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Abstract

The performance of organic solar cells has significantly increased in recent years
thanks to thin-film processing, fine-tuning of morphology, and optimization of device

manufacture. A focus has been placed on designing low-band gap materials. Herein,



porphyrins have shown great features in optical and electronic fields. In this paper, en-
capsulating one molecule of magnesium porphyrin into a semiconducting single-walled
carbon nanotube (17.0) has been reported, considering this nano-hybrid system as
the active layer in the solar cell device. Using density functional theory, we have ex-
plored the optoelectronic properties of the isolated Mg-Py molecules and two distinct
arrangements of the hybrid system that contains a single Mg-Py molecule inserted into
nanotubes. The study demonstrates that the structure is stable due to a charge trans-
fer between the Mg-Py molecules and the nanotube. After encapsulation, we notice a
change in nanotube’s fermi level position, which is compatible with a charge transfer
link between Mg-Py and the nanotube. The outcomes illustrate that the encapsulated
systems expressing type II heterojunctions are likely to make them a strong candidate
for use as charge carriers and light absorbers in the active layer, which can help create

highly effective filled SWNT-based OSCs.

INTRODUCTION

Photovoltaic cells (PVCs) or photovoltaic solar cells,! has experienced numerous rounds of
development, with each new generation bringing about improvements in performance, cost,
and efficiency. Crystalline silicon was used to create the first generation of PVCs, which were
created in the 1950s and are still the most popular kind of solar cell today. The efficiency of
first-generation solar cells ranges from 15% to 22%, with some advanced designs achieving
up to 26%.When it comes to the second generation of PVCs, which were created in the
1980s and 1990s, thin-film technologies like cadmium telluride (CdTe) and copper indium
gallium selenide are used (CIGS). These thin-film solar cells may be made at lower cost
than traditional silicon-based cells, but they typically have lower efficiencies, often between
10% and 20%. In this context, the study field of third-generation PVCs, which comprises a
number of cutting-edge technologies including perovskites, organic PVs, and quantum dot

PVs, is still relatively new and evolving. These technologies have the potential to be more



efficient and cost-effective than previous generations. Nevertheless, their performance and
commercial feasibility are currently constrained by a number of problems. The following are
some of the key problems with organic solar cells: Poor efficiency, low stability, and short
lifetime, especially when exposed to oxygen, moisture, and light.?™®

Herein, the literature has reported on the encapsulation of various guest species, such as
organic molecules, inside single-walled carbon nanotubes (SWCNTs). This marks an excit-
ing advancement in the nano-engineering of novel materials and composites. It has been
shown that the encapsulated composites maintain their optoelectronic characteristics,%®
which prove useful for nanotechnology and next-generation photovoltaic solar cells(PSCs),
such as organic solar cells (OSCs). In addition, the encapsulated species may be able to pro-
vide high-energy electrostatic environments for intra-tubular conductance and lower band
gaps by the electronic interaction energy between the intra-face of the nanotubes and the
encapsulated assemblies based on their chemistry and electrostatic interactions.° Further-
more, alternative materials OSCs based on nano-hybrid systems have generated a lot of
interest due to their accessibility, adaptability, light weight, semi transparency, and ease of
manufacture.'*1? With the advancement of materials and interface engineering, this tech-
nology is constantly expanding and leading to increased efficiency, with the power conversion
efficiency (PCE) for OSCs topping 18%.'416 In comparison to other OSC architectures, the
majority of research is being done on donor-acceptor bulk heterojunctions (BHJs). In BHJs,
the photoactive layer is created by combining two semiconductors: an electron-donating
(conjugated polymer) that is strongly light-absorbing and an electron-accepting, typically a
fullerene derivative, that is placed as the active layer and sandwiched between two electrodes.
Despite the significant advancements made for these typical combinations (conjugated poly-
mer/fullerene), which enabled a PCE of about 11.5%,!" their performance is ultimately
constrained by (i) the intrinsic deficiencies of the fullerene family, including feeble absorp-
tion in the solar spectrum region, (ii) optoelectronic tunability, (iii) low charge mobility

