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ABSTRACT

The transition to green energy is essential in mitigating climate change and reducing environmental impacts. Although solar
energy is a limitless and sustainable resource, photovoltaic technology has yet to achieve its fullpotential due to stability and
durability challenges. Herein, a novel solar cell architecture—FTO/AZO/p-C,N/Spiro-OMeTAD/Ni—is investigated using the
solar cell capacitance device simulator (SCAPS-1D) and impedance spectroscopy. The performance metrics obtained from
the model cell were: open circuit voltage (V,.) of 1.3030 V, short-circuit current (Jy.) of 23.23 mA/cm?, fill factor of 73.84%,
and power conversion efficiency of 22.35%. At a bandgap of 1.4 eV of the absorber, quantum efficiency (QE) reached maximum
(100%) in the entire wavelength range (300 - 700 nm) but decreased with increasing bandgap of the absorber. At a wavelength of
360 nm, the QE reached 100% with a donor density of between 10" and 10?°cm™. In order to gain deeper insight into the
mechanisms of charge storage and light-to-electricity conversion, this study also focused on the analysis of complex impedance
(Z*) and complex conductivity (6*). A theoretical investigation of the imaginary components (Z” and ¢") across a wide frequency
range revealed the presence of multiple relaxation processes. Through spectral extrapolation and deconvolution, three distinct
relaxation phenomena were identified in both Z* and ¢*, resembling the Cole—Cole-type relaxations typically associated with
Maxwell-Wagner-Sillars effects. These findings suggest localized electrical interactions between active sites along the graphene
molecular chains and counterions at interfacial boundaries, leading to induced dipole moments and potential diffusion-driven
dynamics. The modeling and understanding of dielectric relaxations and conduction mechanisms provide valuable insights into
the underlying phenomena and support the optimization of cell performance.

1 | Introduction its full potential [1, 2]. This work introduces a groundbreaking
solar cell architecture with a novel p-C,N photoactive layer,
designed to enhance performance, stability, and device longevity.
Studies on solar cell structures based on C,N are still few in the

In a rapidly evolving energy landscape, the transition to green
energy has gained remarkable momentum, driven by the urgent
need to combat global climate change, reduce environmental

degradation, and spur climate action. Among renewable sources, PV technology. Herein, an innovative solar cell design demon-
solar energy stands out as the most sustainable and promising strating significant improvements in performance and highlight-
solution for powering the world indefinitely. However, photovol-  ing the potential of p-C,N-based solar cells in the future PV

taic (PV) technology still faces significant bottlenecks in reaching landscape is presented. The material exhibits excellent optical
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and electronic properties, making it an ideal candidate for
absorber layers in solar cells. Its high light absorption capabilities
ensure that more sunlight is converted into electricity.

This study introduces a novel solar cell architecture that leverages
p-type carbon nitride as the photoactive layer. Importantly, the use
of graphene aligns with the global movement toward sustainable
energy solutions. As a carbon-based material, graphene offers an
environmentally friendly alternative to conventional materials,
supporting the development of greener technologies [3]. Tech-
nological relevance of graphene-based solar cells lies in their rapid
efficiency advancements, cost-effective processing, and versatile
material options. The integration of advanced materials like gra-
phene not only enhances the performance of these solar cells but
also aligns with the ongoing quest for sustainable energy solutions,
positioning perovskite solar cells (PSC) as a promising option for
the future of solar energy. In-depth analysis of the present cell
architecture has been performed using electrochemical impedance
spectroscopy (EIS) in order to understand the charge carrier mech-
anisms at interfaces. This is particularly important in semiconduc-
tor devices, where interfaces such as absorber/electron transport
layer (ETL) and absorber/hole transport layer (HTL) significantly
influence device performance. Impedance spectroscopy (IS) ena-
bles the detection of interfacial charge accumulation, charge
extraction efficiency, and potential defects that could lead to per-
formance degradation [4]. Further, by measuring frequency-
dependent impedance responses, IS can reveal the presence of
defects and trap states, which hinder carrier transport and contrib-
ute to recombination losses [5].

In the present model cell structure, fluorine-doped tin oxide
(FTO) is utilized as the transparent conductive oxide (TCO) layer
in most PV devices, acting as the front electrode [6]. Its transpar-
ency allows light to pass through and reach the active layers,
while its conductive properties enable the efficient transport of
electricity. FTO boasts a wide bandgap ranging from 3.2 to
4.0 eV, which is essential for maintaining its transparency to vis-
ible light [7]. The carrier mobility of FTO, typically between 10
and 50 cm?/Vs, is sufficient for its role in collecting and transport-
ing charge carriers generated in the active layer [8]. FTO is cho-
sen for its transparency, which is essential for allowing light to
penetrate to the active layers. Its conductivity provides an effec-
tive pathway for electrons to travel to the external circuit [9].
Moreover, FTO is chemically stable and robust under operating
conditions, ensuring long-term durability.

With a bandgap of approximately 2.8 eV, Spiro-OMeTAD HTL
has excellent energy alignment with the valence band of the pho-
toactive layer, remains transparent, allowing light to reach the
active layer without significant absorption [10]. Despite having
a relatively low hole mobility of around 10~*-107> cm?/Vs, this
is adequate for its role in thin-film devices where distances are
relatively short [11]. Its compatibility with solution-based proc-
essing techniques makes it suitable for integration into graphene-
based and hybrid materials, allowing for smooth film formation
that ensures excellent interfacial contact with adjacent layers
[12]. Accordingly, organic materials like Spiro-OMeTAD also
present advantages in scalability, particularly for lightweight
or flexible devices, where processing ease is critical [9].
Conversely, Aluminum-doped Zinc Oxide (AZO) is a transparent
conducting oxide critical for optoelectronics, boasting a wide
bandgap (3.7 eV), strong electrical conductivity, and significant
absorption coefficients in the visible spectrum (~10%*cm™)

