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Abstract: Photovoltaic and solar cell application is a pliable upcoming answer in a sustainable
manner to the current energy and environmental menace. The surest and safest means to obtain
energy for sustainable development is by employing organic polymer photovoltaics. Polymer
solar cells are sources of inexpensive and renewable energy. They are excellent sources of low-
cost energy production. Tailoring carbon nano polymeric materials' optical, electronic, and
chemical properties to suit various applications by appropriate modification sets has gained
significant interest. Highly ordered aggregation of conjugated oligomers and polymers can
improve properties such as charge transfer and interaction with light processes, leading to better
device performance. Structural and morphological characterization of organic materials in the
solid state is relevant for their application in organic photovoltaics. The current manuscript
showcases the construction of a novel hybrid carbon nanomaterial with fascinating electronic
and chemical properties and tunable energy band gap of a nano heterojunction comprising
"poly(9-vinyl carbazole), PVK and fullerene, Cso. A comprehensive investigation of PVK/Ceo
adsorption surface is investigated using ab-initio density functional theory calculations with
van der Waals corrections (GGA+vdW) implementation. The band gap values we have
calculated in this work are low enough to make the nanoheterostructure exceedingly promising
for photovoltaic applications.

Keywords: heterointerface; density functional theory; optoelectronics; heterointerface; solar
cells; photovoltaics.
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1. Introduction

Since the invention of the first silicon solar cell [1], solar cells have demonstrated great
potential in utilizing renewable solar energy. After decades of development, the solar cell
family is currently composed of Si cells, inorganic thin film technologies, and emerging
photovoltaics (PV). Si and various inorganic thin film solar cells have been successfully
commercialized, while at the same time, the performance of emerging PV, containing OSCs,
dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs), and so on, also gained
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considerable improvement. Compared with other PV technologies, OSCs have drawn broad
interest owing to their advantages, such as being low-cost, flexible, semitransparent, non-toxic,
and ideal for roll-to-roll large-scale processing. According to research, the PCE of OSCs has
shown a rapid increase in the past few years, with the state-of-the-art OSCs yielding a certified
PCE of 18.2% [2], which shows their potential for future practical applications.

The first generation of OSCs was born with a single active layer sandwiched between
two electrodes with different work functions. However, the single-layer devices showed poor
PCE below 0.1% for the reason of difficulty in achieving efficient dissociation of excitons
(electron-hole pairs) and severe recombination of electrons and holes [3]. A bilayer
heterojunction structure containing copper phthalocyanine as donor (D) and perylene
tetracarboxylic derivate as acceptor (A) was introduced by Tang [4], which was regarded as a
big forward step in the field of OSCs. Nevertheless, the limited D/A interface area still worked
against the efficient exciton diffusion and separation, thus not yielding a high PCE in bilayer
OSCs [5]. Yu et al. [6] proposed the bulk heterojunction (BHJ) OSCs, in which the donor and
acceptor were mixed together to serve as the active layer. The BHJ structure presented an
enhanced D/A interface and reduced the diffusion distance for exciton separation, significantly
improving device performance. Since the invention of the BHJ structure, which was considered
a breakthrough in OSCs, the PCE of BHJ OSCs has skyrocketed to over 18% [7-10], making
it a promising PV technology.

The field of OSCs has advanced enormously in the last few decades, with frequent
reports of lab-scale efficiencies of over 20% [11-28]. A large part of this progress can be
attributed to the development of new light-absorbing materials. Starting from the simple
homopolymers as donors and fullerene derivatives as acceptors that were popular in the early
days of the field, hundreds of more complex materials for donor and acceptor have been
introduced with improved optoelectronic characteristics, containing light absorption, charge
generation, and charge transport. Significant advances have also been made in other integral
components of OSCs, including electrodes and interlayers. In addition, novel device structures
such as ternary and tandem OSCs have also gained increasing attention with the great progress
achieved in light-absorbing materials.

In BHJ OSCs, conversion of incident photons into electric current involves four
fundamental steps viz, light absorption and exciton generation, exciton diffusion to D/A
interfaces, exciton dissociation at D/A interfaces to form a germinate pair, and the charge
separation and transport, which is then collected by the respective electrodes under an internal
electric field [30-35]. When the active layer of BHJ OSC absorbs the photons, the excitation
can occur via two kinds of paths. Firstly, the excitation forms in the donor, which is then
followed by the electron transfer from donor to acceptor. Secondly, the excitation forms in the
acceptor, which is then followed by the electron transfer from the acceptor to the donor.
Generally, owing to the different absorption abilities of acceptors, step one dominates the
photocurrent generation in fullerene-based OSCs, while in non-fullerene OSCs, steps one and
two contribute to the generation of photocurrent.

