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Abstract
Perovskite solar cells (PSC) are a promising alternative to silicon cells, achieving a power conversion efficiency of 
25.8% in ten years. Research on alternatives is necessary. Phthalocyanines, multifunctional materials, have attracted 
interest in improving PSCs. Used as a hole transport material (HTM), they offer an alternative to spiro-OMeTAD and 
PTAA due to their low cost, stability, and electronic properties.

This work optimizes zinc phthalocyanine (ZnPc) and triphenylamine zinc phthalocyanine (TPA-ZnPc) molecules us-
ing DFT (B3LYP/6-311G (d,p)) to analyze the effect of triphenylamine substitution. Adding triphenylamine modifies 
molecular geometry and reduces hole transport capacity. The bandgap energies are 2.178 eV (ZnPc) and 2.062 eV 
(TPA-ZnPc). Although both absorb in the visible range, TPA-ZnPc exhibits enhanced absorption. ZnPc demonstrates 
strong potential as an hole transport material with MAPbI3.
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1. Introduction

Perovskites, although known for a long time, have revo-
lutionized the field of photovoltaics [1, 2]. First discov-
ered in 1839 by the German mineralogist Gustav Rose, 
they were named after his colleague Lev Perovski [3]. 
Today, hybrid organic-inorganic perovskites are particu-

larly used in solar cells and optoelectronics due to their 
excellent semiconducting properties, including a direct 
bandgap, high absorption coefficient, high charge mobili-
ty, and low exciton binding energy [4].

Perovskite solar cells (PSC) represent a promising 
alternative, combining cost-effectiveness and efficiency 
comparable to traditional silicon solar cells [5]. Over the 

© 2026 National University of  Science and Technology MISIS. This is an open access article distributed under the terms of  the Creative Commons Attribution 
License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Modern Electronic Materials 2026; 12(1): 17–24
DOI 10.3897/j.moem.12.1.166784

Research  Article



Ammari M et al.: Optimization of  ZnPc and TPA-ZnPc phthalocyanines as hole transport materials ...18

past decade, the power conversion efficiency (PCE) of 
PSC devices has significantly improved, increasing from 
3.8 % to 25.8% [6]. This enhancement is attributed to the 
properties of perovskite materials, including an adjustable 
bandgap, high absorption coefficient, excellent charge 
mobility, and extended charge carrier diffusion length [7]. 
Perovskite solar cells use a perovskite layer between hole 
and electron transport layers. The hole transport material 
(HTM), including several non-planar organic molecular 
structures such as triphenylamine and spiro-OMeTAD, 
are currently being studied [8–10]. However, their high 
synthesis costs and complex processes limit their large- 
scale use. Furthermore, these materials have drawbacks 
such as low charge mobility, reduced stability, and low-
er power conversion efficiency, driving research toward 
more efficient HTM [11, 12]. Small organic molecules 
offer better reproducibility due to the flexibility in struc-
tural modifications, improving their purity, mobility, and 
optical properties [13–15].

In recent years, phthalocyanines have emerged as a 
promising alternative in various fields. Phthalocyanines 
are commonly used in PSCs as HTMs due to their ease 
of preparation and purification, low synthesis cost, and 
thermal and chemical stability [16].

This study aims to compare the properties of unsubsti-
tuted zinc phthalocyanine (ZnPc) and substituted triph-
enylamine zinc phthalocyanine (TPA-ZnPc), as shown 
in Fig 1, which presents these two molecules. The use 
of density functional theory (DFT) theory has proven 
to be an effective method for predicting the geometry, 
electronic structure, and properties of conjugated mate-
rials [17]. Theoretical studies allow for the determination 
of key information such as the bandgap, as well as the 
highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) levels, which are 
essential for the design of compounds suitable for solar 
cells [18].

2. Material and methods

In the present study, the ground-state geometries of the 
ZnPc and TPA-ZnPc molecules were optimized using 
DFT at the B3LYP/6-311G(d,p) level.

