of the diffraction peak in radians, and q is
the Bragg angle. It was found that the crystallite size ranges
from 9 to 14 nm, (Table 2), indicating the nanocrystalline nature
of CuNRs. This nanoscale crystallinity is advantageous for
optoelectronic applications, providing increased surface area
and improved electrical conductivity, which are essential for
efficient charge transport. Furthermore, structural characteris-
tics such as dislocation density (d), microstrain (x), and stress
(s) were evaluated using the following relationships:

d ¼ 1

D2
; x ¼ b cos w

3
; s ¼ Cx (4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 XRD analysis of the obtained CuNRs

Peak 2q (deg) b (deg) D (nm) d-Spacing (nm) a (nm) d (10−3 nm−2) x s (MPa)

111 42.861 0.867 9.737 0.211 0.365 10.55 0.201 295
200 49.976 0.964 8.999 0.182 0.365 12.35 0.218 319
220 74.480 0.714 13.823 0.127 0.360 5.23 0.142 207

Fig. 4 SEM images of CuNRs incorporated in PEDOT:PSS for (a) 10 mL and (b) 20 mL, (c) TEM image of CuNRs and (d) Gaussian distribution in
terms of (i) width and (ii) length.
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The examined dislocation density of the CuNRs rose as the
crystallite sizes diminished. This could be attributed to the
decrease in area, which might result from the lack of surface
charge properties. Both the microstrain and stress of the CuNRs
increase linearly as crystal sizes decrease. Therefore, the lower
dislocation density and microstrain typically indicate better
crystallinity, which enhances electrical conductivity and charge
transport mechanisms in PSCs.

3.1.2 SEM and TEM electron microscopy. Scanning elec-
tron microscope (SEM) images of PEDOT:PSS lms with and
without CuNRs at different concentrations are displayed in
Fig. 4(a) and (b). The absence of cracks in the images suggests
a uniform polymer coating over the ITO substrate, induced by
the viscosity of ethanol amine in PEDOT:PSS. Fig. 4(a) and (b)
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrate the increasing density of CuNRs as their concen-
tration rises. In addition, the morphology shows well dispersed
CuNRs within the polymermatrix, demonstrating an increase in
surface roughness, without signicant aggregation. This
phenomenon enhance optical properties of the HTL.30

Furthermore, the enhanced surface roughness and morpho-
logical modications suggest that CuNRs-doped PEDOT:PSS
improves interfacial contact with the active layer, thereby
enhancing charge extraction. They predominantly exhibit
a rectangular shape with minimal deformation, maintaining
a uniform width while varying in length. These observations
align with ndings reported by Liu et al., who demonstrated
a similar morphological structure in uniformly deposited
PEDOT:PSS lms.29 Fig. 4(c) presents a transmission electron
RSC Adv., 2025, 15, 25929–25939 | 25933
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Fig. 5 (a) The absorption spectrum of CuNRs (with insert of colloidal solution of CuNRs) (b) UV-Vis transmission spectra, (c) absorbance spectra,
and (d) Tauc plot of PEDOT:PSS with and without CuNRs.
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microscope (TEM) image of CuNRs at a resolution of 200 nm,
conrming their characteristic rod-like structure. A high aspect
ratio of these NRs plays a crucial role in facilitating charge
transport, thereby improving device's performance. Addition-
ally, Fig. 4(d) illustrates the Gaussian size distribution of CuNRs
in terms of width and length. The CuNRs exhibit an average
width of 20.60, 0.54 nm and a length of 57.81, 1.5 nm, making
them suitable for integration into PEDOT:PSS thin lms. In
comparison, Liu et al. incorporated AuNRs ranging from 23–
47 nm into PEDOT:PSS to fabricate an ITO/PEDOT:PSS:AuNRs/
PTB7-Th:PC71BM/LiF/Al device, achieving a PCE of 10.31%.