As a potential sustainable energy technology, organic photovoltaics (OPVs) have
attracted significant attention from both academia and industry [36, 37]. OPVs have been
developed for over three decades. Their power conversion efficiency (PCE) has recently
improved from less than 1% to approximately 19% [38-42]. The key driving force for the
increase in PCE is the development of photoactive materials. In particular, in recent years, the
rapid development of narrow bandgap small-molecule acceptors has substantially improved
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the efficiency of OPV [43-46]. The complex chemical structure of small-molecule acceptors
compared with that of fullerene-based acceptors causes the bulk heterojunction (BHJ) active
layer to display stronger absorption in the near-infrared and tunable energy levels [47-54].
These cause OPV to have higher photocurrent and open-circuit voltage. Narrow bandgap small-
molecule acceptors have strongly improved the properties of OPV because of their high
efficiency, stability, indoor performance, and semitransparency toward commercial
applications owing to their effective molecular designs [55-62].

The most attractive advantages of OPVs are their solution-processability and
remarkable mechanical flexibility [63-69]. These can be compatible with large-scale
production, such as roll-to-roll printing, reducing production costs and realizing commercial
applications [70-77]. Solution-processed and flexible OPVs based on fullerenes have been
widely reported [78-88]. However, the efficiency of solution-processed flexible OPVs is
limited by fullerene system materials and remains at a low level. The development of narrow
bandgap small-molecule acceptors can overcome the bottleneck of solution-processed flexible
OPVs [89]. The introduction of high-efficiency active layers causes a substantial increase in
the efficiency of solution-processed flexible OPVs [90]. The active layer of OPVs is generally
composed of a blend of donor and acceptor materials. In recent decades, blends with polymers
as donors and fullerenes as acceptors have been studied extensively [91]. In this work, myriads
of PVK/C60 structural permutations have been constructed and examined. Based on different
orientations and stacking patterns, optical spectral absorption, transfer of charge, and chemical
processes were explored utilizing DFT methods by incorporating the van der Waals correction
term (GGA+vdW).

2. Materials and Methods

Using the QUANTUM ESPRESSO code version 7.0 [92, 93], we performed our
calculations in the density functional theory framework. We adopted for PVK/C60
nanoheterojunction a supercell model. Our supercell was aligned along the z-axis. We set a 15
A thick vacuum layer in x- and y-directions to avoid interactions between the supercell and its
periodic images.

The PVK/C60 nano heterojunction was simulated using periodic boundary conditions.
Our calculations were in both LDA, Perdew-Zunger parametrization [94], and GGA, Perdew-
Burke-Ernzerhof parametrization [95]. Ultrasoft pseudopotentials [96] were employed to
describe interactions between ions and electrons. Description of the exchange-correlation
effects were in plane wave basis sets methods. Van der Waals (vdW) interaction was catered
for in terms of Grimme's D3 correction term [97]. vdW interactions are well aware of as being
significant in systems comprising carbon nanomaterials [98-100].

The kinetic energy cutoff for plane waves was put at 30 Ry, and the charge density
cutoff was 180 Ry in the computations. The energy convergence criterion was 0.002 Ry; each
atom has a residual force on it less than 0.001 Ryd/Bohr in the relaxation process. A I'-centered
5x5x1 Monkhorst-Pack scheme [101] was employed. For geometry optimization, we made use
of k-point grids for sampling the Brillouin zone. Non-self-consistent field calculation was
carried out with a 9x9x1 grid in the computation to determine quantized energy levels. Band
structure calculations were along the I'-Z-direction. VESTA software [102] was utilized to
generate the optimized figures. With the aid of xcrysden version 1.5.60 software, [103] we
were able to visualize the models.
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3. Results and Discussion

3.1. Nano heterostructures.

Figure 1 is an illustration of PVK and Ceo nanostructures used for the study.
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Figure 1. Illustration of PVK and Cgo nanostructures.

In this work, we studied three configurations of PVK and Ceso nanostructures: in the first
case, the five-membered ring of Ceo was aligned with the m-conjugate plane of PVK; in the
second instance, the six-membered ring of the Cso was positioned side by side with the n-
conjugate plane of PVK, and in the third configuration, the six-membered ring of the Ceo was
arranged axially with the nitrogen-containing ring of the PVK polymer chain.