The electronic properties, including HOMO–LUMO 
energies, band gap, Mulliken atomic charges, and mo-
lecular electrostatic potential (MEP) maps, were deter-
mined from the optimized structures. Visualization and 
post-processing of the results were performed using 
GaussView 6.0 [19].

3. Results and discussion

3.1. Geometric parameters

The optimized geometries of ZnPc and TPA-ZnPc by 
DFT method (B3LYP/6-311G(d,p)) [20, 21] are shown 
in Fig. 2. Our calculations indicate that both molecules 
exhibit a planarity characteristic of this type of structure. 
Furthermore, we observed that ZnPc is more planar than 
TPA-ZnPc, with this change attributed to the substitution 
by the triphenylamine group. A more homogeneous dis-
tribution of charge across the molecule can enhance the 
overlap between the HOMO of the HTM and the valence 
band maximum of the perovskite, thereby facilitating 
more efficient charge extraction and limiting recombina-
tion [22].

3.2. IP, EA, and reorganization energy

Ionization potential (IP), electron affinity (EA), and reor-
ganization energy are crucial parameters that help us un-
derstand the behavior of HTM materials [23] for efficient 

Figure 1. Molecular structure of the studied HTMs (a) ZnPc, (b) TPA-ZnPc

a b
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charge transfer and optimized photovoltaic conversion in 
solar cells [24, 25].

During the operation of a perovskite solar cell, an elec-
tron from the HOMO of the HTM must fill the hole left 
in the valence band of the perovskite after the excitation 
of another electron [26, 27]. To facilitate this hole trans-
fer, the IP of the HTM must be sufficiently low [26]. The 
lower the IP value, the easier it is to form holes in the 
analyzed molecules [28]. ZnPc and TPA-ZnPc have ion-
ization energies of 6.204 eV and 6.073 eV, respectively, 
allowing their use as HTMs with MAPbI3 perovskite.

Similarly, the EA indicates the ability of a material to 
undergo reduction. The electron affinity of the materials 
is 1.959 eV and 2.4 eV, respectively. These IP and EA 
values were obtained directly from the frontier molecular 
orbital energies (HOMO and LUMO) using Koopmans’ 
theorem, as indicated in Eqs. (1) and (2).

IP = Ec – En,	 (1)

EA = En – Ea.	 (2)

The reorganization energy is one of the fundamental 
criteria to consider when designing an HTM [29]. A low 
reorganization energy promotes efficient charge transfer 
[30]. The total reorganization energy (λtotal) corresponds 
to the sum of the reorganization energies of the electrons 
(λe) and holes (λh) [31]. It is defined by the following ex-
pression:

λe = (En
–
 – Ea) + (En

0 – En);	 (3)

λh = (E+
n – Ec) + (Ec – En);	 (4)

λtotal = λe + λh,	 (5)

where Ec, Ea, and En correspond to the total energies of 
the cation, anion, and neutral system in their optimized 
geometries, respectively. En

+ and En
− represent the en-

Figure 2. Optimized structures of (a) ZnPc, (b) TPA-ZnPc, obtained using theDFT/B3LYP method with the 6-311G basis set
a b

Figure 3. Graph of Mulliken atomic charges
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ergies of the cationic and anionic systems, calculated at 
the optimized geometry of the neutral state. Finally, Ec

0 
and Ea

0 denote the energies of the neutral system evalu-
ated at the optimized geometries of the cation and anion, 
respectively [32].

3.3. Mulliken charge

HTM materials are responsible for transporting holes 
(positive charge), so the study of Mulliken charges of the 
cation is particularly essential [33]. The charges represent 
in Fig. 3. The positive charges for ZnPc and TPA-ZnPc 
are well distributed, indicating that the molecule will 

have good hole mobility, which is crucial for applications 
in solar cells. The x-axis represents the atoms numbered 
according to their order in the Gaussian output file. The 
value “0” corresponds to the reference level of atomic 
charge used for comparison, and numbering starts from 
the central Zn atom and proceeds clockwise along the 
macrocycle.

