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Dye-sensitized solar cells (DSSCs) are considered as third-generation photovoltaic technology due to single-device architecture, simple
fabrication and good performance. Metal-free organic dyes having a donor-r-acceptor (D-n-A) architecture, have attracted major attention
of researchers due to the facts that their electrochemical and optical properties can easily be tuned. In this work, two carbazole-based
organic dyes, M1 and M2, were computationally designed and tested as potential DSSC sensitizers using density functional theory (DFT)
and time-dependent DFT (TD-DFT) methodology. Ground-state geometry optimization at the B3LYP/6-31G(d,p) level which revealed
that M1 possesses a more planar molecular structure compared to M2, thereby facilitating enhanced r-conjugation and intramolecular
charge transfer. Frontier molecular orbital analysis in both gas and solvent phases revealed that M1 exhibits slightly greater electronic
delocalization and excitability compared to M2. Simulated UV-Vis absorption spectra showed strong visible-light absorption, with M1
displaying a red-shifted maximum absorption wavelength (Amax) at 458.81 nm and good light-harvesting capability. Further studies of
molecular electrostatic potential (MEP), natural bond orbital (NBO), density of states (DOS), partial density of states (PDOS),
reorganization energy and photovoltaic parameters confirmed the favourable charge-transfer characteristics of M1 and M2. Although M2
has lower reorganization energy than M1, the other calculated properties favour M1, which exhibits more favourable optical and electronic
characteristics and may be a promising candidate for further experimental evaluation.
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INTRODUCTION

Dye-sensitized solar cells (DSSCs) are the third-gener-
ation photovoltaic devices that have attracted attention due to
their low fabrication cost, colour tunability, mechanical flexi-
bility and good performance under diffuse and indoor light.
A DSSC consists of a sensitizer, semiconductor, electrolyte
and counter electrode, with the sensitizer playing a key role in
light absorption, dye regeneration and electron injection [1,2].
Among metal-free organic dyes, donor-r-acceptor (D-n-A)
systems are widely studied due to their structural flexibility
and tunable optical and electronic properties.

Carbazole is a useful donor unit for DSSC dyes owing to
its electron-rich nature, thermal and chemical stability, good
hole-transport properties and several positions available for
structural modification. It can act as a donor as well as a
m-conjugated unit in organic sensitizers [3,4]. Carbazole-based
dyes have been reported in D-A, D-n-A, D-D-n-A and D-A-

n-A configurations with different w-spacers and acceptor
groups. Changes in the donor, n-spacer, conjugation length
and anchoring group can affect the HOMO-LUMO energy
gap, absorption wavelength, charge distribution, electron injec-
tion and charge recombination [3,4]. Such structural changes
can be used to modify the visible-light absorption and intra-
molecular charge-transfer characteristics of the dyes [5,6].
The n-spacer provides a conjugated pathway between the
donor and acceptor and has a direct effect on the electronic
structure of the dye. Benzoxadiazole and benzothiadiazole are
useful r-spacers for this purpose. Although their structures are
similar, the oxygen and sulphur atoms differ in polarizability
and electronegativity, which can alter conjugation, charge
distribution and electron-transfer properties. Arunkumar &
Anbarasan [7] studied DSSC sensitizers containing furan,
3,4-ethylenedioxythiophene, benzothiadiazole, quinoxaline
and benzoxadiazole linkers and reported favourable optical
and photovoltaic properties for the benzothiadiazole- and
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benzoxadiazole containing dyes [7]. These findings provide
a basis for comparing the effects of benzoxadiazole and benzo-
thiadiazole within a common carbazole-based dye structure.

Computational methods such as density functional theory
(DFT) and time-dependent density functional theory (TD-
DFT) are useful for examining the structural and electronic
properties of DSSC dyes. DFT calculations provide informa-
tion on optimized molecular geometry, frontier molecular
orbitals, energy levels and charge distribution, while TD-DFT
can be used to study electronic transitions and absorption
spectra [8,9]. Reorganization energies can further provide
information related to the charge-transfer characteristics of the
sensitizers. In present work, two carbazole-based sensitizers
were designed by changing the n-spacer between benzoxadi-
azole and benzothiadiazole (Fig. 1). Carbazole was used as
the donor unit, while cyanoacrylic acid was selected as the
acceptor and anchoring group for TiO2. The two dyes contain
the same donor and acceptor units, with only the n-linker
being varied. This design allows the effect of oxygen- and
sulphur-containing linkers on the properties of the sensitizers
to be examined under comparable structural conditions.

