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Abstract: This study explores the potential of copper-doped nickel oxide (Cu:NiO) as a hole transport
layer (HTL) in flexible photovoltaic (PV) devices using a combined first-principles and finite element
analysis approach. Density functional theory (DFT) calculations reveal that Cu doping introduces
additional states in the valence band of NiO, leading to enhanced charge transport. Notably, Cu:NiO
exhibits a direct band gap (reduced from 3.04 eV in NiO to 1.65 eV in the stable supercell structure),
facilitating the efficient hole transfer from the active layer. Furthermore, the Fermi level shifts towards
the valence band in Cu:NiO, promoting hole mobility. This translates to an improved photovoltaic per-
formance, with Cu:NiO-based HTLs achieving ~18% and ~9% power conversion efficiencies (PCEs)
in perovskite and poly 3-hexylthiophene: 1-3-methoxycarbonyl propyl-1-phenyl 6,6 C 61 butyric acid
methyl ester (P3HT:PCBM) polymer solar cells, respectively. Finally, a finite element analysis demon-
strates the potential of these composite HTLs with Poly 3,4-ethylene dioxythiophene)—polystyrene
sulfonate (PEDOT:PSS) in flexible electronics design and the optimization of printing processes.
Overall, this work highlights Cu:NiO as a promising candidate for high-performance and flexible
organic–inorganic photovoltaic cells.

Keywords: first principles; composite hole transport layers; flexible organic–inorganic photovoltaic;
Cu; NiO; PEDOT:PSS; finite elements

1. Introduction

Research into flexible hybrid organic–inorganic photovoltaic (PV) [1–3] devices have
attracted attention due to their ease of manufacture at room temperatures with readily
available materials [4] that are inexpensive but of impressive optoelectronic properties
in charge carrier mobility [5], dielectric constant, absorption coefficient, and carrier dif-
fusion length [6,7]. A low-energy-loss charge generation and collection are achieved due
to the generation of charges freely in the bulk material after light harvesting. Their tun-
able band gap and capability to form thin films with admirable charge-carrier transport
characteristics [8–12] make hybrid organic–inorganic photovoltaic devices commercially
promising [13–16].
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Generally, PV cells consist of an active layer with charge transport layers on both sides
sandwiched between two electrodes [17]. The electron transport layer (ETL) is inserted on
one side of the active layer interface, to serve as a barrier for holes and aid in the collection
and transport of electrons to the electrode, whilst the hole transport layer (HTL) is inserted
at the other side of the active layer interface [18], to serve as a barrier for electrons and aid
in the collection and transport of holes to the other electrode.

PV devices come in two types: the conventional (n-i-p) structure where the PV cell is
illuminated from the ETL and the inverted (p-i-n) structure where the PV cell is illuminated
from the HTL [19,20]. The two architectures can also be built into two types of cell structures:
a planar structure that lacks a mesoporous layer and a mesoscopic structure that contains
a mesoporous layer. In theory, the energy levels and mobility of charges are inextricably
linked to the movement of holes and the blocking of electrons in the HTL [21].

To achieve smooth hole transport and electron blocking, the conduction band and
valence band energy levels of the HTL must be higher than those of the active layer [22]. It
has become crucial to design a high-performance HTL without compromising the stability
of the device. HTLs should have high chemical, thermal, light, and water stability. Intro-
ducing a composite organic–inorganic HTL [23,24] reduces the rate of degradation of the
PV device which will enhance performance by improving their hydrophilicity and metallic
conductivity [25–27].

The efficiency [28] of a photovoltaic device is directly related to how well it can trans-
port the charges generated in the cell structure [29–31]. If the charge transport properties
of materials are understood, steps can be taken to optimize the PV device design and
improve its efficiency. Characterizing the charge transport can aid in identifying patterns
and defects in the material that may limit performance. This paper characterized the
charge transport in hole transport layers (HTLs) and investigated how they affect the
performance of flexible PV cells. Here, the electronic properties of NiO and Cu:NiO were
calculated using density functional theory (DFT) and these properties were used to model
the electrical characteristics of NiO and Cu:NiO in composite HTLs for flexible PV device
applications. A comparative finite element study was carried out between these compos-
ite HTLs in different active layers to show how they boost device efficiency in flexible
photovoltaic devices.