[13]. Nickel (Ni) serves as the back electrode, collecting electrons
and facilitating their transport to the external circuit [14]. As a
metal, nickel lacks a bandgap but has a work function around
5.15eV, making it suitable for good electrical contact with the
hole transport layer [15]. Nickel has a high carrier mobility of
between 10% and 10° cm?/Vs, which ensures efficient electron
transport [16]. Its suitable work function helps form a robust
ohmic contact with adjacent layers, enhancing overall device
performance.

p-C,N is an emerging nitrogen-rich two-dimensional semicon-
ductor that has attracted considerable attention for its strong
photoactive behavior. Its structure consists of a porous, atom-
ically thin network of carbon and nitrogen atoms arranged in
a conjugated lattice, a configuration that gives the material a
large surface area, enhanced electronic delocalization, and natu-
rally p-type conductivity. The incorporation of nitrogen atoms
significantly influences the electronic structure by introducing
electron-rich sites and creating favorable hybridization between
the valence and conduction band states. p-C,N typically exhibits
a direct or quasi-direct bandgap within the visible-light range
(~1.6-2.0eV) depending on synthesis route and computational
model [17]. Optically, the material displays strong absorption
in the UV-visible region due to its extended z-conjugation
and 2D confinement, which enhances light-matter interactions
[18]. This combination of broad spectral absorption and tunable
bandgap makes p-C,N suitable for applications where efficient
light harvesting is required, such as photodetectors, photocata-
lytic systems, and next-generation solar cell designs [18].
Another key advantage of p-C,N is its chemical and thermal
robustness. The strong covalent C—N bonding provides structural
stability under illumination, thermal cycling, and exposure to
reactive environments [17]. This makes the material more dura-
ble than many organic semiconductors and well-suited for long-
term operation in energy conversion and sensing systems.

Two-dimensional porous carbon nitride (C,N), also known as
h2D-C,N, has gained attention as a versatile semiconducting
material owing to its distinctive holey structure composed of
alternating benzene and pyrazine rings, which form a planar,
covalent framework with tunable electronic properties [19, 20].
Computational studies using hybrid density functional theory
methods report a direct bandgap of approximately 2.47 eV for
monolayer C,N, while experimental measurements on multi-
layer films indicate an optical bandgap near 1.96 eV, which
decreases with increasing layer thickness [19-21]. The electronic
structure features flat bands near the valence and conduction
edges, largely derived from nitrogen orbitals, influencing carrier
effective masses and transport characteristics [22]. C,N exhibits
strong absorption in the visible spectrum, with significant exci-
tonic effects in few-layer forms, where exciton binding energies
can exceed 0.6 eV, making it suitable for optoelectronic and pho-
tocatalytic applications [20]. Field-effect transistor studies on
multilayer C,N demonstrate high on/off current ratios (~107),
though intrinsic carrier mobilities for monolayers remain largely
unexplored [21]. Recent theoretical work also predicts the pos-
sibility of higher-order topological insulating phases, expand-
ing their potential in novel electronic architectures [22].
Collectively, its tunable bandgap, robust optical absorption,
and structural stability highlight C,N as a promising material
for integration in 2D heterostructures, hybrid absorbers, and
PV or photocatalytic systems.
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In solar cell applications, the graphene family of materials signif-
icantly enhances the efficiency and stability of various solar cells,
including organic (OPVs), dye-sensitized solar cells, and PSCs
[23]. P-type conductivity in C,N remains largely elusive and
experimentally unconfirmed due to several factors. First,
Fermi level pinning at interfaces with common electrodes tends
to align the Fermi level toward the conduction band, favoring
electron conduction and making hole injection challenging
[24]. Second, there is a lack of experimental studies on controlled
doping; no reports, to date, demonstrate stable hole-doped C,N
through acceptor impurities or chemical doping combined with
transport measurements [25]. Further, much of the existing
research on C,N focuses on applications such as sensors, compo-
sites, or optoelectronic devices, rather than on investigating
intrinsic p-type transport properties. Theoretical studies suggest
doping strategies, but practical realization may be hindered by
structural instability, trap states, Fermi-level pinning, and recom-
bination effects, all of which could impede the achievement of
reliable p-type conduction. Pristine C,N has been synthesized
and characterized as a semiconducting 2D material with a
bandgap of approximately 1.7-1.96eV, and devices such as
field-effect transistors (FETs) have been fabricated, showing high
on/off ratios. However, these studies do not report stable hole
conduction or p-type behavior [26]. Therefore, while C,N is a
promising semiconductor, there is no experimentally validated
report demonstrating intrinsic or stable p-type properties.
Achieving p-type C,N remains an open challenge and a potential
area for future research. Controlled acceptor-type doping, com-
bined with careful transport measurements such as Hall effect,
FET, or Seebeck characterization, could potentially achieve sta-
ble hole conduction and provide a novel contribution to the
literature.

The present study highlights the strategic integration of advanced
materials and EIS to optimize solar cell performance. By utilizing
the unique properties of p-C,N alongside Spiro-OMeTAD and Ni,
this work demonstrates the potential for achieving high device
performance through efficient light absorption, effective charge
transport, and reduced recombination losses at interfaces [27].
EIS offers precise insights into charge dynamics and interfacial
interactions that aid in designing better transport layers and
minimizing charge recombination, ultimately leading to higher
performance and greater commercial viability. Given its wide-
ranging applications, IS remains an indispensable tool in the
advancement of solar cell technology. Therefore, the findings
of this study inspire the potential fabrication and commercial
deployment of high-performance graphene-based solar cells in
the field of PV technology.