The designed dyes were studied using DFT and TD-DFT
calculations. Their optimized geometries, frontier molecular
orbitals, HOMO-LUMO energy gaps, UV-Vis absorption
properties, charge-transfer characteristics and reorganization
energies were evaluated. The results provide a comparison of
the two m-linkers and their effects on the geometric, elect-
ronic and optical properties of the carbazole-based sensitizers,
with the aim of identifying the more suitable structure for
DSSC applications.

COMPUTATIONAL METHODOLOGY

The structural, optical and electronic properties of the
designed dyes (M1 and M2) were investigated using density
functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations. Molecular structures were constructed using
GaussView 6.0 and optimized in the gas and solvent phases
to obtain the ground-state geometries. No symmetry const-
raints were applied during geometry optimization. The ground
state structures were optimized using the B3LYP/6-31G(d,p)
level of theory [10-12] with the Gaussian 16 program [13]. This
level of theory has been widely used for geometry optimi-
zation and the study of carbazole-based organic dyes [14-22].
The same level was adopted in the present work to allow
comparison with related carbazole-based sensitizers. The
UV-Vis absorption properties were calculated using the TD-

DFT method with the CAM-B3LYP functional. CAM-B3LYP
incorporates long-range correction into the B3LYP functional
and is suitable for studying electronic excitations and charge-
transfer transitions in donor-r-acceptor systems [23]. The calcu-
lated excitation energies and absorption spectra were used to
examine the optical properties of the designed DSSC dyes.

Solvent effects are important in sensitizer design, as
solvent polarity can influence molecular geometry, frontier
orbital energies, intramolecular charge transfer (ICT) and
absorption characteristics, which are relevant to dye-semi-
conductor energy alignment and DSSC performance [24].
Dichloromethane (DCM) was selected to represent the experi-
mental solvent environment. Solvation effects were included
using the conductor-like polarizable continuum model (CPCM),
with DCM as the solvent medium [25,26].

Structural parameters, such as bond lengths and torsion
angles, were examined in relation to molecular planarity,
conjugation and charge-transfer characteristics. Electronic
properties were calculated in both gas and DCM phases. The
HOMO and LUMO energies, energy gap, ionization potential,
electron affinity, chemical potential, electronegativity, hard-
ness, softness and electrophilicity index were determined for
both dyes. The excited-state and absorption properties of the
dyes were investigated using TD-DFT calculations on the
optimized ground-state geometries in DCM. Solvation effects
were considered using the CPCM model with DCM as the
solvent. The maximum absorption wavelength, oscillator
strength, excitation energy and major orbital transitions were
calculated for the low-lying singlet excited states. Frontier
molecular orbital maps were examined to determine the spatial
distribution of electron density and the direction of charge
transfer upon excitation.

The electronic analysis included natural bond orbital (NBO)
charge analysis, transition density matrix (TDM) analysis,
partial density of states (PDOS) and molecular electrostatic
potential (MEP) mapping. Electron and hole reorganization
energies were calculated to assess structural relaxation asso-
ciated with charge redistribution. These parameters were
used to compare the two carbazole-based dyes and assess their
suitability as DSSC sensitizers. All quantum-chemical calcula-
tions were performed using Gaussian 16, while wavefunction
analyses were carried out with Multiwfn [27].

RESULTS AND DISCUSSION

Ground-state geometries: The optimized geometries of
two carbazole dyes (M1 and M2) have been analyzed in both

Fig. 1. Chemical structure of carbazole based dye molecules (M1 and M2)
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TABLE-1
OPTIMIZED BOND DISTANCES AND TORSION ANGLES OF THE TWO DESIGNED CARBAZOLE
DYES CALCULATED AT THE DFT/B3LYP/6-31G(d) LEVEL IN GAS AND SOLVENT PHASES

Molecules D1 (A) D2 (A) T1(9) T2 () T3 (9 T4 ()

Gas phase M1 1.47 1.44 26.98 26.33 179.64 0.54
M2 1.44 1.47 34.07 3251 179.36 0.80