The stability of the novel PVK/Cso nano heterojunctions was determined by computing
adsorption energies and formation energies per atom. Equations (1) and (2) were employed to
determine the most energetically favorable stacking nanoheterostructure [104]. 3.383A
separation distance was ensured to exist between PVK and Ceo molecules for all the three nano
heterojunctions designed. We calculated interlayer distance which is comparable to graphite
interlayer separations (ca. 3.35 A). The adsorption energies, E,;, were computed for the
various PVK/Ceo nano heterojunctions and tabulated in Table 1. In this work, we calculated the
adsorption energies as shown below:
Eqa = (EPVK/C60 — Epyg — Ecéo) €Yy

here, Epyk/c,, Epvi: Ec,, IS grand base energy for the composite structure, grand
enthalpy for the polymeric structure, and grand energy for Ceo, respectively, adopting DFT
methods.

Table 1. Adsorption energy determined from Relation 1.

GGA+vdW Adsorption Energy (eV)
PVK/Ceo(1) 1.239
PVKI/Cso(2) 1.418
PVK/Cso(3) 2.236
LDA
PVK/Ceo(1) 1.223
PVK/Ceo(2) 1.335
PVK/Ceo(3) 2.129
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Whenever E,; >0, it means that adsorption onto the surface is feasible

thermodynamically. As E,; value increases, the tendency for the adsorbate molecule to bind
onto the PVK/C60 nanoheterostructure surface increases. Table 1 shows the distinctive trends
in the preferences for PVK/C60(1), PVK/C60(2), and PVK/C60(3) nano heterojunctions to
adsorb favorably onto PVK/C60 surface. From the table, the interactions between PVK and
C60 for PVK/C60(1) and PVK/C60(2) nano heterojunctions are considerably weak as
compared to PVK/C60(3). Comparing the adsorption value of PVK/C60(3) in Table 1 with the
two other configurations, the adsorption energies of PVK/C60(1) and PVK/C60(2) nano
heterojunctions are the weakest, i.e., E;4~1.239,1.418 eV, for GGA+vdW exchange-
correlation functional and E,;~1.223,1.335 eV for LDA exchange-correlation functional.
These processes can be considered as physisorption processes on the surfaces. For PVK/C60(3)
nano heterojunction, the adsorption energies, E,;~2.236 and 2.129 eV for the respective
exchange-correlation functionals are attributed to the orientation and proximity of the nitride
functional group of the polymer to the conjugated m-electrons of the fullerene (C60) to
chemisorb at the PVK/C60 surface. For the PVK/C60(3) nano heterojunction, the strongest
tendency to chemisorb onto the PVK/C60 surface is found, i.e., E,;~2.236 €V is due to the
strong -t interactions between the carbazole unit and the fullerene (C60). In Table 2, we
tabulated the formation energy values computed using equation (2) below.
AE = Ecyy — NcEc — NyEy — NyEy (2)
where, E-yy 1S grand energy for ground state of nanoheterojunction. E is grand energy for
carbon ground state, N is number of carbon atoms. Ey, grand energy for the ground state of
H, Ny, number of hydrogen atoms, E), grand energy for the ground state of N and Ny, number
of nitrogen atoms in the nanoheterojunction. Table 2 shows the formation energy per atom
computed for each of the nano heterojunctions. Here, all the modeled nano heterojunctions
have negative energies of formation for each atom. The constructed novel structures are,
therefore, thermodynamically stable. For clearer perspectives of these novel structures,
formation energies per atom for C60 and PVK were respectively determined in turn to be —
5.2630 eV, — 6.4860 eV. They have greater energies of formation per atom values than those
in Table 2. The interpretation is that the novel nano heterojunctions are energetically stable and
thermodynamically favorable in comparison with the original structures.

Table 2. Formation energies per atom computed from Relation 2.

GGA+vdW Formation Energy (eV)
PVK/Ceo(1) -6.183
PVK/Ceo(2) -8.224
PVK/Ceo(3) -10.681
LDA
PVK/Ceo(1) -5.991
PVK/Ceo(2) -7.295
PVK/Ceo(3) -10.169

Per the calculations, PVK/Ceo(3) is the most favored and the most stable in both
GGA+vdW and LDA parameterizations as compared with PVK/Ceo(1) and PVK/Cso(2) nano
heterojunctions. Table 3 shows the trend in sizes for PVK/Ceo(1), PVK/Cs0(2) and PVK/Cso(3)
configurations. Energy differences, Eo(eV), are also depicted for the simulated nano
heterojunctions. They show progressive stability from stable to the most stable nano
heterojunction.
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Table 3. Optimized lattice parameters: a(A), b(A), c(A); energy gap, Eg(eV); energy difference, Eqo(eV) for
PVK/Ceo(1), PVK/Ceo(2) and PVK/Cso(3) nanoheterojunctions.