2. Theory

From first principles, the electronic properties which characterize the transport of
charges in a device are modelled by theoretically generating the total charge density (ni) of
the HTL using the density functional theory approach. The Kohn–Sham method utilizes
the variational approach to minimize the total energy of the system. This is achieved by
using the electron density to compute the effective potential, which, in turn, yields the
Kohn–Sham orbitals and the ground state density. This self-consistent process is shown in
Equation (1) [32]: (

− ℏ2

2m
∇2 + Vext + VH + VXC

)
ψi(ri) = ϵiψi(ri) (1)

where TKS = kinetic energy of non-interacting KS electrons in the KS orbitals, Vext = ex-
ternal potential of non-interacting electrons, VH = Hartree potential due to electrostatic
interactions, and VXC = exchange-correlation potential which accounts for the exchange
interactions between the electron wavefunctions and the correlation interactions between
the electrons. Electrons are Fermions that obey Pauli’s exclusion principle; hence, the
Fermi–Dirac distribution statistics are used to describe the arrangement of electrons in the
energy levels [33]. The continuity equation for PV cells was used to describe the operation
of the PV device [34]—Equation (2):

∂ni
∂t

+∇.(niv) = G − R (2)
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where ni = charge density, t = time, v = velocity of the charge carriers, G = generation rate,
and R = recombination rate.

To enhance clarity, a detailed explanation of the generation rate calculation (G) is
provided in the Supplementary Information. This explanation discusses the factors affecting
exciton generation and dissociation [35–37].

The current–voltage characteristics of the device were also obtained with the Supple-
mentary Information using the Shockley equation [38], following established approaches
used for organic solar cells by Chirvase et al. (2003), Vandewal et al. (2009), Foertig et al.
(2012), and Trukhanov et al. (2015) [39–42].

3. Computational Details

The first step of the characterization of the HTL involved a first-principles investigation
using density functional theory (DFT), which determines the electronic properties of the
CuNiO. The second step modelled the performance of the CuNiO in a PV cell configuration
with composite HTL fabricated from Poly 3,4-ethylene dioxythiophene—Polystyrene sul-
fonate (PEDOT:PSS). The cell performances are compared to structures built on a polymer
or organic–inorganic (perovskite) active layers. To assess the structural integrity of the
device under operational conditions, a finite element analysis (FEA) was performed to
investigate the mechanical performance of the hybrid hole transport layers, focusing on
stress distribution and potential deformation.

3.1. Computation with Density Functional Theory

A first-principles study was carried out using density functional theory (DFT)
with the plane wave-based pseudopotential method as implemented in the Quantum
ESPRESSO distribution [43,44]. The generalized gradient approximation (GGA) is given
by Perdew–Burke–Ernzerhof (PBE) [45,46] as implemented in the Quantum Espresso
package [43,44]. The projector-augmented wave (PAW) was used to construct the exchange-
correlation functional. The Kohn–Sham wavefunctions and potentials were expanded in
plane waves up to 65 Ry. The Brillouin zone is sampled using the Monkhorst–Pack k-point
mesh [47] with a mesh size of 4 × 4 × 2 to obtain the total energy for the ground state
and PDOS calculations. We employ the following pseudopotentials for Ni: and O:, with
3d84s2 orbitals of nickel and 2s22p4 orbitals of oxygen treated as valence electrons. To
alleviate the inherent self-interaction errors in DFT, which lead to the underestimation of
electronic properties, the DFT with the Hubbard correction (DFT+U) method based on the
rotationally invariant scheme of Dudarev et al. [48] was used. For this study, a Hubbard
U value of 7.8 eV on the Ni(3d) states, which is consistent with values computed using
first-principles calculations [49,50], was applied. This Hubbard correction significantly
improves the band gaps compared to LDA/GGA values, bringing them closer to the large
gaps observed in experiments [51–58]. FCC NiO (with a lattice constant of a = 4.315 Å)
has a type-II antiferromagnetic spin coupling along the [111] direction which requires
a rhombohedral primitive unit cell that comprises four atoms (i.e., two Ni atoms and
two O atoms). A full structural relaxation was performed to calculate the optimized
lattice parameters and atomic positions. The Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm [59] is employed for geometry optimization with convergence thresholds set to
10−8 Ry and 10−5 Ry/bohr for the total energy and forces. To examine the effects of doping
NiO with Cu, a supercell containing 15 Ni atoms, 16 O atoms, and 1 Cu atom was used
which gave ~6% doping [60]. Two scenarios of the doped material were examined. The
first scenario involved the relaxation of the supercell structure (stable), whilst the second
scenario calculations were carried out without relaxation (unstable). The band structures
and density of states for both scenarios were calculated. These calculated properties
were used to simulate the I–V (current–voltage) characteristics of the composite HTLs
which show their optoelectronic performances when coupled with different active layers in
organic–inorganic photovoltaic fabrication.
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The DFT+U calculations described above provide valuable insights into the electronic
properties of the HTL materials, such as the charge carrier mobility. These properties,
along with factors like material stiffness and elasticity, can influence the material’s response
to mechanical stress [45,46]. For instance, a material with a high charge carrier mobility
might be more susceptible to strain-induced changes in its conductivity. The continuity
equation (Equation (2)) describes the operation of the PV device, where the charge density
and carrier mobility play a crucial role [34]. Understanding these properties from DFT
calculations allows us to make informed assumptions about the material’s behavior under
mechanical stress.