2 | Device Modeling and Simulation

Solar Cell Capacitance Simulator (SCAPS-1D) is a powerful
device simulator designed for investigating the electrical and
optical properties of thin-film solar cells [28]. Computational
simulation is essential for assessing and optimizing solar cell
designs, enabling researchers to analyze critical performance
parameters without the costs and time associated with experi-
ments [29]. This methodology helps design the most promising
configurations and materials for improved solar cell perfor-
mance, supporting the advancement of more efficient and

economically viable solar technologies. The standard illumina-
tion power of one sun at 1000 W/m? under 1.5AM [30] was
employed. Actual data from published work were used in the
modeling and simulation of the proposed cell. The continuity
and Poisson’s equations for free electrons and holes in the con-
duction and valence bands are as follows [31]. The continuity
equations represent the conservation of charge carriers, includ-
ing electrons and holes, within a semiconductor. Meanwhile,
Poisson’s equation connects the electric field in the semiconduc-
tor to the density of charge. The continuity equations for elec-
trons and holes and drift-diffusion equations [32, 33] are
presented as follows:

V2®=(n—-p+N4—N,) 1)

9, 1 d 1
S=-V I, 4G-U;L=-=-V-J,+G-U @)
0 q 0, q

anqn/"n(_vcb)+anVn’Jp=qpﬂp(_Vq))_quVp (3)

where @ represents the electrostatic potential, n and p denote the
electron and hole concentrations, respectively, Ny and N, are the
donor and acceptor doping concentrations, q signifies the elec-
tron charge, J, and J, refer to the electron and hole current den-
sities, G indicates the carrier generation rate, U stands for the
carrier recombination rate, u, and u, represent the electron
and hole mobilities, and D, and D, are the electron and hole
diffusion coefficients. The Poisson equation is expressed as
Equation (4).

d? e
@V/(x) =

£0Er

(/)(X)—H(X)+ND—NA +/)p_pn) (4)

here, e represents the electrical charge, ¢, is the relative permit-
tivity, &, is the vacuum permittivity, y is the electrostatic poten-
tial, p and n denote the concentrations of holes and electrons
respectively, Ny and Np are the concentrations of acceptor
and donor charge impurities respectively, and p, and p, are
the distributions of holes and electrons respectively [31]. The
interaction between the AZO layer and the interface, especially
in the presence of the p-C,N (graphitic carbon nitride) active
layer, plays a critical role in determining the performance and
stability of the model cell structure. The successful integration
of AZO in the model cell architecture can result in enhanced
operational performance.

21 | The Cell Structure and Band Energy
Alignment

Figure 1 shows the model cell structure and the band alignment
diagram. The core of the cell structure is p-C,N, a two-dimensional
semiconductor material that functions as the photoactive layer.
Here, light absorption occurs, generating excitons (electron-hole
pairs). The final layer, Ni, acts as the back contact. Nickel not only
provides a reflective surface that enhances light absorption but
also serves as a collector for the holes [34].

The alignment of the energy bands in the proposed solar cell
structure is crucial to ensuring effective charge carrier extraction
and reducing recombination losses at interfaces. Precisely, the
conduction band minimum (CBM) of the absorber should align
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FIGURE 1 | Model cell structure (a) and (b) the corresponding energy band alignment.

with or lie slightly above the CBM of the ETL to enable smooth
electron transfer. Likewise, the valence band maximum (VBM) of
the absorber should align with or lie slightly below the VBM of
the HTL to ensure efficient hole transport. Any misalignment in
either case can increase energetic barriers, which prevent carrier
extraction and reduce the cell’s efficiency. The valence band of
p-C,N displays a nearly ideal band alignment with that of Spiro-
OMeTAD, while the conduction band of p-C,N aligns well with
AZO. This favorable alignment ensures efficient separation and
transport of excitons, respectively. Therefore, the current cell
structure exhibits a good match between the band edges and
exhibits a promising carrier transfer at device interfaces. The
basic input parameters of the cell are given in Table 1.

3 | Results and Discussion
3.1 | The Absorption Model of the Cell Structure

To model the absorption in the model solar cell architecture, a
combination of optical simulations and experimental measure-
ments is typically employed. Optical simulations, such as the
transfer matrix method or finite-difference time-domain simula-
tions, are used to model how light propagates through and inter-
acts with each layer [42]. These simulations take into account the

refractive index, absorption coefficient, and thickness of each
material layer [43]. Experimental measurements, such as UV-
vis spectroscopy, are used to measure the absorption spectrum
of the p-C,N layer, while reflectance and transmittance measure-
ments help understand the light reflection by the Ni layer and the
light transmission through the FTO and Spiro-OMeTAD layers.
The absorption behavior of the device can be determined from
the bandgap-dependent square root, Equation (5) [44].

E hy
a(hw)= | «a - —-——
(hv) ( o+ﬂ0hv) (,/Eg 1) ©)

here, a, and f, are constants with values, 1.225x10° and
10~"2cm™!, respectively.

The absorption coefficient measures how effectively a material
absorbs light at specific wavelengths, crucial for assessing a solar
cell’s light absorption capacity and electricity generation poten-
tial. It can be noted that absorption coefficients vary across mate-
rials based on photon energy. For instance, p-C,N exhibits a high
absorption coefficient of ~1.5x10°cm™ at 6.2eV photon
energy, implying that the absorption and generation of charge
carriers is dominated by the photoactive layers. Accordingly,
p-C,N displays a strong light absorption capability ideal for
solar energy harvesting. The absorption coefficient of the HTL

TABLE 1 | The simulation input parameters for the proposed cell structure.
Parameters Spiro-OMeTAD |35, 36] p-C,N [37] AZO [38, 39] FTO [40, 41]
Thickness, nm 100 2500 400 100
Bandgap Eg, Ev 32 1.67 3.3 3.5
Electron affinity x (eV) 2.1 4.42 4.45 4
Dielectric permittivity 3.0 4.5 9.0 9
CB effective density of states, cm™ 2.5x 10" 1x 10" 2.2x10"% 2.2x10'®
VB effective density of states, cm™> 1.8x 10" 1x10" 1.8x 10" 1.8x 10"
Electron mobility, cm?/ V's 2x10* 1.3x 10" 1x10° 2.0x 10"
Hole mobility, cm?/V's 2x10* 2.06 x 10" 2.5x10" 1.0x 10"
Donor concentration Np, cm™ 0 0 1.0x 10" 2.0x 10"
Acceptor concentration N, cm™ 1x10"® 1x10' 0 0
Defect density, cm™ 1% 107 1x10% 0 0
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FIGURE2 | Absorption model of various layers used to make the pro-
posed solar cell architecture.