which is caused by the hopping transport, and (iv) thermal instability.'® 20



Nowdays, many recent studies includes efforts to replace fullerene with semiconducting
SWNTs, which are beneficial in terms of optical absorbance and bandgap tunability, and
which could be extremely important for the development of solar technologies due to their
high efficiency and long-term stability,?'2>25 they are anticipated to find a prominent spot
to replace fullerenes in the active layer in conjunction with semiconducting polymers. In
order to increase the transport in the polymer blend and to increase OSC stability and ef-

16:26 aryl functional groups were integrated into MWCNTSs to create poly (3-hexyl

ficiency,
thiophene, or P3HT): MWCNTSs and PCBM were combined to create a photoactive layer,?
which increased PCE by up to 2.0%. Authors argued that the carrier transportation and
exciton dissociation were improved using a percolation network based on MWCNTs. On
the other side, PC71BM-made SWCNT cells?® 32 have been proposed to be generally more
effective than those from Cgy because they absorb a large spectra of light frequencies. 333

Here, we introduce porphyrin filled by magnesium atom (Mg), to the active components
of organic solar cells to enhance their functionality and thermal stability. As it is known
that porphyrins are crucial pigments in natural light-harvesting systems because of their
strong redox capabilities and effective light absorption qualities. The usage of porphyrins in
photovoltaic (PV) devices has received substantial research because biosystems successfully
utilize porphyrin and porphyrin derivatives for the utilization of solar energy.?-3 Further-
more, since porphyrin has a wide conjugated plane and significant absorption in visible light
region as well as in ultraviolet range, it has shown great potential in serving as an essen-
tial building element for producing donor materials with reduced bandgap. Porphyrin-based
donor materials have been shown to assist small molecule, tandem, ternary, flexible, and
OSC/perovskite hybrid solar cells in achieving a number of record-high device efficiencies.*°
Other intrinsic benefits of porphyrin and its derivatives make them suitable candidates for
OSCs. First, The molecules exhibit a large absorption region and high extinction factors,

indicating their high efficiency in absorbing light at specific wavelengths. This property

enhances the fill factor, which defines the efficiency of a photovoltaic device in converting



available light into electrical power. As a result, the device can convert a significant portion
of the absorbed light into usable energy. Second, their characteristics are easily tuneable by
adding various functional groups to the meso or § locations of the porphyrin, or modification
to the main metal ion. Third, the huge conjugated plane makes m — 7 stacking and Charge
transport to benefit by intermolecular charge transfer. Last but not least, prolonged sun
exposure benefits from porphyrin’s high degree of stability.

The porphyrins have the ability to effectively absorb light in the near-infrared (NIR) area;
therefore, could be useful in organic solar cells (OSCs) that operate in this wavelength range.
The porphyrin with empty core encased into semiconducting single-walled carbon nanotube
(17.0) (SWNT17) have shown an outstanding photoabsorption uv-visible spectrum and an
interesting short bandgap of around 0.5eV, owing this nano-hybrid to be the key material
for PVC. Subsequently, we concentrated on a single chain of magnesium porphyrin (Mg-Py)
molecules encapsulated in SWNT17 to take use of these filled nanohybrid systems’ advan-
tageous properties as active layer materials for OSCs. First, in Section 2 the computational
method is given. Section 3 is divided in two parts: first, the optoelectronic features of the
isolated Mg-Py molecules are computed, following the optical and electrical characteristics
ofthe prestine SWNT17, Mg-Py@QSWNT17 and Mg-Py2@SWNT17 nano-hybrid systems.

Finally, the article finishes with the main conclusion of the current study.