3.2. Computation with Solar Cell Capacitance Simulator

The SCAPS 1D (Solar Cell Capacitance Simulator) is a simulation program based
on solving Poisson’s equation, the carrier continuity equation, and the drift-diffusion
equation for charge carriers [61]. SCAPS 1D uses numerical methods to analyze the device
performances of the thin-film simulated PV. The device configuration for the simulation is
shown in Figure 1.
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Figure 1. Schematic diagram of a flexible PV devices.

Computed parameters in Table 1 [24,32,62–65] from first-principles calculations were
used to simulate the diode characteristics of the PV device when bulk heterojunction poly-
mer layers (P3HT/PCBM) and Perovskite organic–inorganic layers were interchangeably
used as active layers in the complete PV structure in Figure 1. The illumination source
used in the simulations is an AM 1.5G spectrum with an intensity of 1000 W/m2 [66]. The
band structure, density of states, and I–V characteristics of pristine NiO and Cu:NiO were
analyzed based on the simulation parameters.

3.3. Finite Element Analysis

The subsequent finite element analysis (FEA) utilizes the material properties, those
obtained from experimental data, those informed by the theoretical calculations, and that
of the SCAPS model, to simulate the bending behavior of the device under stress. This
allows us to understand how the interplay between the HTL and substrate layer, with their
specific properties, affects the overall mechanical performance of the flexible PV device.
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Table 1. SCAPS simulation parameters [24,32,62–65].

Parameters P3HT:PCBM PEDOT:PSS NiO Cu:NiO CH3NH3PbI3

Thickness (nm) 90 100 125 125 245
Band gap (eV) 1.05 1.60 3.04 1.65/2.63 1.55
Electron affinity (eV) 3.95 3.40 4.50 2.10 3.90
Dielectric permittivity 3.5 3.0 9.4 11.7 6.5
CB density of states (cm−3) 1.00 × 1019 2.20 × 1015 4.00 × 1019 3.78 × 1016 1.80 × 1018

VB density of states (cm−3) 1.00 × 1019 1.80 × 1018 1.00 × 1018 3.78 × 1016 1.80 × 1019

Electron mobility (cm2V−1s−1) 10−3 10 10.50 5.58 0.5
Hole mobility (cm2V−1s−1) 10−3 10−3 25.0 30.0 0.5
Shallow donor density (cm−3) 1018 3.17 × 1014 1.00 × 1021

Shallow acceptor density (cm−3) 3 × 1018 1 × 1019

The flexural behavior of the organic–inorganic photovoltaic devices was investigated
using the FEA analysis software 3DEXPERIENCE R2023x Abaqus CAE (complete Abaqus
Environment) 2023 package (Finite Element Analysis Services (Pty) Ltd., Parklands, South
Africa). A general static analysis was performed to simulate a three-point bending test.
A step module was employed to progressively apply a bending strain and evaluate the
interactions between different model parts.