3.1.3 UV-Vis. The optical characteristics of PSCs incorpo-
rating different concentrations of CuNRs within the PEDOT:PSS
buffer layer were analyzed using a UV-Vis spectrometer.

As shown in Fig. 5(b), the UV-Vis transmission spectra
compared pristine and CuNRs-doped PEDOT:PSS lms.
Notably, the undoped PEDOT:PSS lm exhibited a maximum
transmittance of 93.3% at 434 nm, indicating its high optical
transparency. However, upon incorporating CuNRs, the trans-
mittance decreased to 87.5, 85.2, and 89.6% for 1, 2, and 3%
CuNRs-doped samples, respectively. The observed reduction in
transmittance can be attributed to the light scattering and
absorption effects induced by the CuNRs within PEDOT:PSS.
Interestingly, a slight increase in transmittance at 3% CuNRs
25934 | RSC Adv., 2025, 15, 25929–25939
concentration suggests that excessive CuNRs may lead to
agglomeration, thereby reducing the plasmonic enhancement
effect. As illustrated in Fig. 5(a), the optical absorption spec-
trum of the synthesized CuNRs in liquid form, demonstrates
a strong absorbance in the visible range with a peak centered
around 350 nm and a broad absorption band spanning 300–
600 nm. This broad absorption resulted from the LSPR effects
associated with the CuNRs. Moreover, Fig. 5(c) presents the UV-
Vis absorption spectra of PSCs with PEDOT:PSS buffer layers
doped with CuNRs. Among all tested samples, the device
incorporating 2% CuNRs exhibited the highest absorption
intensity, as evidenced by its distinct peaks. Furthermore, the
CuNRs-doped devices displayed enhanced absorption within
the 350–450 nm wavelength range, which can be attributed to
improved light trapping, multiple scattering effects, and
increased photon absorption efficiency. Beyond this range,
plasmonic resonance effects further improved absorption in the
800–1000 nm spectral region, suggesting the critical role of
CuNRs in the device's optical response. On the other hand,
bandgap analysis was done using Tauc plot as depicted in
Fig. 5(d). Calculations suggest that the pristine device exhibited
a bandgap of 1.47 eV. In contrast, slight reductions were
observed in 1 and 2%CuNRs-doped samples, with values of 1.46
and 1.45 eV, respectively. A further decrease in the bandgap for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) J–V curves of PSCs with and without CuNRs under illumination; (b) J–V characteristics of the corresponding PSCs measured under
dark conditions; (c) Jph–Veff curves of devices incorporating different concentrations of CuNRs; and (d) J0.5–V plots under dark conditions. Inset:
space-charge limited current (SCLC) fitting using the Mott–Gurney law for pristine and CuNR-incorporated HTLs at varying concentrations.
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the 3% sample aligns with the absorbance trends observed in
Fig. 5(c), indicating a potential correlation between CuNRs'
concentration and bandgap modulation.

3.2 Photovoltaic performance of CuNRs based PSCs

The standard device conguration for PSCs consists of multiple
layers, including ITO/PEDOT:PSSCuNRs/P3HT:PCBM/LiF/Al, as
depicted in Fig. 2(a). Characterizations of the fabricated devices
was conducted using J–V performance analysis, with varying
concentrations (1%, 2%, and 3%) of CuNRs in the PEDOT:PSS
layer, as shown in Fig. 6(a). Additionally, optical and electrical
parameters including the PSC's metrics are summarized in
Table 3. For the reference device containing only PEDOT:PSS,
the measured parameters were Voc = 0.59 V, Jsc = 11.30 mA
cm−2, FF = 58.80%, and PCE = 3.93%. Notably, incorporating
CuNRs into PEDOT:PSS led to a signicant improvement in
device performance. The optimal performance was achieved at
a CuNRs' concentration of 2%, yielding a Voc = 0.59 V, Jsc =