COMPUTATIONAL METHOD

On the basis of the density functional theory (DFT),4+4? first-principles calculations were
used to determine the physical properties of the Mg-Py molecule enclosed within SWNT17s.
We used a plane-wave basis set and projector-augmented waves with the Vienna ab initio
Simulation Package (VASP).?® We conducted DFT calculations, utilizing the generalized
gradient approximation (GGA)** level of theory, to analyze the geometries and optoelectronic

properties of both pristine SWNT17s and the hybrids. The kinetic energy cutoff for the wave



function expansion was chosen to be 520 eV. Nevertheless, the GGA functional does not
accurately reflect quantum electronic interactions in regions with low electron concentrations,
which results a poor representation of the dispersion or vdW forces. Herein, using Grimme’s
method,*> the vdW interaction between the Mg-Py and SWNT17 tube (ie, the GGA plus
vdW) has been corrected. We selected two distinct configurations for the Mg-Py molecule,
namely the horizontal and vertical orientation, as shown in Figure 1. Next, we employed
noncovalent functionalization and utilized a model system in which the Mg-Py molecule is
enclosed within a SWNT17 in two characteristic configurations, as illustrated in Figure 2

(i) Mg-Py@SWNT17, in which the frontal plan of the molecule is positioned vertically
to the axis of the nanotube (figure2-(A)); (i) Mg-Py2@SWNT17, in which the horizontal
plane of the molecule is positioned parallel to the axis of the nanotube (figure2-(B)). We
have developed a hybrid technique that merges the density functional theory and molecular
mechanics. This approach allowed us to construct a dynamic model of Mg-Py@QSWNT17.
We conducted total energy minimization on this hybrid system to obtain a stable structure
with an optimal tube diameter. In Figure 3, we have plotted the Lennard-Jones potential of
Mg-Py@SWNT17 against varying tube diameters, ranging from 14 to 25 A. Our observations
reveal that the potential has a minimum value at 15 /i, which corresponds to the equilibrium

distance between the SWNT and Mg-Py molecule.

RESULTS

Electronic and optical computations of isolated Mg-Py molecule

Numerous experimental and theoretical research®47 have focused on the electronic charac-
teristics of porphyrins and metallo-porphyrins because they are crucial to many energetic
processes. Magnesium porphyrin molecule, which has an atom of magnesium at its center,
is the most basic metallo-porphyrin.

As a starting point, we need to have a clear understanding of the normal behavior of Mg-



Py molecules in order to appropriately interpret our computed physical characteristics in
hybrid nano-systems. In this context the optoelectronic distributions, including total den-
sity of states (TDOS), absorption spectra, dielectric functions, and reflectivity of isolateds
Mg-Py molecule have been estimated using two different states of xc functional(GGA and
HSE06), under DFT using VASP software as mentioned in the previous section, to be able
to manipulate this molecule in OSCs and enhance their functionality and lifetime stability.
The electronic propertiess such as Fermi energy (FE), bandgap energy (E¢), highest occu-
pied (HO) and lowest unoccupied (LU) molecular orbitals with two xc functionals (GGA
and HSE0G) are given in tablel. The Mg-Py molecule’s Fermi level position downshifts after
transiting from the GGA to HSE06 functional, and this downshift corresponds to the ener-
gies -4.73 and -5.11 eV for GGA and HSE06, respectively.

The difference between HO and LU for the pure Mg-Py molecule using the GGA func-
tional may be clearly demonstrated to be smaller than that at HSE06 xc functional with
regard to the HO-LU gap. At the gradient generalized approximation (GGA), the Mg-Py
molecule exhibits Eg of around 1.99 eV, and 2.54 eV using HSE06 functional. Compared to
these, there is a rough resemblance between the Eg that have been calculated at GGA func-
tional and that computed by Takeshi Kayama and his colleagues.*® Moreover, the bandgap
calculated using HSEO6 is roughly equal to the theoretical value computed, which is of the
order of 2.7eV, which implies the accuracy of the GGA functional of describing the electronic
distribution of Mg-Py molecule than other functionals.