GGA+vdW a(A) b (A) c(A) Eg (eV) Eo (eV)
PVK/Ceo(1) 9.3283 9.3496 9.4579 1.223 17.362
PVK/Ceo(2) 9.2770 8.5050 9.2936 1.217 9.212
PVK/Ceo(3) 9.1311 10.1133 9.0673 1.121 0.000
LDA
PVK/Ceo(1) 9.3019 8.6619 8.6958 1.218 15.379
PVK/Ceo(2) 8.8500 7.0067 8.8528 1.201 7.804
PVK/Ceo(3) 9.1350 10.3534 9.1376 1.112 0.000

In all the three nano heterojunctions designed, observation reveals that the bond lengths
in C—C are shorter in PVK/Cso(1), PVK/Cso(2), and PVK/Cso(3) designs with 1.3928 A, 1.3943
A, and 1.3934 A respectively in the GGA+vdW model type as compared with the experimental
value of 1.42 A. The C—N bond length for PVK/Ceo(3) in the LDA model type is 1.3918 A as
compared with 1.4126 A & 1.4324 A for PVK/Cso(1) and PVK/Cso(2), respectively, Table 4.

Table 4. Optimized C—N, C-C & C—H Bond Lengths(A) of PVK/Cg nano heterostructure.

Bond Length (A)
GGA+vdW N cC T
PVK/Ceo(1) 1.4064 1.3928 1.0848
PVK/Ceo(2) 1.4082 1.3943 1.0858
PVK/Ceo(3) 1.4031 1.3934 1.0863
LDA
PVK/Cso(1) 1.4126 1.4198 1.0711
PVK/Ceo(2) 1.4324 1.4211 1.0910
PVK/Ceo(3) 1.3918 1.4169 1.0881

Intra-chain interactions are found to be strong in these nano heterojunctions. Shorter
bond lengths, consequently, go with strong bonds, and for that matter, the corresponding stable
nature of these nano heterojunctions is anticipated. Consequently, C—N bonds became rigid in
PVK/C60(3). Shorter C-C bonds in PVK/C60(1) and PVK/C60(2) nano heterojunctions
accounted for their stability and rigid nature. These alterations in bond lengths are dictated by
the adsorption energies, which are being influenced by the 3.383A adsorption distance
measured. C—C & C—N shorter bond lengths for PVK/C60(1), PVK/C60(2), and PVK/C60(3)
designs indicate that their bond strengths have been increased compared with that prior to
adsorption. So, they acquire higher binding energies, giving rise to rigid bonds for these
designs. Formation energies per atom values differ, as seen in Table 2. This trend depends on
the choice of exchange-correlation functionals. LDA outputs are slightly lower than GGA
values. The same pattern is portrayed in optimized lattice parameter quantities in Table 3. LDA
gives almost diminishing quantities for lattice parameters. GGA+vdW calculations give the
bandgap values for PVK/C60(1), PVK/C60(2), and PVK/C60(3) nano heterojunctions as
1.223, 1.217 and 1.121 eV, respectively, while LDA band gap values were calculated to be
1.218, 1.201 and 1.112 eV respectively.

3.2. Electronic properties.

We plotted the nature of the electronic bands for PVK/Ceo(1), PVK/Ceo(2) and
PVK/Cs0(3) nano heterojunctions in Figure 2. The mixed hybridization of valence states for N
& H with C atoms is the origin of the displayed patterns. Optimized lattice parameters together
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with some other essential structural values, are shown in Table 3. Observations from Figures
2(a, b & c) reveal that the nano heterojunctions have narrow and direct band gaps. Both valance
and conduction bands are located at the I'-points. They are promising for photophysical
applications. Fabrication of optoelectronic devices thrives well on such materials. Band gaps
of our fabricated novel materials are tunable and have essential applications for photovoltaics
and solar cells. They will enhance progress in the engineering of band gaps for infrared
optoelectronics and nanoelectronics.