3.4. Charge transfer rate (K)

Marcus theory is used to confirm the nature of charge 
transfer, as studying the reorganization energy alone is 
not sufficient [13]. According to the calculation of the 

Table 1. Reorganization energies (λ), charge transfer integral (V), charge transfer rate (K), global electrochemical potential (μ), and 
hardness (η) for ZnPc and TPA-ZnPc

Molecules λh (eV) λe (eV) λtotal (eV) Vh (eV) Kh (s−1) Ve (eV) Ke (s−1) μ (eV) η (eV)

ZnPC 0.195 0.143 0.338 1.91 3.55∙1015 −1.087 3.99∙107 4.08 2.12

TPA-ZnPC 0.544 0.330 0.874 0.27 1.17∙1012 0.0464 4.09∙1013 4.23 1.83

Figure 4. Representations of the HOMO and LUMO surfaces of ZnPc and TPA-ZnPc in the gas phase, obtained using the DFT/
B3LYP method with the 6-311G basis set

TPA-ZnPc-HOMO TPA-ZnPc-LUMO

ZnPc- HOMO ZnPc-LUMO
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hole and electron transfer rates of ZnPc and TPA-ZnPc 
using Eqs. (6) and (7), it is observed that ZnPc has a fast-
er hole transfer rate compared to TPA-ZnPc, but a lower 
electron transfer rate.

	 (6)

	 (7)

where V represents the charge transfer integral, λ corre-
sponds to the reorganization energy, kB is the Boltzmann 
constant, and T is the temperature, typically set to 300 K. 
Based on the equation above, the hole hopping rate (kh) 
primarily depends on two key parameters: V and  λ. 
These parameters are actually divided into two simple 
components: the electron transfer integral (Ve) and the 
hole transfer integral (Vh) [34]. These are calculated re-
spectively using the following equations [35]:

Vh = (EHOMO − EHOMO−1)/2,	 (8)

Ve = (ELUMO – ELUMO+1)/2.	 (9)

3.5. Global electrochemical potential (μ) 
and hardness (η)

Calculations of the chemical potential and hardness con-
firm the chemical stability of the studied compounds [36]. 
Equations (10) and (11) were used to calculate the chem-
ical potential (μ) and hardness (η). The results, presented 
in Table 1, show that ZnPc has a lower electrochemical 

potential than TPA-ZnPc, indicating greater electrochem-
ical stability. 

μ = (IP + EA)/2;	 (10)

η = (IP − EA)/2.	 (11)

3.6. Frontier molecular orbitals (HOMO–LUMO)

The distribution of the HOMO and LUMO of the studied 
HTM molecules is shown in Fig 4 below. This represen-
tation provides a general understanding of the electronic 
structure [25]. From these results, we can say that both 
HTM molecules exhibit good charge transport properties. 
It is observed that the electronic density of the HOMO 
and LUMO orbitals extends over the entire molecule.

3.7. Bandgap energy

Table 2 presents the results obtained for the HOMO, 
LUMO, and Eg energies of the two molecules, ZnPc and 
TPA-ZnPc. For a molecule to be designed as an HTM, 
the HOMO must be lower than the maximum valence 
band level of the perovskite to promote hole extraction 
and minimize energy losses at the interfaces [37]. Addi-
tionally, the LUMO must be sufficiently high to block 

Table 2. Energies of the HOMO, LUMO molecular orbitals and 
the energy gap (in eV) for ZnPc and TPA-ZnPc

Molecules EHOMO (eV) ELUMO (eV) Eg (eV)

ZnPC –5.1609 –2.9829 2.1780

TPA-ZnPc –5.3811 –3.3190 2.0621

Figure 5. Electrostatic potential (MEP) surfaces of (a) ZnPc and (b) TPA-ZnPc

a b
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electrons and thus reduce charge recombination [38, 
39]. ZnPc and TPA-ZnPc have respective bandgap ener-
gies of 2.178 eV and 2.062 eV. We observed a decrease 
in the bandgap energy following the addition of the triph-
enylamine group. This reduction is due to the increase in 
the energy of the HOMO.