This is very well explained by the computed density of states (TDOS) for the pure Mg-Py
molecules, as depicted in figure 4. As shown in figure 4, the TDOS of the Mg-Py molecule
using GGA functional exhibits distinct bandgap energy from the TDOS calculated at HSE06
functional. We discovered that switching from HSEO6 to GGA functional causes reduction
of band gaps, and that different xc functional states cause local energy levels to arise in

the gap of the Mg-Py molecule, which is similar to those found in the table 1. This would



result in a change in the conductance of the Mg-Py molecule at various states of xc functional.

In addition, figureb illustrates the absorption coefficient and reflectivity as a function of
wavelength, which are the two key aspects of explaining the optical behavior of the Mg-Py
molecule.

Based on the research conducted by Laxman Pandey and al*”, the isolated Mg-Py molecule’s
molecular orbital overlap between HO and LU may be a reason in the increased absorption
spectra. As shown in figure5-(A), the magnesium-porphyrin molecule exhibits weak absorp-
tion intensities in the UV region, at GGA and HSEO6 functinals. However, the Mg-Py
molecule demonstrates excellent visible light absorption, with maximum intensities appear-
ing at wavelengths of approximately 528 nm and 578 nm using HSE06 and GGA respectively.
This result refers to the tiny bandgap of this molecule, which enables the fast transitions of
electrons between orbitals due to its rich and powerful pi — pi stacking characteristic.

DFT was used to compute the optical reflectance of the magnesium prophyrin molecle at
GGA and HSE06 xc functionals. As seen in figure5-(B) the Mg-Py molecule exhibits a sig-
nificant amount of reflectance between (200 nm and 380 nm) in the UV region, due to the
inter-band transition (carriers absorption). On the other hand, weak reflectance intensities
appeared in the visible light range, suggesting the possibility of adopting this molecule as
one of the active layer’s components, which would enhance our system’s optical behavior

upon encapsulation.

Table 1: HO, LU, Fermi level, and Bandgap energy (eV) of the pristine Mg-Py molecule.

HO (eV) LU (eV) FE (eV) E¢ (eV)
GGA -4.78 -2.79 -4.73 1.99
HSEO06 -5.13 -2.58 -5.11 2.54
Exp.™® .08
Theo.*6 2.7




Organic-inorganic Mg-Py molecule confined into semiconducting

single-walled nanotubes
Optoelectronic properties

In this part, we discuss the calculated optoelectronic properties of the two caracteristic
configurations of the Mg-Py molecule encapsulated inside SWNT17

We note that the Mg atom is always positioned in the centre of the nanotube, and we
chose a tube diameter of about 1.5nm to accommodate one Mg-Py molecule. The distance
between the encapsulated component and the nanotube is predicted at 6.66 A. The gen-
eralized gradient approximation (GGA)* and the 6-31G(d) basis set’® were employed in
first-principles calculations based on density functional theory to investigate these computa-
tions.
Here, we explore the potential for photo induced electron transfer and excitation energy
transfer from Mg-Py to SWNT17s by reference to the electronic parameters listed in table2,
such as HO, LU, Fermi energy(FE) and band gap energy (F¢) for the pristine SWNT17 and
hybrid nano-systems (Mg-Py@SWNT17, Mg-Py2@SWNT17). Table2 displays the Fermi
level location of the empty SWNT17 and its modifications with respect to its initial position
after encapsulation.
The presence of charge transfer from the Mg-Py molecule to SWNT17 can be explained by
the fact that the Fermi energy of the pristine SWNT'17 is higher compared to configurations
with encapsulated molecules. We observe that this up-shift rises as we move from the Mg-
Py molecule’s front configuration inside SWNT17 to its horizontal form, which corresponds
to 0.36, and 0.39eV for the hybrid nano-systems Mg-Py@SWNT17 and Mg-Py2@QSWNT17,
respectively. According to the order of the energies of the LU orbital in Mg-Py, the LU
orbital in SWNT17s, the HO orbital in Mg-Py, and the HO orbital in SWNT17s, both the
electron and hole excited in Mg-Py relax to SWNT17s, causing excitation energy transfer.