15.80 mA cm−2, FF = 59.88%, and improved PCE of 5.60%.
The enhancement in PCE is primarily driven by the increase

in Jsc, which rises from 11.30 mA cm−2 in the pristine device to
15.80 mA cm−2 at 2% CuNR doping. This increase is attributed
to improved charge transport and extraction at the HTL/active
layer interface, facilitated by light scattering and plasmonic
© 2025 The Author(s). Published by the Royal Society of Chemistry
effects introduced by the CuNRs. Conversely, a higher concen-
tration of 3% CuNRs resulted in a decline in PCE. This reduc-
tion is likely associated with excessive surface roughness,
leading to uneven charge transport and increased recombina-
tion losses. Furthermore, the series resistance (Rs) and shunt
resistance (Rsh) were extracted from the J–V curves and are
summarized in Table 3. Among all these samples, the highest Rs

was observed in the 1% CuNRs device, indicating greater charge
transport resistance. On the other hand, the 2% CuNRs device
exhibited a lower Rs signifying enhanced conductivity and
reduced resistive losses, depicting improved charge transport.
Moreover, a higher Rsh was recorded for both CuNRs-doped and
pristine devices, indicating reduced leakage current and better
charge selectivity at the electrode interface. This further
suggests that incorporating CuNRs into PEDOT:PSS layer
improves interfacial properties, ultimately leading to better
device stability and efficiency. Furthermore, the energy loss
(Eloss) of the device was calculated from the band gap (Eg) using
the following equations:

Eloss = Eg − qV (5)

The average Eloss of PSCs is between 0.6 and 1 eV.27
RSC Adv., 2025, 15, 25929–25939 | 25935
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Table 3 Device parameters of PSCs with and without CuNRs in PEDOT:PSS

CuNRs in the HTL (%) Eg Eloss (eV) Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Rs (U cm2) Rsh (U cm2)

Pristine 1.47 0.88 0.59 11.30 58.80 3.93 319.19 14 953
1 1.46 0.86 0.60 12.90 62.65 4.85 506.40 13 609
2 1.45 0.86 0.59 15.80 59.88 5.60 223.46 10 369
3 1.50 0.91 0.59 10.76 60.89 3.80 396.97 13 555

Table 4 The charge transport parameters of PSCs based on PEDOT:PSS blend with various CuNRs doping levels

CuNRs (%) Jph
a (mA cm−2) Jph

b (mA cm−2) Jsat (mA cm−2) hs (%) hc (%) Gmax (cm
−3 s−1 × 1024) m0 (cm

2 s−1 V−1) g (cm V−1)

Pristine 10.96 10.94 13.66 80 80 4.73 1.12 × 10−3 −1.08 × 10−4

1 12.90 12.82 14.93 86 85 5.18 2.33 × 10−3 −2.26 × 10−4

2 15.80 15.74 18.62 84 84 6.46 2.01 × 10−3 −1.95 × 10−4

3 11.30 10.72 12.44 90 86 4.31 4.31 × 10−4 −4.17 × 10−5
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It has been observed that the Eloss of the PSCs produced in
this study are within that desired range. Consequently, a 3%
device has the highest Eloss of 0.9 eV as compared to the pris-
tine, 1% and 2%, which resulted with decrease in overall
performance.

3.2.1 Exciton generation and charge transportation. The
relationship between photocurrent density (Jph) and the effec-
tive voltage (Veff) is a crucial factor in evaluating exciton disso-
ciation efficiency and charge collection in photovoltaic devices,
as shown in Fig. 6(c). Consequently, the Jph versus Veff of all
devices with and without PEDOT:PSS were calculated using the
below equation:

Jph = JL − JD (6)

where JL is photo current density and JD is dark current density
while the Veff is given by