(Spiro-OMeTAD) has a magnitude of ~9.6 x10* at photon
energy 6.2 eV, which is significantly lower than that of the photo-
active layer. On the other hand, the absorption coefficient for
AZO and FTO were lower at ~9.3 x 10%, and ~9.0 x 10*, respec-
tively, at the same photon energy.

Figure 2 shows the absorption coefficient of the materials incor-
porated in the device configuration, plotted against the wave-
length of the incoming electromagnetic radiation. It quantifies
the amount of the incident light intensity that gets into a medium
as it propagates through it. This attenuation can be modeled
using Beer-Lambert’s law, expressed by Equation (6).

I(x) =I,e™™ (6)

where I(x) denotes the intensity of the light after penetrating a
distance x in the material, I, is the initial intensity, and a is
the absorption coefficient

3.2 | Effect of Varying the Bandgap of p-C,N On
Current Density and Quantum Efficiency (QE)

Figure 3a depicts the effect of varying the bandgap of p-C,N on
the solar cell’s current density. As the bandgap, increases from
14 to 1.9eV, the V. improves due to reduced nonradiative

recombination and better alignment of the quasi-Fermi levels.
However, at a wider bandgap the V,. decreases due to low
absorption of lower-energy photons, reducing carrier generation.
This emphasizes the importance of optimizing the bandgap to
balance V. and J. for maximum efficiency. On the other hand,
Figure 3b demonstrates the impact of varying the bandgap of
p-C,N on the QE. As the bandgap increases, QE declines at longer
wavelengths because fewer lower-energy photons are absorbed,
consistent with the bandgap energy’s cut-off wavelength. Proper
bandgap engineering is crucial for maximizing QE within the solar
cell’s active spectrum.

3.3 | Effect of Varying Defect Density on Current
Density and QE

Figure 4 shows that increasing the defect density in the p-type
C,N layer markedly reduces both the current density and QE
of the solar cell. Higher defect levels create additional recombi-
nation centers that trap charge carriers, shorten their lifetimes,
and promote nonradiative losses, thereby limiting the number of
carriers that can be successfully collected. Figure 4a Impact of
different defect densities of the p-C,N layer on the current den-
sity of the proposed solar cell architecture. As defect density is
increased from 10! to 10*° cm™3, there is a clear decline in cur-
rent density. Lower defect densities, such as 10" and 10 cm 3,
result in higher current density values, indicating better cell per-
formance. Conversely, higher defect densities, like 10 and
10" cm™, significantly reduce current density, highlighting
the negative effect of defects on charge carrier collection effi-
ciency. Therefore, reducing defect density in the p-C,N layer
is essential for enhancing the solar cell performance. On the
other side, Figure 3b demonstrates the relationship between
the QE of the proposed solar cell and the defect density of the
p-C,N layer. As defect density increases, the QE decreases due
to the defects acting as recombination centers for photogenerated
carriers, leading to a loss of electron-hole pairs before they reach
the electrodes.

The lowest defect density (10" cm™) has the highest QE, in the
range of 85% at 300nm and 100% between 360 and 700 nm.
This observation can be made for defect densities between 10**
and 10'* cm™3; however, as the defect density reaches 10 ecm ™3,

the QE begins to decrease from 100% between 360 and 400 nm to
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FIGURE 3 | Effect of bandgap on J-V (a) and (b) QE characteristics.
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FIGURE 4 | Effect of defect density on J-V (a) and (b) QE characteristics.

approximately 0% at 700 nm. Thus, minimizing defect density in
the p-C,N layer is crucial for maximizing the QE of the solar cell.
In essence, the defects act as traps, “capturing” electrons and pre-
venting them from contributing to the measured signal. The defect
properties can be described by Equation (7).

E, kgT N.
E;=E,+ 3 + ) (lnNC> @)

In this context, E; is the intrinsic Fermi level, E,, is the energy level
of the valence band, and N. and E, are the effective density of
states for the edges of conduction and valence bands.

4 | Analysis of Conductance, Capacitance, and
Complex Impedance

The impedance phase is the angle between the current and the
voltage applied at a given frequency. A phase close to 0° indicates
purely resistive behavior, while a phase close to —90° indicates
purely capacitive behavior. A phase between these values reflects
a mixed behavior combining both resistance and capacitance.
Therefore, analyzing the phase helps identify transitions between
different transport mechanisms, regions of dielectric relaxation,
or charge accumulation at the active interfaces of the material. In
the very low-frequency range (1 mHz to a few Hz or kHz), the
phase is nearly zero or very small, indicating that the current
material does not have enough time to move efficiently due to
interfacial polarization effects. It reflects the accumulation of
trapped charges at the GO/charge transport interface (ETL or
HTL), a slow response linked to localized states (defects, ther-
mally induced deformation, or structural distortion), and hop-
ping transport that becomes ineffective at low frequency
(Figure 5).