Solution phase M1 1.47 1.44 30.31 29.20 177.81 2.38
M2 1.47 1.44 36.19 34.49 177.85 2.33

gas and solvent phases to assess their features relevant to their
activity in the dye-sensitized solar cells (DSSCs) application.
The most critical geometric parameters such as selected bond
lengths and torsion angles were investigated since the planarity
and conformational rigidity of the molecules significantly
affect the inter and intra-conjugation charge transfer of the
D-n-A sensitizers. The optimized structures of M1 and M2 in
the gas phase is displayed in Fig. 2 and selected bond lengths
and torsion angles are shown in Table-1. The bond length D1
and D2 in the gas phase are 1.47 A and 1.44 A for M1 and
1.44 A and 1.47 A for M2, respectively, revealing partial
double bond character due to electron delocalization along
the conjugated backbone [28,29]. This is better illustrated for
the torsion angle values. It is found that M1 has lower values
of T1 and T2 of 26.98° and 26.33°, respectively compared to
M2 with values of T1 and T2 of 34.07° and 32.51°, respec-
tively, implying that the M1 conformation is relatively more
planar and can make a better orbital overlap between donor-
bridge-acceptor skeleton. The bond distance in both structures
remains very similar in the solvent phase, while the torsional
angle values increase slightly e.g. 30.31°%/29.20° for M1 and
36.19°/34.49° for M2, which means that both structures have
aslight decrease in coplanarity after solvation. These changes
in geometry are often observed in the absorption and effici-
ency of ICT in carbazole derivatives [30,31]. The geometric
parameters suggest that M1 is more favourable for extended
n-delocalization than M2. Its lower torsional distortion may
facilitate stronger electronic communication between the donor
and acceptor units, favouring more efficient intramolecular
charge transfer [32,33].

Frontier molecular orbital (FMO) analysis: In DSSCs,
the frontier molecular orbitals are accountable for light absor-
ption, electron injection and dye regeneration. The gas-phase
FMO energies show that M1 has HOMO and LUMO values
of -6.254 and -3.695 eV, whereas M2 exhibits -6.128 and
-3.519 eV, respectively. The HOMO-LUMO gaps are 2.559
eV and 2.608 eV for M1 and M2, respectively, which shows
that M1 has a slightly smaller band gap compared to M2.
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In the solvent phase, the HOMO and LUMO energies
shift to -6.056 and -3.645 eV for M1 and to -5.991 and -3.475
eV for M2, reducing the energy gaps to 2.412 and 2.516 eV,
respectively. The decrease in the difference in the solution
phase indicates that the electronic states have become stabi-
lized and that the tendency to excitation slightly decreased
for both dyes. Some important quantum chemical descriptors
computed for both gas and solution phase are listed in Table-2.
The higher softness values calculated for M1 in both phases
are consistent with its higher polarizability and capacity for
charge redistribution.

TABLE-2
FRONTIER MOLECULAR ORBITAL ENERGIES
AND GLOBAL REACTIVITY DESCRIPTORS
OF THE DESIGNED CARBAZOLE DYES IN
THE GAS PHASE AND SOLUTION PHASE

Parameters Gas phase Solution phase
M1 M2 M1 M2
HOMO (eV) -6.255  -6.128 | -6.056  -5.991
LUMO (eV) -3.695 -3519 | -3.644 -3.474
AE = (LUMO-HOMO)
(eV) 2.559 2.608 2.412 2.516
| = -E(HOMO) (eV) 6.255 6.128 6.056 5.991
A = -E(LUMO) (eV) 3.695 3.519 3.644 3.474
x=(+A)2 (eV) 4.975 4.368 4.849 4.733
p=-y (V) -4975  -4368 | -4.849 -4.733
n=(-A)2(eV) 1.279 1.304 1.206 1.258
S =1/2n (eV) 0.391 0.383 0.415 0.397
o = p2/2n (eV) 9.669 7.315 9.751 8.901

The FMO energies of both dyes show favourable align-
ment for DSSC operation. The carbazole donor maintains the
HOMO electron density, while the LUMO is mainly localized
on the acceptor moiety, supporting intramolecular charge
transfer. The 2D HOMO and LUMO surface maps and HOMO-
LUMO energy gaps of M1 and M2 are shown in Fig. 3. The
HOMO levels of both dyes lie below the redox potential of
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Fig. 2. DFT optimized structure of the dyes M1 and M2 in the gas phase



Asian J. Chem.