3.8. Molecular electrostatic potential

To analyze the electronic density and possible hydrogen 
bonds with the HTM material, it is necessary to estimate 
the MEP (Fig. 5) through a calculation based on the DFT/
B3LYP/6-311(d,p) method [41].

Based on this representation, and using the electro-
static potential values illustrated by a colored diagram, 
we observed that there are no negative values or red re-
gions, indicating the absence of potentially electrophilic 
sites [41, 42]. On the other hand, a region with a positive 
charge, indicated in blue, is observed around the nitrogen 
atom.

3.9. Absorption Spectra

We obtained the absorption properties using the TD-DFT 
technique with a 6-311G basis set on the optimized gas-
phase structures (Fig. 6). Additionally, we calculated the 
maximum absorption wavelengths (λmax) and identified 
the electronic transitions. All of these results are present-
ed in Table 3. We observe that both ZnPc and TPA-ZnPc 
exhibit absorption wavelengths in the visible region. The 
absorption peak intensities of TPA-ZnPc in the visible 
range are higher than those of ZnPc. This increase may be 
due to the new electronic transitions induced by the TPA 
group. Furthermore, we observe a shift in the TPA-ZnPc 
spectrum. This difference is attributed to the presence of 
the triphenylamine group as a substitution.

Conclusions

To analyze the impact of the substitution of ZnPc by triph-
enylamine (TPA) on its structural and electronic proper-
ties, we used the DFT method (B3LYP/6-311G (d,p)). 
The addition of the TPA group modifies the geometry of 
the molecule and reduces its hole-transport capacity. The 
analysis of the ionization potential (IP) shows that ZnPc 
and TPA-ZnPc have values of 6.204 eV and 6.073 eV, 
respectively, promoting their role as hole transport mate-
rials (HTMs). Moreover, the calculations of the chemical 
potential and hardness confirm the chemical stability of 
the studied compounds. The electrochemical potential re-
sults indicate that ZnPc possesses better electrochemical 
stability than TPA-ZnPc.
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Table 3. Maximum absorption wavelength (λmax) of ZnPc and TPA-ZnPc in the gas phase

Molecules Eex (eV) λmax (nm) Fosc Types of excitations % of distributions

ZnPc

2.0818 595.56 0.4343
H–4 —> L+1 -17.098

H —> L 68.777

2.0820 595.52 0.4341
H–4 —> L 17.103
H —> L+1 68.774

3.1945 388.12 0 H–5 —> L 70.561

TPA-ZnPc

1.8670 664.09 0.4654
H–4 —> L+1 15.179

H–1 —> L 10.283
H —> L+1 66.828

1.8714 662.53 0.4400
H–4 —> L 16.258

H —> L 67.339

2.0529 603.95 0.0202
H–3 —> L 27.438
H–2 —> L 14.072

H–2 —> L+1 33.535

Figure 6. Absorption spectra of ZnPc and TPA-ZnPc



Modern Electronic Materials 2026; 12(1): 17–24 23

Author contributions

Conceptualization: Mustapha Ammari, Mohamed Jabha; 
Methodology: Mustapha Ammari, Mohamed Jabha, Mo-
hamed Yaakoubi; Writing – preparation of the original 

draft: Mustapha Ammari, Writing – revision and editing: 
Samira Kharchouf, El Houssine Mabrouk; Supervision: 
Abdellah Elalaoui, El Houssine Mabrouk; Administra-
tion of the project: Abdellah Elalaoui; All the authors 
have read and accepted to the published version of the 
manuscript.