4. Results and Discussion
4.1. Band Structure

The band structure of NiO yields an indirect band gap with the conduction band (CB)
minimum located at the Γ point, while the valence band (VB) maximum is located at the Z
point as shown in Figure 2a. The bands are separated because of this hybridization, and the
band minimum and maximum are no longer located at the same k-path in the first Brillouin
zone. The band gap (EG) was calculated to be 3.04 eV, which is smaller than most of the
experimental values in the range of 3.5 to 4.3 eV [56–58]. However, it aligns well with the
recently re-investigated experimental data on optical absorption in NiO, which indicates
that optical absorption starts at photon energies as low as 3.1 eV [55]. This result agrees
well with the existing DFT+U based results and is significantly greater than the LDA/GGA
values (0.5 to 1.0 eV) [49,67,68], thereby considerably improving the electronic properties
of the HTL materials. All energies are relative to the Fermi Level (EF), depicted by the
0-eV reference point in Figure 2a. The k-path systematically samples various regions in
the first Brillouin zone, connecting the high-symmetry points that exhibit a high degree of
symmetry in the crystal system.

Copper atoms have single valence electrons in the 3d orbital while Ni atoms have
multiple valence electrons in the 3d and 4s orbitals. Substituting a Cu atom for an Ni atom
in the NiO crystal lattice introduces new energy levels into the band structure, resulting in
additional bands for both stable and unstable supercell structures. For both structures of
Cu:NiO, the CB minimum and VB maximum occurred at the Γ point which yielded a direct
band gap. The introduction of Cu atoms into the NiO leads to modifications in the electronic
structure, yielding a direct band gap. The underlying mechanism involves a complex
interplay of factors, including the creation of holes in the valence band, the modification of
electronic structure, and the formation of defect states. Further investigation is necessary
to fully understand the underlaying mechanism. The additional states introduced by Cu
doping increases the carrier concentration of the crystal, enhancing its conductivity. The
stable supercell structure has lattice constants and atomic positions optimized to the ground
state. This reduces the band gap due to the optimizations carried out on the electronic
structure [69]. The EG calculated was 1.65 eV as shown in Figure 2b.

The unstable supercell structure had its lattice constant and atomic positions kept
fixed without any optimizations on the electronic structure, so the crystal structure did
not reflect the true ground state energy [70]. This was because the atomic radius of the
Cu atom was larger than the Ni atom; thus, upon doping, the unstable supercell structure
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had a non-zero net force between them which created distortions and instability in the
supercell structure leading to a calculated EG of 2.63 eV in Figure 2c. The band gap of
NiO typically ranges between 3.5–4.0 eV and is dependent on the method used to measure
it [71]. Some commonly used methods include optical absorption, photoluminescence, and
X-ray photoelectron spectroscopy. Table 2 gives a comparison of the band gap calculated
by DFT in this work to the experimental data.
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Table 2. Band gap comparison between DFT and experimental data.

Band Gap of NiO (eV) Band Gap of Cu:NiO (eV) References

3.04 1.65–2.63 Current Study
3.98 3.89 Ref. [72]
3.34 2.01 Ref. [73]
3.45 3.13 Ref. [74]

4.2. Density of States (DOS)

The p-type character of NiO was confirmed by the DOS, and Figure 3a shows that
the Fermi level is closer to the valence band than to the conduction band. The Ni and O
atoms bond with each other to produce the valence band [75]. Close to the Fermi level in
the valence band, the 2p-orbital of O is dominant, while the 3d-orbital of Ni is dominant in
the conduction band [76–78].
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The defect created by the substitution of the Cu atom for an Ni atom gave rise to
additional electronic states near the band gap as shown in Figure 3b. In the structure, the
additional band introduced by the Cu atom appears very close to the Fermi level. These
optimized new states are responsible for the narrowing of the band gap (Figure 3b). There
are inter-bands (spaces between the peaks) between the 3d-orbital of Cu and the 2p-orbital
of O in the stable structure which indicates bonding between the two atoms.

The unstable supercell structure had fixed lattice constant and atomic positions, so
the additional states introduced by the 3d-orbital of the Cu atom were further from the
Fermi level, resulting in a wider band gap (2.63 eV) (Figure 2c) than the stable supercell
structure (Figure 3c). Moreover, there were no inter-bands between the 3d-orbital of Cu
and 2p-orbital of O. This suggests that there is an unbonded electron in the valence band
which will result in a relatively higher conductivity compared to NiO and Cu:NiO (stable).
This implies that the Cu atom introduces more empty states in the valence band which
increases the conductivity of holes in the material.