The model cell also exhibits a relaxation at 50 kHz, which cor-
responds to a charge release phenomenon. A peak or abrupt
phase change around 50kHz indicates a dielectric relaxation,
meaning that at this frequency, trapped or polarized charges
can be released or reorganized, resulting in maximum energy
absorption. The characteristic relaxation time (z) is approxi-
mately 3.18 ps. This corresponds to fast phenomena such as
dipole reorientation, electron hopping between localized sites,
or charge depolarization at interfaces. A second high-frequency

relaxation, which shifts with temperature, is also observed. This
frequency shift indicates that the material is temperature-
sensitive, which is critical for devices such as solar cells where
thermal stability is essential. This behavior reveals the internal
dynamics of the material, such as charge mobility and dipolar
interactions. Dielectric relaxation represents the delayed response
of a material to an alternating electric excitation. At 5 MHz, the
excitation period is approximately 0.2 microseconds (ps), meaning
that only very fast processes can respond effectively at this fre-
quency. At such high frequencies, charges have very limited time
to reorganize.

The analysis of the impedance modulus as a function of fre-
quency and temperature (Figure 6) provides valuable insights
into the transport and relaxation mechanisms present in the
material. When the temperature is kept constant, it is observed
that the impedance modulus remains nearly constant within the
frequency range of 1 mHz-1kHz. This behavior indicates a pre-
dominantly resistive response of the material in this very low-
frequency range. At this stage, charge carriers are either trapped
or only weakly mobile, leading to charge accumulation at inter-
faces or within localized states, which is typical of a regime domi-
nated by interfacial polarization effects. As the frequency
increases beyond this range, the impedance modulus begins to
decrease significantly, still under a constant temperature. This
decrease suggests that charge carriers become more mobile,
and the material enters a relaxation regime where capacitive
effects and dynamic conduction mechanisms, such as hopping
transport or dipolar reorientation, become significant. This
marks the transition from a purely resistive behavior to a mixed
behavior (resistance + capacitance).

4.1 | Analyses of the Complex Impedance Z*(w)
at different Temperatures

The complex impedance data (Z*(w)=Z'(w)—iZ"(w)) can be
analyzed by examining different representations, such as the var-
iation of the real part, Z'(w), and the imaginary part, Z"(w), with
respect to the angular frequency (w), commonly referred to as
Bode plots. Additionally, the evolution of Z” versus Z’, known
as Nyquist plots, can also be explored. The coexistence of elec-
tronic and ionic conductivities often complicates the elucidation
of operational mechanisms in PV devices. Therefore, gaining a

6 of 14

physica status solidi (a), 2026

85U8017 SUOWILLOD 3A1Ie.1D) 3|qeo![dde 8Ly Aq peusob ake Sappie YO ‘8sh JO S9N 10} Aiq1T 8UIUO 48] I/ UO (SUONIPUOD-PUR-SUBY D" A3 1M ARIq 1 BUIUO//SANY) SUORIPUOD pue swie | 843 89S *[920z/70/7T] uo Arigiauliuo A8|im ‘AisieAlun uoweb3 - v ANIY dS VNI Aq 269005202 ©ssd/z00T 0T/10p/w0d A8 | im Ake.d1jeuluo//:sdny wouy papeojumod ‘7 ‘9202 ‘6TE9298T



@@ 14 . T " T (b) s00 T T T T
1 — G(S/cm2)280K | —— C(nF/cm2)280K
] —— G(s/em2)290K T/ —— C(nF/cm2)290K |
] —— G(S/cm2)300K 500 —— C(nF/cm2)300K |
| —— G(S/cm2)310K ——— C(nF/cm2)310K
— G(S/cm2)320K 400 C —— C(nF/cm2)320K
' | —— G(S/cm2)330K (\TE\ BF ya C(nF/cm2)330K |
E <2 300 g
@ 014 € kY
G, conductance at (LF)‘ 200 | % b
100 | i |
g
0l %
| | Cue
0!01 MR B I IR BRI AL BRI IR I B L REMARALL ILELAALL IR BRI B I ALLL ILELIAALL IR IR LML B
102 10" 10° 10" 10* 10° 10* 10° 10° 107 10%® 10° 102 10" 10° 10' 10* 10° 10* 10° 10° 107 10° 10°
F(Hz) F(Hz)
(c) -50 — —
i 280K (P= - 45 o ’,RelaxationZ
—— 290K
-404 —— 300K
| — 310K o=—37"— — — \
= 320K
9 -30 4 —— 330K / 'E
e ] 340K o\ 8
Q —— 350K f — Y s
N I < G
-20 /| 9 i=
g 2
© i}
-10 & %
| Specific electrical behavior 5
~0° &
0 @ 5
MR IR IR B B IR B B B B IR I
10° 102 10" 10° 10" 102 10® 10* 10° 10° 107 10%® 10°
Frequency(Hz)
FIGURE 5 | Variation of the conductance (a), capacitance (b), and the phase (c) extracted from the complex impedance of the cell as a function of

frequency for all temperatures investigated.

N
o
A

w
4]

w
o
1

N
[&]
1

region 1

fe————

Z.magn(ohm.cm2)
S
|

I-—region 3—>-

FIGURE 6 |

i i

T T T T al al T T
10° 102 10" 10° 10" 10% 10%® 10* 10° 10° 107

T
108 10°

Frequency(Hz)

frequency across all temperatures.

The variation of the complex impedance modulus with

comprehensive understanding of ionic movement, ion/defect
migration, and their impact on solar cell operational mechanisms
is crucial for achieving stability and high performance. To tackle
this challenge, IS, a widely employed technique capable of inves-
tigating these processes across various time scales, is utilized.
Therefore, in the following section, the effects of the solar cell
performance are investigated through the combination of com-
plex impedance (Z*) and complex conductivity o*(w).

Figure 7 shows the Nyquist diagram to visualize the different
relaxations present in the complex impedance spectrum. This
spectrum reveals three relaxations within the frequency range
used. The high-frequency relaxation was difficult to distinguish
as it is compressed by the subsequent relaxation. For this reason,
we performed the deconvolution in Figure 8. The resistance in
the Nyquist diagram decreases as the temperature increases,
as the resistance decreases due to the rise in temperature.

Figure 7 displays the evolution of the imaginary part as a func-
tion of frequency. This representation shows two dielectric relax-
ations, which illustrate the influence of the permittivity at the
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for all temperatures investigated.