References
1.  Muhammad B.T., Kar S., Stephen M., Leong W.L. Halide per-

ovskite-based indoor photovoltaics: recent development and chal-
lenges. Materials Today Energy. 2022; 23: 100907. https://doi.
org/10.1016/j.mtener.2021.100907

2.  Zhao Q., Wu R., Zhang Zh., Xiong J., He Zh., Fan B., Dai Zh., 
Yang B., Xue X., Cai P., Zhan Sh., Zhang X., Zhang J. Achieving 
efficient inverted planar perovskite solar cells with nondoped PTAA 
as a hole transport layer. Organic Electronics. 2019; 71: 106–112. 
https://doi.org/10.1016/j.orgel.2019.05.019

3.  Park N.-G. Perovskite solar cells: an emerging photovoltaic technol-
ogy. Materials Today. 2015; 18(2): 65–72. https://doi.org/10.1016/j.
mattod.2014.07.007

4.  Mahajan P., Padha Bh., Verma S., Gupta V., Datt R., Tsoi W.Ch., 
Satapathi S., Arya S. Review of current progress in hole-trans-
porting materials for perovskite solar cells. Journal of Energy 
Chemistry. 2022; 68(2017): 330–386. https://doi.org/10.1016/j.
jechem.2021.12.003

5.  Wang R., Wang R., Chen X., Wu C., Wu F., Liu X. Side-chain engi-
neering on triphenylamine derivative-based hole-transport materials 
for perovskite solar cells: Theoretical simulation and experimental 
exploration. Dyes and Pigments. 2023; 212: 111097. https://doi.
org/10.1016/j.dyepig.2023.111097

6.  Fu Y., Li Y., Xing G., Cao D. Surface passivation of perovskite with 
organic hole transport materials for highly efficient and stable per-
ovskite solar cells. Materials Today Advances. 2022; 16: 100300. 
https://doi.org/10.1016/j.mtadv.2022.100300

7.  Chetri R., Devadiga D., Ahipa T.N. A review on 4,4′-dimethoxy-
diphenylamines bearing carbazoles as hole transporting materials 
for highly efficient perovskite solar cell. Solar Energy. 2024; 278: 
112791. https://doi.org/10.1016/j.solener.2024.112791

8.  Kim H.-S., Lee Ch.-R., Im J.-H., Lee K.-B., Moehl Th., Marchi-
oro A., Moon S.-J., Humphry-Baker R., Yum J.-H., Moser J.-E., 
Grätzel M., Park N.-G. Lead iodide perovskite sensitized all-sol-
id-state submicron thin film mesoscopic solar cell with efficien-
cy exceeding 9%. Scientific Reports. 2012; 2(1): 591. https://doi.
org/10.1038/srep00591

9.  Chen W., Zhang H., Sun J., Ghadari R., Zhang Zh., Pan F., Lv K., 
Sun X., Guo F., Shi Ch. Molecular tailor-making of zinc phthalocy-
anines as dopant-free hole- transporting materials for efficient and 
stable perovskite solar cells. Journal of Power Sources. 2021; 505: 
230095. https://doi.org/10.1016/j.jpowsour.2021.230095

10.  Cai B., An J., Ge M., Pan S., Ji W., Yang X. A carbazole-based 
dopant-free hole- transport material for perovskite solar cells by in-
creasing the molecular conjugation. Organic Electronics. 2021; 96: 
106244. https://doi.org/10.1016/j.orgel.2021.106244

11.  Hanan M., Umair, Mahal A., Iqbal J., Khera R.A., Akram W., An-
jum I., Arslan M., Adnan M., Kamran K., Alotaibi H.F., Al-Haid-
eri M., Farooq Z., Mahr M.Sh. Rational designing of phenothiazine 

dioxide based hole transporting materials for efficient perovskite so-
lar cells. Solar Energy. 2024; 272: 112484. https://doi.org/10.1016/j.
solener.2024.112484