4.3. Current–Voltage (I–V) Characteristics

The performance of the PV device was simulated for the different composite HTLs
coupled with two types of active layers. The first simulation employed a fullerene
(P3HT/PCBM) blend as the active layer and the second used perovskite (CH3NH3PbI3)
as the active layer. The HTLs simulated were PEDOT:PSS only, PEDOT:PSS/NiO, PE-
DOT:PSS/Cu:NiO (stable), and PEDOT:PSS/Cu:NiO (unstable) composite (Figure 4).
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The efficiencies of the composite HTLs in different device configurations are displayed
in Table 3. The high efficiencies observed in the perovskite device can be attributed to
the exceptionally high absorption coefficient of the perovskite layer [79], which allows it
to efficiently absorb light across a wide range of wavelengths, including the visible and
near-infrared regions of the electromagnetic spectrum. The high absorption coefficient
arises from the strong interaction between the organic and inorganic components in the
perovskite crystal lattice, leading to efficient light harvesting [80,81]. These computational
device performance data are comparable to experimental results from previous reports.

Table 3. Diode characteristics obtained for different active layers with varying PEDOT:PSS HTL
composite structures.

Active Layer/Blend PEDOT:PSS HTL
Composite

Performance

JSC (mA.cm−2) VOC(V) FF (%) PCE (%)

Fullerene *

PEDOT:PSS-only 13.68 0.83 72.34 8.38
NiO 12.26 0.99 77.34 9.54
Cu:NiO (stable) 12.53 1.02 77.21 9.75
Cu:NiO (unstable) 11.99 1.05 77.93 9.79

Perovskite *

PEDOT:PSS-only 11.69 1.23 87.99 12.66
NiO 12.88 1.30 88.78 14.83
Cu:NiO (stable) 15.69 1.32 88.91 18.37
Cu:NiO (unstable) 17.45 1.43 90.27 22.53

PEDOT:PSS-only 17.66 0.83 66.40 9.44
Perovskite ** NiO 23.80 1.09 78.0 20.30

Cu:NiO 14.32 1.64 72.0 17.36

* Computational (Current study). ** Experimental (Refs. [24,82]).

Upon the absorption of light, the perovskite layer generates high densities of charge
carriers, including both electrons and holes, due to its electronic band structure. The
perovskite layer exhibits a direct band gap, which allows the efficient generation of charge
carriers upon the absorption of photons. The high charge carrier generation in the layer is
further enhanced by its long carrier diffusion lengths [83], which allows the charge carriers
to travel long distances without recombining, leading to efficient charge separation [7,84].
Another advantage of the perovskite layer is its ability to exhibit low defect densities, which
helps to minimize the charge carrier recombination and enhances the charge carrier lifetime.
Defects such as vacancies, interstitials, and grain boundaries act as recombination centres,
leading to the loss of charge carriers and reduced device performance [85].
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4.4. FEA Results

The FEA analysis provided stress and strain distributions, as well as cell displacements,
under the applied load. Figures 5 and 6 present the results of the tensile and compressive
three-point bend test simulations for the CuNiO and PEDOT:PSS layers on PET.
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The stress distribution on the top and bottom layers decreases gradually towards
the neutral region of the structure where no stress is experienced. The stress contours
indicates that, with a higher radius of multilayer curvatures, the mechanical behaviour of
the top layers vary due to their varying strengths. Tensile loading shows a susceptibility
to cracking in the CuNiO layers unlike the PEDOT:PSS HTLs. An increase in the bending
strains is accommodated in the PEDOT:PSS layers in both the tensile and compressive bend
test results. The buckling of the CuNiO layers during compressive bending could lead to
delamination at a smaller radius of curvatures.

5. Conclusions

The DFT calculations described in this paper provide valuable insights into the elec-
tronic properties of the HTL materials, such as the charge carrier mobility. These properties
can influence the material’s response to mechanical stress. Moreover, DFT calculations
showed that copper-doped nickel oxide (Cu:NiO) has a narrower band gap and higher
hole conductivity than pure nickel oxide (NiO). However, the unstable Cu:NiO structure
is unsuitable for real-world applications. Devices with perovskite active layers achieved
higher efficiencies than those with fullerene. Combining the stable Cu:NiO with per-
ovskite yielded the best efficiency (18.37%), making it the recommended configuration for
high-performance flexible solar cells.

The FEA analysis utilized these material properties to simulate the bending behavior
of the device under stress, allowing us to understand how the interplay between the HTL
and the substrate affects the overall mechanical performance of the flexible PV device. The
results would enable hybrid 3D printing techniques to efficiently integrate soft, conductive
inks with a material substrate to create stretchable and wearable electronic devices with
wear-and-tear prevention tips based on continual usage.
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