2504 Sharma et al.

70 . — HOMO

65 N85, &g [—Lumo

Y -6.225 |

604 6128

5.5
>
i S ---4811;
2
o -4.57 AE =2.608 AE = 2.559
w

-4.0 l -4.0TiO,

L -3.695 ¥ _
-3.5 -3.519
35 ;i 1‘,!'.‘",;}{'.
)
-3.0 "OP'
-2.5 T T
M2 M1
Dyes

Fig. 3. FMO energy level diagram of the designed carbazole dyes showing

HOMO and LUMO gap in relation to electronic excitation
behaviour

the 17/15™ electrolyte (-4.8 eV), providing a suitable energetic
driving force for regeneration of the oxidized dyes. The
LUMO levels are positioned above the conduction-band edge
(CBE) of TiO; (-4.0 eV), allowing energetically favourable
electron injection from the excited dyes into the semi-
conductor. M1 has a smaller HOMO-LUMO gap than M2,
which may favour stronger visible-light absorption and charge
transfer characteristics. The deeper HOMO levels of both
dyes are favourable for dye regeneration [2].

UV-Vis absorption properties: The absorption spectral
properties calculated from the TD-DFT simulation shows

that both dyes are strong absorber of visible light. The absorp-
tion spectral properties of the two dye molecules are listed in
Table-3 and simulated UV-Vis absorption spectra is depicted
in Fig. 4. The dominant electronic transition being of low energy
with Amax at 458.81 nm for M1 and 441.95 nm for M2. The
other two less intense absorptions of M1 are at 402.55 nm
and 319.61 nm and for M2, the two minor absorptions are at
386.01 nm and 318.86 nm. The red-shifted and stronger So-S1
transition for M1 is also in line with its lower HOMO-LUMO
gap and better geometric planarity. Both dyes have the pre-
dominant transition to first excited state which is HOMO —
LUMO in origin, with some contribution from HOMO-1 and
HOMO-2 — LUMO transitions. This further validates the
band gap characteristics of absorbing nature of the intramole-
cular charge-transfer transitions, which is a desirable and
common property of carbazole based D-n-A sensitizers [34,35].
In both molecules, additional higher-energy transitions are
found, but with lower oscillator strength and less light harves-
ting efficiency. The slightly higher oscillator strength and
light-harvesting efficiency (LHE) of M1 suggest better photon
absorption than M2. This agrees with previous reports that
greater molecular planarity and a smaller band gap can favour
broader or red-shifted absorption and improved sensitization
properties [3,28].

NBO charge distribution and MEP analysis: Under-
standing of charge partitioning between the donor(carbazole),
n-linker (benzoxadizole for M1 and benzothiodiazole for M2)
and acceptor fragments (cyanoacrylic acid) of the two dyes
in their ground state was achieved by natural bond orbital

TABLE-3
CALCULATED ABSORPTION SPECTRAL PROPERTIES OF THE TWO DESIGNED
CARBAZOLE DYES OBTAINED FROM TD-DFT CALCULATIONS

Electronic

Molecules transitions Amax (NMm) Eexc (8V) fo Transition C.l. (%) LHE
M1 So— S1 458.81 2.7023 1.2035 HOMO-2 (96) — LUMO (99) 4.8 0.937
HOMO-1 (97) — LUMO (99) 12.2
HOMO (98) — LUMO (99) 314
So—Ss 402.55 3.0800 0.0155  HOMO-3 (95) — LUMO (99) 2.1 0.035
HOMO-1 (97) — LUMO (99) 326
HOMO-1 (97) —» LUMO+2 (101) 1.2
HOMO (98) — LUMO (99) 123
So— Ss3 319.61 3.8793 0.0226 HOMO-4 (94) — LUMO (99) 24 0.051
HOMO-2 (96) — LUMO (99) 40.0
HOMO (98) — LUMO (99) 26
HOMO (98) — LUMO+2 (101) 1.3
M2 So— S1 441.95 2.8054 1.1141 HOMO-2 (100) — LUMO (103) 5.4 0.923
HOMO-1 (101) — LUMO (103) 143
HOMO (102) — LUMO (103) 28.8
So— S2 386.01 3.2119 0.0127 HOMO-3 (99) —» LUMO (103) 2.0 0.029
HOMO-1 (101) — LUMO (103) 303
HOMO-1 (101) — LUMO+2 (105) 1.4
HOMO (102) — LUMO (103) 14.7
So— S3 318.86 3.8884 0.1046  HOMO-5 (97) — LUMO (103) 2.8 0.214
HOMO-4 (98) — LUMO (103) 2.3
HOMO-2 (100) — LUMO (103) 35.1
HOMO-1 (101) — LUMO (103) 1.4
HOMO (102) — LUMO (103) 2.2
HOMO (102) — LUMO+1 (104) 15