12.  Pitchaiya S., Muthukumarasamy N., Santhanam A., Asokan V., Yu-
vapragasam A., Venkatraman M.R., Palanisamy S.E., Sundaram S., 
Velauthapillai Dh. A review on the classification of organic/inorgan-
ic/carbonaceous hole transporting materials for perovskite solar cell 
application. Arabian Journal of Chemistry. 2020; 13(1): 2526–2557. 
https://doi.org/10.1016/j.arabjc.2018.06.006

13.  Safdar S., Adnan M., Hussain R., Yaqoob J., Khan M.U., Hus-
sain  R., Irshad Z., Alshehri S.M. Role of 9-phenyl-9H-carbazole 
based hole transport materials for organic and perovskite photovol-
taics. Synthetic Metals. 2023; 297: 117414. https://doi.org/10.1016/j.
synthmet.2023.117414

14.  Wang W., Guo R., Xiong X., Liu H., Chen W., Hu S., Amador E., 
Chen B., Zhang X., Wang L. Improved stability and efficien-
cy of perovskite via a simple solid diffusion method. Materials 
Today Physics. 2021; 18: 100374. https://doi.org/10.1016/j.mt-
phys.2021.100374

15.  Christians J.A., Habisreutinger S.N., Berry J.J., Luther J.M. Sta-
bility in perovskite photovoltaics: A paradigm for newfangled tech-
nologies. ACS Energy Letters. 2018; 3(9): 2136–2143. https://doi.
org/10.1021/acsenergylett.8b00914

16.  Dalkılıç Z., Burat A.K. Using commercially available cost-effec-
tive Zn(II) phthalocyanine as hole-transporting material for inverted 
type perovskite solar cells and investigation of dopant effect. Syn-
thetic Metals. 2021; 282: 116961. https://doi.org/10.1016/j.synth-
met.2021.116961

17.  Jabha M., El Alaoui A., Jarid A., Mabrouk E.H. Structural effect on 
the charge transfer and on the internal reorganization energy: Com-
putational study. Eclética Química Journal. 2022; 47(4): 55–68. 
https://doi.org/10.26850/1678- 4618eqj.v47.4.2022.p55-68

18.  Babu N.S., Riwa I.O. DFT and TD-DFT studies of 1,3,5-tris (di-
pheny1amino) benzene derivatives based hole transport materials: 
application for perovskite solar cells. Optical and Quantum Elec-
tronics. 2022; 54(6): 389. https://doi.org/10.1007/s11082-022-
03776-8

19.  Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E, Robb M.A., 
Cheeseman J.R., Montgomery J.A.Jr., Vreven T., Kudin K.N., Bu-
rant J.C., Millam J.M., Iyengar S.S., Tomasi J., Barone V., Men-
nucci B., Cossi M., Scalmani G., Rega N., Petersson G.A., Nakat-
suji H., Hada M., Ehara M., Toyota K., Fukuda R., Hasegawa J., 
Ishida M., Nakajima T., Honda Y., Kitao O., Nakai H., Klene M., 
Li X., Knox J.E., Hratchian H.P., Cross J.B., Bakken V., Adamo C., 
Jaramillo J., Gom R. Gaussian 03, revision E. 01. Gaussian Inc., 
Wallingford, CT; 2004.

20.  Parr R.G., Gadre S.R., Bartolotti L.J. Local density functional theo-
ry of atoms and molecules. Proceedings of the National Academy of 



Ammari M et al.: Optimization of  ZnPc and TPA-ZnPc phthalocyanines as hole transport materials ...24

Sciences of the United States of America. 1979; 76(6): 2522–2526. 
https://doi.org/10.1073/pnas.76.6.2522

21.  Naqvi S., Patra A. Hole transport materials for perovskite solar cells: 
A computational study. Materials Chemistry and Physics. 2021; 
258: 123863. https://doi.org/10.1016/j.matchemphys.2020.123863