With regard to the bandgap energy, we observed that the distance between HO and LU of



SWNT17 gets smaller upon encapsulation, with different positions of the Mg-Py molecule
inside the nanotube, which corresponds to Eg of approximately 0.52, 0.52, and 0.49¢V for
the pure SWNT17, Mg-Py@QSWNT17, and Mg-Py2@QSWNT17 respectively. This reduction
of band gaps of the hybrid systems shows the capability of the encapsulation to improve the
conductivity of organic solar cell devices.

Additionally, figure6 shows the total density of states (TDOS) computed using gradient gen-
eralized approximation for pristine SWNT17, Mg-Py@QSWNT17, and Mg-Py2@SWNT17 for
a comprehensive knowledge of the electrical features of the enclosed hybrid systems. Since
the spectrum overlap of the TDOS between Mg-Py and SWNT17s at the LU level is greater
than that at the HO level, this results in excitation energy transfer, which is electron ex-
change via overlap of the electron wave functions between the Mg-Py (donor component)
and SWNT17s (acceptor part). Hence, to increase the PCE of OSCs, this functional charge
separation between the two subsystems is required. Moreover, the Mg-Py molecules’ elec-
trons may be directly stimulated to SWNT17 when the hybrid systems are exposed to light,
resulting in a functional charge separation between the two subsystems that is necessary for
enhancing the PCE of OSCs. In this regard, the electronic structure produced with the GGA
containing Van Der Waals (vdWs) interaction is used to determine the UV-visible absorption
spectra of SWNT17 and Mg-Py encapsulated hybrid systems, as shown in figure7-(A).
These hybrids exhibit a potent optical absorption in both visible light and UV regions.
Since we are interested in visible light spectrum, the optical absorption edges of the en-
closed systems are slightly higher than those of isolated SWNT17 because of the smaller
bandgaps of the hybrids, which correspond to wavelengths of approximately 571 nm and
474 nm for Mg-Py@QSWNT17 and Mg-Py2@SWNT17 respectively. Additionally, figure7-(B)
displays the overall reflectance intensities of our computed systems. As can be seen, the
Pristine SWNT17, Mg-Py@QSWNT17, and Mg-Py2@SWNT17 all exhibited essentially the
same behavior in the UV-visible light regions. The optical reflectance curves of the hybrids

are slightly lower than that of isolated SWNT17 in the visible light region as well as in the
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Ultraviolet range, and remained roughly the same intensities. Which demonstrate the sta-
bility of hybrids under UV-visible spectrum. Following that, using the electron energy levels
and associated wave functions from the simulations of the electrical structure, we exam-
ined the real (REAL[e(w)]) and imaginary (IMG[e(w)]) components of the dielectric function
throughout a wide spectrum range, from the infrared to the Visible-NUV spectral regions
for the pure SWNT17 and hybrid systems as seen in figure8. The real (REAL[e(w)]) part
of dielectric function (see figure8-(A)) showed a strong peak domined in the IR range at
0.5eV for the isolated SWNT17, and a weak respond is observed from the nanotube in the
visible-NUV spectrum. Whereas the two hybrids showed significant changes in visible light
as well as in the NUV spectral regions in comparison with the single-walled carbon nan-
otube, after encapsulation, particularly for the hybrid Mg-Py2@QSWNT17, where the Mg-Py
molecule is positioned vertically inside the nanotube, displays high peaks in the visible light
spectrum, at energies of around 2.4 and 3.3eV. Generally, the two hybrids showed identical
features due to the similarities in the chemical structure between Mg-Py@QSWNT17 and Mg-
Py2@SWNT17. Regarding the imaginary (IMGle(w)]) part of the dielectric function, which
is related to the interband transitions corresponding to the radiation absorption by electrons
in the occupied valance bands below the Fermi level, the isolated SWNT17 produced primar-
ily the same characteristics as the real part, It is depicted in figure8-(B), and demonstrated
the predominance of significant peaks in the infrared region at energies of roughly 0.56, 0.7,
and 1.08 eV, on the opposite side low peaks in the visible-NUV spectrum can be detected.
In contrast, after encapsulation, both hybrids exhibit a significant intensity variation in the
visible-NUV spectral region, where strong peaks are dominated. This is especially true for
the hybrid Mg-Py@SWNT17, in which the Mg-Py molecule is positioned in front inside
the nanotube and exhibits an overall domination of strong peaks at energies of about 2.25,
2.57, and 3.41eV. Whereas, the other hybrid, in which the molecule is positioned vertically
within the nanotube, showed a strong respond in the near ultraviolat spectrum at energy of