HOMO (102) — LUMO+2 (105) 13
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Fig. 4. Simulated UV-Vis absorption spectra of M1 and M2 calculated
using CAM-B3LYP/6-31G(d,p)

analysis. The charge distribution across the donor, n-bridge
and acceptor fragments was obtained by summing the atomic
natural charges of the corresponding atoms. As listed in Table-4,
the donor, r-bridge and acceptor charges were 0.719, -1.604
and 0.702 for M1, respectively, and 0.316, -0.216 and -0.100
for M2. The donor-acceptor charge difference Aq(D-A)
calculated for M1 and M2 were found to be 0.017 and 0.416,
respectively, which suggested that the internal polarization
pattern is different for the two molecules.

TABLE-4
NBO CHARGE DISTRIBUTION OF DONOR,
n-BRIDGE AND ACCEPTOR FRAGMENTS
FOR THE PROPOSED CARBAZOLE DYES

Dyes D pi A AQ(p-»)
M1 0.719 -1.604 0.702 0.017
M2 0.316 -0.216 -0.100 0.416

The charge distribution across the conjugated skeleton of
M1 suggests higher delocalization than in M2, where the
charge distribution is more localized between the donor and
acceptor regions. Efficient intramolecular charge transfer
(ICT) requires effective electron-density transfer from the
donor to the anchoring acceptor. NBO analysis confirms the

L
-6.732e-2

- .
6.732e-2

D-n-A character of both dyes, with M1 showing higher charge
delocalization across the n-spacer than M2, which may faci-
litate photoinduced charge transfer. The MEP surfaces (Fig. 5)
show a non-uniform electrostatic potential distribution across
both molecules, consistent with their push—pull character
[28,30,33]. M1 has minimum and maximum MEP values of
-6.732 x 102 and +6.732 x 1072, respectively, while the
corresponding values for M2 are -6.697 x 102 and +6.697 x
10-2. The difference between the MEP extrema is small (3.5
x 1074, which indicate similar electrostatic characteristics for
both dyes. This main difference occurs around the linker
region, where the higher electronegativity of oxygen in M1
may result in a somewhat more negative electrostatic potential
than the sulfur-containing linker of M2.

DOS, PDOS and TDM analysis: The DOS profiles
further support the donor-m-acceptor electronic structure of
both dyes (Fig. 6). The occupied frontier states mainly arise
from the donor and n-bridge regions, whereas the unoccupied
states are largely associated with the acceptor moiety. This
spatial separation favours electron transfer following photo-
excitation. The PDOS plots show clear fragment-wise contri-
butions to the frontier states, with no pronounced mid-gap
states. TDM analysis (Fig. 7) provides further information on
electron-hole distribution and electronic coupling among the
donor, n-spacer and acceptor units. The TDM maps show
electronic interaction between these regions during excitation,
consistent with the ICT characteristics obtained from the
FMO and absorption analyses [8,33]. The DOS, PDOS and
TDM results confirm suitable donor-to-acceptor electronic
pathways in both dyes. M1 exhibits higher delocalization and
stronger electronic coupling across the molecular framework,
consistent with its comparatively favourable light-harvesting
properties.

Reorganization energy: The reorganization energy
provides a measure of the structural relaxation associated
with charge transfer. As listed in Table-5, M1 has electron
(Ae), hole (\n) and total reorganization energies of 0.287, 0.155
and 0.442 eV, respectively, while M2 shows values of 0.268,
0.151 and 0.419 eV. For both dyes, An is lower than Ae,
confirmed that lower structural relaxation for hole transport
than for electron transport.