(a) (b) (c)

; —————————————
>

D 0 pomem mimomm s Q | memomam mimiomim = O [ e s maom o
) e

| ool

@ %

Z

Figure 2. High-symmetry k-points band diagrams for PVK/Csy nano heterojunctions. Zero is designated as
Fermi energy for all nano heterojunctions.

3.3 Density of states.

The projected electronic DOS, total DOS, and partial DOS were plotted for the three
PVK/Ceso nano heterojunctions, as shown respectively in Figures 3, 4, and 5. Using these plots,
we made an analysis of interactions arising from the energy gap characteristics of the nano
heterojunctions. Fermi energy was designated zero for comparison's sake—the same approach
for DOS, which we depicted in Figures 3, 4, and 5. As can be inferred from the plots for DOS,
contributors to the valence band are N atoms. Only positive contributions are shown in Figures
3 and 4 for the total and partial density of states for the P\VK/Ceso nano heterojunctions.

(a) (b) ()
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DOS(states/eV)

Energy(eV) Energy(eV)
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Figure 3. PVK/Cg configuration DOS, setting zero energy for fermi level in nano heterojunctions.
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Figure 4. PVK/Cg configuration t-DOS, setting zero energy for fermi level in nano heterojunctions.

Observations from the orbitals picture of atoms reveal DOS close to energy gaps are of
pz character. Atomic N hybridized with p; states of carbon atoms. From Figure 5, s- and p-
orbitals of carbon and p-orbitals of nitrogen dominate the valence and conduction bands. This
results in PVK/Ceso nano heterojunctions having non-covalent n-stacking characteristics, as
depicted by Figures 1(a, b & c).

(a) (b) (c)
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Figure 5. PVK/Cg configuration p-DOS, setting zero energy for fermi level in nano heterojunctions.

3.5 Optical activities.

3.5.1 Spectral absorption.

Optical absorption spectral trend for (a) PVK, (b) Ceo, () PVK/Cso(1), (d) PVK/Cso(2),
and (e) PVK/Ceo(3) nanostructures are shown in Figures 6(a — e) respectively. Pristine
absorption spectra for PVK and Ceo are shown in Figures 6(a, b). Spectral absorption calculated
for the nano heterojunctions with Ceo added is depicted in Figures 6(c — e). Five intensity peaks
are located at 0.41, 0.45, 0.49, 0.51, and 0.53 Ry in Figure 6(a). 0.41 Ry is the most intense
peak. For each direction, there are distinctive absorption levels, as illustrated by Figure 6(b).
Absorption in the Y-direction exceeds absorption in the Z-direction when Ceo, as indicated in
Figures 6(b, c). X-direction has the least absorption. Absorption in the Y- direction exceeds
absorption in the Z- direction, Figure 6(e). Absorptions in X-, Y- and Z- directions are nearly
similar. Y- Y-direction absorption dominates, Figure 6(b).
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Figure 6. Optical absorption spectra for (a) PVK; (b) Ceo; (C) PVK/Cso(1); (d) PVK/Ceo(2); (€) PVK/Ceo(3)
configurations.

These observations are indications of processes of charge transfer taking place between
Ceo and PVK. PVK ring deformation and stretching modes were affected by the Ceo inclusion
into the network polymer. Direct interactions occur between Ceo and the main chain PVK
through the transfer of charge processes.

3.6. Lowdin charge transfer.

In order to determine the transfer of charges from PVK to Ceo, we projected the charge
densities onto the atomic orbitals. Lowdin charge difference for pristine PVK and PVK/C60
nano heterojunction was then noted as the charge transferred. We then determined the acceptor
or donor characteristic of the adsorbate molecule. The charge transfer from the polymer, PVK,
to the fullerene, C60, in the configuration of PVK/C60(3) turns out to be 0.19 electrons,
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respectively, whereas for the configurations PVK/C60(1) and PVK/C60(2) we computed 0.11
and 0.12 electrons respectively in the opposite direction. Here, we would like to point out that
the quantity of transferred charge obtained in the computation is controlled by the chosen
approach to the calculation.

4. Conclusions

We adopted an ab initio approach, using the pseudopotential plane wave method to

study the interaction of a conjugated polymer, PVK, with fullerene, Ceo. A novel
nanoheterostructure interface has been synthesized by DFT methods with low-bandgap
characteristics. This novel PVK/Ceo nanoheterostructure composite has a finite band gap and
good stability and, therefore, has promising applications for photovoltaic devices. We propose
PVK/Ceo nanoheterostructure as a potential candidate for use in photovoltaics, optoelectronics,
and nanoelectronics devices.
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