AZO/FTO and Spiro-OMeTAD/p-C,N interfaces. The plateau
observed within this frequency range can be attributed to phe-
nomena related to the formation and organization of the double
layer at the AZO/FTO, p-C,N/AZO, and Spiro-OMeTAD/p-C,N
interfaces. The interaction with these interfaces may slow down
the charge transfer process, especially when the frequency is low
enough for charge diffusion effects at the surface to take over
[45]. This plateau could also result from polarization effects at
the surface of the thin layer, where charges accumulate slowly
at the interface [46]. The near-zero value of the imaginary part
of the impedance at low frequency indicates that the material
exhibits predominantly resistive behavior. This suggests the
absence of significant polarization phenomena in this frequency
range, likely due to charge accumulation at interfaces or very low
carrier mobility. As a result, the system does not display a mea-
surable capacitive response at these low frequencies, reflecting a
limitation in charge transport dynamics.
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FIGUREY |
tion of frequency for all temperatures tested.

Variation of the imaginary part of conductivity as a func-

Conductivity measurements indicate that they follow a power-
law regime over a wide frequency range, which resembles a
g-dc conduction regime. This type of conduction is characteristic
of the presence of hopping. However, the various treatments per-
formed on the conductivity measurements through simulation,
aimed at highlighting a transport regime via localized states
[47], do not allow for a definitive conclusion on the type of hop-
ping regime. The g-dc behavior, however, is due to the dielectric
response of the material induced by the movement of charge car-
riers when they undergo transitions between localized states [48].

Figure 9 displays the evolution of the imaginary part of the com-
plex conductivity as a function of frequency for all temperatures.
This representation indicates that this function shows no signifi-
cant influence when the temperature is increased. Some fluctu-
ations lead to dielectric relaxation at mid-frequency. The
imaginary part of conductivity typically reflects the material’s
response to an alternating electric field, where the charge carriers
do not move purely in phase with the applied field, causing a
phase shift. At lower frequencies, the imaginary conductivity
can indicate the capacitive behavior of the material, where
charge carriers accumulate at interfaces or boundaries within
the material [49]. However, the absence of strong temperature
dependence suggests that the relaxation processes occurring at
mid-frequency might be dominated by localized states or inter-
faces that do not significantly change with temperature, possi-
bly due to saturation of the local dielectric response or
thermally activated processes being less influential at these fre-
quencies [50].

Fluctuations in the mid-frequency range could indicate a combi-
nation of various relaxation mechanisms, possibly related to
interfacial effects or hopping processes that become prominent
in this range [49]. These fluctuations can be attributed to the
dynamic behavior of charge carriers interacting with localized
states or defect states in the material, which govern the dielectric
relaxation processes [51]. The relaxation phenomena could also
involve the accumulation of charges at interfaces, as discussed in
previous studies on complex materials like metal oxides and
graphene-based structures [52].
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4.2 | Deconvolution Approach for the
Conductivity Spectra

Figure 10 shows the Nyquist plot, illustrating the evolution of the
imaginary part as a function of the real part of the complex
impedance. It also includes the deconvolution of the processes
to clarify that there are three blocks, each interpreting the respec-
tive contributions that were explained previously in the complex
impedance analysis section. Block 1 corresponds to the AZO/FTO
interface, Block 2 is the p-C,N/AZO interface, which presents a
relatively medium recombination resistance, while Block 3 rep-
resents the Spiro-OMeTAD/p-C,N interface, which exhibits the
highest recombination resistance value. Nyquist plots are essen-
tial tools in EIS as they provide insights into the resistive and
capacitive contributions of the system.

The analysis of the Nyquist diagram, performed through deconvo-
lution using an equivalent electrical circuit model, reveals the
presence of three distinct electrochemical processes occurring
within the graphene-based solar cell. These processes are associ-
ated with different frequency ranges, a low-frequency process typ-
ically related to interfacial charge accumulation or ion migration, a
mid-frequency process often linked to trap-assisted transport or
polarization effects within the bulk material, and a high-frequency
process attributed to rapid electronic responses such as charge dis-
placement or dielectric relaxation at local interfaces.

The Nyquist plot (Figure 10) displays the three processes in the
form of semicircles. However, the semicircles are not clearly sep-
arated; instead, they appear convoluted, meaning they overlap or
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FIGURE 10 | Nyquist diagram for complex conductivity and process
deconvolution.

Subcircuit corresponding Cole-Cole
relaxation high frequency (HF)

1+(jcm"_:)’-

merge with each other. This convolution suggests a strong cou-
pling or interaction between the different mechanisms of charge
transport and storage in the device. It also reflects the complex
and unique electrical behavior of the graphene cell, likely due to
the specific nature of graphene’s structure and its interfaces with
the surrounding materials. Such overlapping responses indicate
that the internal dynamics of the device cannot be explained by
simple, independent processes, but rather involve interdepen-
dent mechanisms acting across a wide range of time constants
and frequencies.

The real part of the impedance reflects resistive elements such as
the resistance to charge transfer, while the imaginary part corre-
sponds to the capacitive or inductive behavior of the system,
depending on the frequency [53]. In this case, the three blocks
show that each interface exhibits different electrochemical
behavior. The AZO/FTO interface (Block 1) has a relatively
low resistance, which suggests efficient charge transfer, whereas
the p-C,N/AZO interface (Block 2) depicts medium recombina-
tion resistance, suggesting moderate efficiency in charge separa-
tion [54]. The Spiro-OMeTAD/p-CoN interface (Block 3),
exhibiting the highest recombination resistance, likely demon-
strates a slower charge recombination rate, which could enhance
the overall efficiency of the PV or electrochemical cell by mini-
mizing energy losses [28, 55]. These variations in recombination
resistance are often linked to the quality of the interfaces and the
materials used, which affect charge carrier dynamics and the
overall device performance. In particular, interfaces with higher
recombination resistance tend to suppress charge recombination
processes, leading to improved performance [56].