around 4.12ev, and disappearance of high intensity peaks has been noticed in the Infrared
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range. the latter suggests that Mg-Py encapsulated systems can be used in electro-optical
devices, particularly in OSCs. These two factors, along with the peculiar optical proper-
ties of semiconducting carbon nanotubes, make them potential candidates for use in OSCs.
Then, according to the optical calculations, the absorption of SWNT's for the solar spectrum
is improved upon encapsulation, due to the wider absorption band of the hybrids in the
visible-light region, which makes these hybrids a good candidate in OSCs devices. After all,
we believe that using filled semiconduction SWNTs with organic-inorganic molecules that
exhibit type II heterojunctions as a light harvester and charge transport in the active layer

may lead to improved PCE and long-term stability for more qualified OSCs.

Table 2: Bandgaps energy (Eg) ,HO ,LU and fermi energy (FE) of pure SWNT17, Mg-
Py@SWNT17 and Mg-Py2@QSWNT17 nano-hybrid systems.

HO LU FE Eo
SWNT17 1.04 20.52 1.30 0.52
Me- -1.00 -0.48 -1.94 0.52
Py@SWNT17
Me- -0.92 -0.42 -0.91 0.49
Py2@SWNT17
Conclusion

In this study, the optoelectronic distributions of single Mg-Py molecules and Mg-Py enclosed
nano-systems were described using the DF'T framework. First, the optoelectronic properties
for the isolated magnesium-porphyrin molecule using GGA and HSE06 xc functional have
been calculated, the results are excellent both in terms of optical characteristics and the
electric field. We show also that the GGA used to achieve the narrow bandgap is more
accurate than the other functionals, suggestion that changing the functional causes variations
in the conductivities behavior. The optical absorption calculation revealed a substantial
response from the Mg-Py molecule in the visible light area, demonstrating the possibility of

using this molecule as one of the active layer components. Then, using the DFT framework,
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we estimated the electrical and optical characteristics of the encapsulated hybrid systems
(Mg-Py@SWNT17 and Mg-Py2@SWNT17), and in order to identify the CT and its direction
in our hybrids, we show that the rising FE of SWNT17 following encapsulation, led to a CT
connection from the Mg-Py molecule to SWNT17, suggesting that the hybrids contain type-

IT band alignment.
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Figure 1: Structure presentation of magnesium Porphyrin(Mg-Py) molecule
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Figure 2: Schematic representation of : (A) The pure SWNT17. (B) Mg-Py@SWNT17. (C)
Mg-Py2@SWNTI7.
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Figure 3: Minimizing the energy calculations of Mg-Py@SWNT17 across various diameters.
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xc functionals.
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Figure 5: Optical characteristics of isolated Mg-Py molecule using GGA and HSEO06 xc
functionals: (A) Absorption coefficient spectra ; (B) Reflectivity spectrum.
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Figure 7: Optical properties of the pristine SWNT17 (bleu triangles), Mg-Py@SWNT17
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tional: (A) Absorption coefficient spectra.(B) Reflectivity spectrum.
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Figure 8: Dielectric functions representation of pristine SWNT17, Mg-Py@QSWNT17 and
Mg-Py2@SWNT17: (A) Real part (REAL[e(w)]). (B) Imaginary part (IMGle(w)]). In red,
yellow and blue rectangles we seprate the infrared, visible and UV regions to help discussions.
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