22.  Jabha M., El Alaoui A., Jarid A., Mabrouk E.H. The effect of sub-
stitution and polymerization of 2,7-divinylcarbazolebenzo-bis-thia-
diazole on optoelectronic properties: A DFT study. Orbital: The 
Electronic Journal of Chemistry. 2021; 13(4): 291–300. https://doi.
org/10.17807/orbital.v13i4.1580

23.  Suhasini M., Sailatha E., Gunasekaran S., Ramkumaar G.R. Vi-
brational and electronic investigations, thermodynamic parameters, 
HOMO and LUMO analysis on Lornoxicam by density function-
al theory. Journal of Molecular Structure. 2015; 1100: 116–128. 
https://doi.org/10.1016/j.molstruc.2015.07.003

24.  Zaier R., Ayachi S. DFT molecular modeling studies of D-π-A-π-D 
type cyclopentadithiophene-diketopyrrolopyrrole based small mol-
ecules donor materials for organic photovoltaic cells. Optik. 2021; 
239: 166787. https://doi.org/10.1016/j.ijleo.2021.166787

25.  Hassan T., Hussain R., Khan M.U., Habiba U., Irshad Z., Adnan M.,  
Lim J. Development of non-fused acceptor materials with 3D-Inter-
penetrated structure for stable and efficient organic solar cells. Ma-
terials Science in Semiconductor Processing. 2022; 151: 107010. 
https://doi.org/10.1016/j.mssp.2022.107010

26.  Fatima R., Ans M., Shahzad N., Fatima T., Kashuf-ul-Huda, 
Zaki Z.I., El-Bahy S.M., Iqbal J. Molecular engineering push-pull 
structural versatility in the triphenylamine-thienodioxine-based hole 
transporting materials for high-performance organic and perovskite 
solar cells. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects. 2024; 702(Pt 1): 134972. https://doi.org/10.1016/j.
colsurfa.2024.134972

27.  Naz H., Adnan M., Irshad Z., Hussain R., Darwish H.W., Yaqoob J. 
Development of cost-effective diphenylamine substituted hole trans-
porting materials for organic and perovskite solar cells. Materials 
Science in Semiconductor Processing. 2025; 186: 109089. https://
doi.org/10.1016/j.mssp.2024.109089

28.  Naqvi S., Patra A. Hole transport materials for perovskite solar cells: 
A computational study. Materials Chemistry and Physics. 2021; 
258: 123863. https://doi.org/10.1016/j.matchemphys.2020.123863

29.  Shakil J.A., Saikat S.P., Bhattacharjee N., Hossain Md.R., Hos-
sen M., Islam J., Khandaker M.U., Uddin J., Chowdhury F.I. DFT/
TD-DFT study of novel triphenylamine-based dyes with azo moi-
eties and π-spacer variations for enhanced dye-sensitized solar cell 
performance. Chemical Physics Impact. 2024; 9: 100725. https://
doi.org/10.1016/j.chphi.2024.100725

30.  Zhang Z.-L., Zou L.-Y., Ren A.-M., Liu Y.-F., Feng J.-K., Sun C.-C. 
Theoretical studies on the electronic structures and optical proper-
ties of star-shaped triazatruxene/heterofluorene co-polymers. Dyes 
and Pigments. 2013; 96(2): 349–363. https://doi.org/10.1016/j.
dyepig.2012.08.020

31.  Ding W.-L., Wang D.-M., Geng Z.-Y., Zhao X.-L., Xu W.-B. Densi-
ty functional theory characterization and verification of high-perfor-
mance indoline dyes with D-A-π-A architecture for dye-sensitized 
solar cells. Dyes and Pigments. 2013;98(1):125–135. https://doi.
org/10.1016/j.dyepig.2013.02.008