4.3 | Theoretical Consideration for Modeling
the Complex Impedance

Building on the previous analysis, we sought to further investi-
gate the complex impedance (Z*) from a theoretical standpoint,
as well as assess the validity of the equivalent circuit presented in
Figure 11. This circuit was originally proposed by Cwil et al. [57]
to model the electrical response of perovskite materials. The
equivalent circuit consists of a series resistor (Rs) along with
three blocks - (R;//constant phase elements (CPE),), (R,//
CPE,), and (R3//CPE;), each comprising a resistor in parallel
with a constant phase element.

In the above sub-circuit (cf. Figure 11), (CPE-T, p) are used
instead of ideal capacitors to account for the distribution of relax-
ation times caused by surface inhomogeneities [58]. The complex
impedance of a (CPE-T, p) is given by Equation (8).

R, R

3

1+(jor, )?

Rs  Blocl Ri Bloc2 o) | Bloc3 g
Contact resistance CPE1 | CPE2 | CPE3 |
R S>— r—
1

Interface :AZO/FTO

s

+—
1+ (jor, )"

Interface:
Spiro- MeTAD /p-C2N

Interface : p-C2N/AZO

FIGURE 11 | Equivalent circuit used to analyze the complex impedance spectra (Z").
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Zcpe = ﬁ ®

where T is the pseudocapacitance, o is the angular frequency,
j*=-11is the imaginary unit, and p is the exponent characterizing
the CPE. The complex impedance Z*(w) of a circuit consisting
of Ry in series (R;//CPE;) can be expressed as shown by
Equation (9):

R
VA =R+ ———— 9
(@) =R+ 1+ (jorz )P ©)

where (z,) denotes the relaxation time:
7, = (R T1)Y/P (10)

Then decomposition of the complex impedance (Z*) into its real
and imaginary parts results in the following expressions:

Ty = (Ry Tl)l/P1

Ry [1+ (zw)P cos(p, x %)]

ZO=Rt 0 ra)Prcos(pr x 57+ ((z)P sin(p, x 5))?
a1
Z'(0)= Ry (zw)? sin(p;  3) (12)

B (1+ (rw)Prcos(p; X £) + ((rw)P sin(p, X %))?

From a theoretical perspective, the critical angular frequency cor-
responding to the peak can be determined by taking the deriva-
tive of the imaginary part of the impedance, Z"(w), with respect
to the angular frequency w, and solving the resulting equation:
dZ"(w)/dw =0. In this case, the angular frequency at which the
imaginary part of Z”(w) reaches its maximum is given by
Equations (12 and 13).

1 1 13)
[0) = =
mext T (TR)Y™

Consequently, the complex impedance Z'(w) can be expressed
using a formulation analogous to the one describing the Cole-
Cole relaxation process [59, 60].

Zs_Zoo

7% (a)) = Roo (inZl)p

14

The overall impedance (Z*) of the equivalent circuit shown in
Figure 11 can be expressed as the sum of the impedances of
the sub-circuits corresponding to each individual block as given
by Equation (15).

Zi(w) =Ry + Zj, () + Z},(0) + Z}, (w) (15)

In this context, b; represents block 1 (AZO/FTO), b, represents
block 2 (p-C,N/AZO), and b; represents block 3 (Spiro-OMe-
TAD/p-C,N), whereas R, represents the contact resistance of
the electrodes, representing the impedance of the AZO/FTO
interface. This represents the impedance of the p-C,N/AZO inter-
face and the Spiro-OMeTAD/p-C,N interface. Such that b, =
interface (AZO/FTO), b,=interface (p-C,N/AZO), and b;=
interface (Spiro-OMeTAD/p-C,N). To keep consistency with

the same notation used in the previous sub-circuit (Figure 11)
(Rs and Block 1), we can rewrite:

R, R, Ry

VA =R
(@) =R+ 1+ (jor,, )P * 1+ (jor,, )P * 1+ (jor,, )P

(16)

The three expressions corresponding to the relaxation times of
each Cole-Cole relaxation process are given in Equations
(17a-b).

7 =(T1R )" (17a)
T = (’1“21%2)é (17b)
3= (T3R;) /P 17¢)

Therefore, the evolution of the overall complex impedance (Z*)
can be analyzed as the superposition of three Cole-Cole relaxa-
tion processes.

4.4 | Activation Energy

The analysis of the conduction mechanism, based on the acti-
vation energy (E,) values, highlights the distinct contribution
of each interface. The AZTO/FTO interface exhibits a low acti-
vation energy (E, =0.34eV), indicating relatively easy charge
transport, most likely electronic, through a thermally activated
conduction process that is only weakly limited by the interfa-
cial barrier. This region therefore, promotes efficient electron
flow toward the FTO and does not represent a major obstacle to
conduction. In contrast, the p-CN,/AZO interface, character-
ized by a moderate activation energy (E,=0.72¢eV), shows
more constrained charge transport dominated by a thermally
assisted hopping conduction mechanism. This interface intro-
duces an intermediate resistance, probably related to the
imperfect alignment of the energy levels between P-CN, and
AZO. Ultimately, the Spiro-OMeTAD/p-CNj, interface, exhibit-
ing the highest activation energy (E,=0.98¢eV), reveals a
strongly limited charge transport, most likely of holes, due
to a significant interfacial energy barrier. This behavior indi-
cates a conduction process requiring substantial thermal acti-
vation and identifies this interface as the main bottleneck of
the device, restricting the hole transfer rate toward the top
electrode.