Veff = Vo − V (7)

where V is the applied voltage and Vo is the compensation
voltage at which Jph = 0. The photocurrent density reaches
a saturation level (Jsat) when the Veff exceeds 2 V. This suggests
that nearly all photogenerated charge carriers are effectively
separated, transported, and collected without signicant
recombination. Based on this assumption, the Jsat primarily
relies on the peak exciton generation (G). The G is calculated
based on the rateGmax= Jsat/qLwhere L represents the thickness
of the active layers and q is the elementary charge. However, in
the saturation state Veff= 2 V, the Jsat values of pristine are 13.66
mA cm−2, 14.93 mA cm−2 with 1% Cu doped, 18.62 mA cm−2

(1% Cu doped), and 12.44 mA cm−2 (3% Cu doped). This indi-
cates that the device 2% Cu-doped PEDOT:PSS exhibits the
highest Gmax of 6.46 × 1024 m−3 S−1, which can enhance the
light absorption due to the metal NRs reecting to increased
photon absorption. The exciton dissociation probability by the
following equation (hs = Jph

a/Jsat) and charge collection proba-
bility (hc = Jph

b/Jsat) can be computed by normalizing Jph
25936 | RSC Adv., 2025, 15, 25929–25939
concerning saturated Jsat under short circuit and maximal
power output conditions, respectively.52–54 The exciton dissoci-
ation of the CuNRs doped with PEDOT:PSS was 86%, 84% and
90%, while the original device was 80%. This shows that the
doping of the device increases the charge extraction. On the
other hand, the charge collection of the devices without addi-
tives with CuNRs showed 80, 85, 84 and 86%, respectively. This
is due to the enhanced extraction and transport of photo-
generated charge carriers.

To assess the inuence of CuNRs on charge transport in the
buffer layer of PSCs, we employed the space-charge-limited
current (SCLC) method using the eld-dependent mobility
equation. This analysis assumes that hole transport is the
dominant charge carrier mechanism in the devices. Charge
carrier's mobility was determined using the well-known Mott–
Gurney equation:

JSCLC ¼ 9

8
303rm

V 2

L3
(8)

where 3r is the relative permittivity for organic material (3r = 3),
30 is the permittivity of free space (8.85 10−12 F cm−1), m is the
zero-eld mobility, L is the thickness of the photoactive layer
(100 nm), and V represents the applied voltage corrected for the
built-in potential (Vbi).55

Consequently, based on the tting curve in Fig. 6(d) and
(inset), the extracted charge mobility values for various devices
are summarized in Table 4. PSCs with 2% CuNRs exhibited the
highest charge mobility of m0 = 2.01 × 10−3 cm2 s−1 V−1,
marking an approximately 80% enhancement compared to the
pristine device. This indicates that the optimized CuNRs'
concentration signicantly improves charge transport effi-
ciency. However, at higher CuNRs concentrations, a decline in
mobility was observed. This is likely due to excessive aggrega-
tion or phase separation, which disrupts the charge percolation
pathways. The improvement in charge mobility can be attrib-
uted to enhanced crystallinity in the PEDOT:PSS-CuNRs, which
promotes efficient exciton dissociation and charge transfer,
ultimately leading to superior device performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In summary, CuNRs were successfully synthesized and incor-
porated into PEDOT:PSS as HTL, effectively enhancing charge
transport and conductivity in PSCs. The incorporation of CuNRs
led to notable improvements in both the electrical and optical
properties of thedevices. At an optimal concentration of 2%, the
PCE reached 5.60%, representing a substantial 42% increase
compared to the pristine device (PCE = 3.93%). This remark-
able enhancement in efficiency can be primarily attributed to
the LSPR effect induced by CuNRs, which facilitates charge
carrier transport and enhances the conductivity of PEDOT:PSS
HTL. Consequently, these results highlight the potential of
CuNRs-doped PEDOT:PSS as an effective strategy for improving
PSCs performance. Further improvements in PSC's efficiency
may be realized by optimizing the CuNRs concentration,
rening their morphology, and ensuring uniform dispersion
within the HTL. Additionally, the compatibility of CuNRs with
roll-to-roll fabrication offers a scalable and cost-efficient
approach for large-scale production, paving the way for the
development of high-performance PSCs.
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