32.  Yuan J., Zhang Y., Zhou L., Zhang G., Yip H.-L., Lau T.-K., Lu X., 
Zhu C., Peng H., Johnson P.A., Leclerc M., Cao Y., Ulanski J., Li Y., 
Zou Y. Single-junction organic solar cell with over 15% efficiency 
using fused-ring acceptor with electron-deficient core. Joule. 2019; 
3(4): 1140–1151. https://doi.org/10.1016/j.joule.2019.01.004

33.  Shivaleela B., Shivraj G.G., Hanagodimath S.M. Estimation of 
dipole moments by Solvatochromic shift method, spectroscop-
ic analysis of UV–Visible, HOMO−LUMO, ESP map, Mulliken 
atomic charges, NBO and NLO properties of benzofuran derivative. 
Results in Chemistry. 2023; 6: 101046. https://doi.org/10.1016/j.re-
chem.2023.101046

34.  Yang J., Hu W., Jian Yi, Zhao J., Xu L. Effect of fluorine substi-
tution on properties of hole-transporting materials for perovskite 
solar cells. Dyes and Pigments. 2022; 204: 110370. https://doi.
org/10.1016/j.dyepig.2022.110370

35.  Chi W.-J., Li Q.-S., Li Z.-S. Exploring the electrochemical prop-
erties of hole transport materials with spiro-cores for efficient per-
ovskite solar cells from first-principles. Nanoscale. 2016; 8(11): 
6146–6154. https://doi.org/10.1039/c6nr00235h

36.  Shafiq A., Adnan M., Hussain R., Irshad Z., Farooq U., Muham-
mad S. Molecular engineering of anthracene core-based hole-trans-
porting materials for organic and perovskite photovoltaics. ACS 
Omega. 2023; 8(39): 35937–35955. https://doi.org/10.1021/ac-
somega.3c03790

37.  Lopera A., Vélez E., Restrepo J., Polo V. A DFT study on natural 
sensitizers with donor-π-acceptor architecture based on 1,7-diaza-
heptametine for applications in dye- sensitized solar cells (DSSC). 
Computational and Theoretical Chemistry. 2024; 1232: 114450. 
https://doi.org/10.1016/j.comptc.2023.114450

38.  Zhang C., Wei K., Hu J., Cai X., Du G., Deng J., Luo Zh., Zhang X., 
Wang Y., Yang L., Zhang J. A review on organic hole transport ma-
terials for perovskite solar cells: Structure, composition and reliabil-
ity. Materials Today. 2023; 67: 518–547. https://doi.org/10.1016/j.
mattod.2023.06.009

39.  Tripathi A., Ganjoo A., Chetti P. Influence of internal acceptor and 
thiophene based π-spacer in D-A-π-A system on photophysical and 
charge transport properties for efficient DSSCs: A DFT insight. 
Solar Energy. 2020; 209: 194–205. https://doi.org/10.1016/j.solen-
er.2020.08.084

40.  Hussain R., Adnan M., Atiq K., Khan M.U., Farooqi Z.H., 
Iqbal J., Begum R. Designing of silolothiophene-linked triphenyl-
amine-based hole transporting materials for perovskites and donors 
for organic solar cells-A DFT study. Solar Energy. 2023; 253: 187–
198. https://doi.org/10.1016/j.solener.2023.02.016

41.  Zahid S., Rasool A., Ans M., Akhter M.S., Iqbal J., Al-Buria-
hi M.S., Alomairy S., Alrowaili Z.A. Environmentally compatible 
and highly improved hole transport materials (HTMs) based on 
benzotrithiophene (BTT) skeleton for perovskite as well as narrow 
bandgap donors for organic solar cells. Solar Energy. 2022; 231: 
793–808. https://doi.org/10.1016/j.solener.2021.12.010

42.  Jabha M., El Alaoui A., Jarid A., Mabrouk E.H. Theoretically 
studying the optoelectronic properties of oligomers based on 2.7-di-
vinyl-cabazole. Ecletica Quimica. 2022; 47(1): 40–54. https://doi.
org/10.26850/1678- 4618eqj.v47.1.2022.p40-54