Toward this end, the evolution of Equation (18) is plotted on a
logarithmic scale, and the graphs displayed in Figure 12a-c are
obtained for the three interfaces constituting the cell structure
for all temperatures investigated. The evolution shows that
the AZO/FTO interface is the most temperature-dependent, fol-
lowed by the p-C,N/AZO interface, with the Spiro-OMeTAD/
p-C,N interface being the least affected. This classification
based on activation energy aligns with the changes observed
in the electrical resistance of each interface. Activation energy
is crucial for understanding the behavior of a solar cell device
under temperature variations. This helps to precisely deter-
mine the impact of temperature on the electrical parameters
and overall cell performance of the cell, as well as assess its
thermal stability. From the equivalent circuit using electrical
conductivity as a function of temperature and deconvolution,
we determine the activation energy for each interface of the
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cell. The expression for the activation energy is defined by

Equation (18).

o(T) =0y exp(

B
kT

(18)

Figure 13a presents the evolution of the relaxation time for each

Variation of the activation energy for (a) AZO/FTO, (b) p-C,N/AZO, and (c) Spiro-OMeTAD/p-C,N interfaces.

hopping rate increases with temperature as the relaxation time
follows the same trend as the activation energies for the AZO/
FTO and p-C,N/AZO interfaces. However, the Spiro-
OMeTAD/p-C,N interface indicates the optimal temperature
required for better cell performance. According to Figure 13b,
charge movement is most efficient at 300 K, where electrons
and holes can move and reorganize rapidly between localized

interface. The relaxation time clearly demonstrates that the sites or at interfaces, minimizing transport losses and
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FIGURE 13 | Variation of relaxation times for the (a) p-C,N/AZO and (b) Spiro-OMeTAD/p-C,N interfaces with temperature.
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TABLE 2 | Comparative analysis of cell structures based on C,N-based solar cells.
Configuration Method Voor V Jsey mA/cm? FF, % PCE, % Ref.
TCO/IGZO/C,N/back contact Simul. 1.50 13.47 84.83 13.11 [61]
Al/TCO/IGZO/C,N/Pt Simul. 1.39 17.82 88.95 22.10 [62]
TCO/PCBM/C,N/back contact Simul. 1.14 9.58 84.94 9.26 [61]
FTO/AZO/p-C,N/Spiro-OMeTAD/Ni Simul. 1.30 23.23 73.84 22.35 This work

maximizing the capacitive/electrochemical response. At lower
temperatures (<300 K), charge mobility decreases, leading to a
longer relaxation time, while at higher temperatures (>300 K),
thermal agitation may cause recombination or disturbances,
increasing = or making it less representative. This optimal relax-
ation at 300 K suggests that charge conduction and transport are
maximized at this temperature, often close to ambient condi-
tions, which is crucial for the performance of devices such as
solar cells, batteries, or electrochemical systems.

5 | Comparative Analysis

Table 2 compares the model cell with various solar cell config-
urations in terms of their performance metrics. Related config-
urations show lower power conversion efficiency (PCE)
values, which may be attributed to mismatches between device
layers at interfaces and losses due to charge recombination.

The difference between the current model cell structure (FTO/
Spiro-OMeTAD/p-C,N/Ni) and previous studies reflects the chal-
lenges of optimizing photon absorption and charge extraction.
Generally, simulations are valuable in establishing theoretical
performance limits and guiding material and structural optimi-
zations. However, there is a need to fabricate physical solar cells
based on the insights of optimization parameters predicted by
theory.

6 | Conclusions

This paper presents an innovative cell architecture - FTO/AZO/
p-C,N/Spiro-OMeTAD/Ni - which has shown considerable
potential in operational performance. The optimal electrical out-
comes, which include a V. of 1.303V, J,. of 23.23 mA/cm?, fill
factor (FF) of 73.84%, and PCE of 22.35% are remarkable.
Further, it is evident that at a wavelength of 360 nm, the QE
reached 100% with a donor density of between 10" and
10*°cm™>. The optimal acceptor density for J,. was observed
between 10'* and 10> cm™>. Lower bandgaps of the photoactive
layer favor the electrical and optical performance of the model
cell. For instance, at a bandgap of 1.4eV of the absorber, the
QE is maximum (100%) in the entire wavelength range (300-
700nm), but QE decreases with increasing bandgap of the
absorber. From impedance analysis, three conduction mecha-
nisms were identified - low-frequency, hopping, and high-
frequency conduction, which contribute to the overall response
of the material as a function of frequency and temperature. High-
frequency conduction is particularly influenced by the graphene
properties at the p-C,N/AZO interface. The conductivity study
highlights that p-C,N wundergoes a sequence of hopping

conduction events, which play a crucial role in the operation
of the cell. Further, analysis of the impedance spectra and
Nyquist plots reveals multiple dielectric relaxations, signifying
charge accumulation and discharge phenomena at the material
interfaces. From the analysis of the complex impedance (Z*) in
the frequency range [1 mHz-1 GHz], it is found that our theoret-
ical approach, as well as the deconvolution procedure, were very
useful in confirming the existence of three distinct Cole relaxa-
tion processes involved in the conversion and conduction mech-
anism in the graphene model solar cell. The three relaxation
processes were attributed to the contact resistance in the
AZO/FTO, Spiro-MeTAD/p-C,N, and the p-C,N/AZO interfaces.
Moreover, a detailed analysis of the complex conductivity (o)
through extrapolation and deconvolution procedures over the
frequency range [1 mHz-1 GHz] enabled a deeper investigation
of the system. Both methods confirmed the presence of three dis-
tinct relaxation processes, consistent with observations from the
complex impedance (Z) and conductivity (¢*). According to our
theoretical approach, these relaxations resemble the Cole-Cole-
type responses associated with the Maxwell-Wagner-Sillars
relaxations. This behavior is attributed to local electrostatic inter-
actions between active sites along the graphene molecular chains
and counterions at the interfaces, resulting in the formation of
induced dipolar moments or diffusion-related mechanisms.
This work has revealed remarkable features that help to under-
stand charge dynamics at interfaces and how interface phenom-
ena affect device performance.
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