L
-6.697e-2

B
6.697e-2

M2

Fig. 5. Molecular electrostatic potential maps of M1 and M2
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TABLE-5
CALCULATED REORGANIZATION ENERGIES
OF THE TWO DESIGNED CARBAZOLE DYES

Molecule Ae (€V) An (V) Motal (V)
M1 0.287 0.155 0.442
M2 0.268 0.151 0.419

The reorganization energy was calculated using the foll-

owing formula:
7\-hole/electr0n = [Et(M) - Ei(Mt)] + [E(Mi)] - E(M)]

The term E*(M) is the energy of cation/anion with neutral
geometry and E*(M*) represent the energy of cation/anion in
their cationic/anionic geometries. Furthermore, E(M¥) is the
energy of the neutral molecule at cationic/anionic state and
E(M) correspond to the energy of the neutral molecule [36].

The slightly smaller total reorganization energy of M2
points to a reduced structural distortion in charge redistribu-
tion, which could be beneficial for charge-transport processes.
The difference in total reorganization energy between the two
molecules is approximately 0.023 eV, with M2 showing the
lower value. Although the difference is not very large, its
consistent direction for both electron and hole reorganization
energies indicates that the O—S substitution does influence
the structural relaxation associated with charge transfer. The
suitability of a sensitizer for DSSC applications is governed
by the combined effects of energy-level alignment, light
absorption, excited-state charge transfer, electron injection,
dye regeneration, charge transport and recombination, rather
than by any single calculated parameter.

Considering the geometric, FMO and absorption results
together, M1 appears more favourable than M2, with higher
planarity, a smaller band gap, higher absorption intensity and
higher LHE. The O—S substitution provides a means of
tuning the balance between optical and electronic properties
and charge-transport characteristics within the carbazole-based
D-n-A framework. This structural variation provides insight
into the relationship between molecular structure and the
DSSC-relevant properties of carbazole-based sensitizers.

Photovoltaic parameter: The photovoltaic parameters
were calculated to assess the suitability of the designed dyes
as DSSC sensitizers. The power conversion efficiency (PCE),
electron-injection free energy (AGinject), dye-regeneration free
energy (AGregen), Short-circuit current density (Jsc), fill factor
(FF) and open-circuit voltage (Voc) were considered to eval-
uate the charge-transfer and photovoltaic characteristics of
the dyes. The HOMO energies of M1 and M2 were -6.056 and
-5.991 eV, respectively, while the TiO, conduction-band edge
was taken as -4.00 eV. The calculated electron-injection free
energies were -4.758 eV for M1 and -4.796 eV for M2, which
confirmed energetically favourable electron injection from the
excited dyes into the TiO, conduction band. The regeneration
driving forces were 1.206 eV for M1 and 1.141 eV for M2,
supporting favourable regeneration through the electrolyte
redox couple.

M2 showed a higher calculated Vo (0.525 V) than M1
(0.356 V), while M1, exhibited higher oscillator strength
(1.2035) and LHE (0.9374) than M2 (1.1141 and 0.9231,
respectively). Using Jsc = 3.87 mA cm2 and FF = 0.70 [34],
the calculated PCE values were 0.965% for M1 and 1.424%

for M2. Although M1 has more favourable optical properties,
the higher V. calculated for M2 results in the higher estimated
PCE. The equations used for calculating the photovoltaic para-
meters are given below.

The energy difference between the dye LUMO and the
TiO2 conduction-band edge was used to estimate the open-
circuit voltage (Vo). The Vo (in eV) was calculated using the
following relation:

Voc = Ecs — Eredox (1)

AGinject = E*aye — Ecs 2

The Eaye can be predicted from the following equation:
E*dye = Edye — Exmax (3)

The following equation can calculate the dye regenera-
tion free energy (AGregen):

AGregen = Edye - Eelectrolyte (4)
where Eelectrolyte redox is the electrolyte (17/137) redox potential
and it is typically considered as (4.85 eV)

The power conversion efficiency (PCE, n) is a key para-
meter used to evaluate the efficiency of a DSSC in converting
incident solar energy into electrical energy DSSC is a critical
parameter that quantifies the effectiveness of the DSSC in
converting solar energy into electricity. The formula for
calculating ) of a DSSC is
Jinp Vinp IV, FF P

sc Yoc _ max_ 5
P P P ©)

inc inc inc

PCE=n=

where Pinc is the incident power from sunlight, representing
the total amount of solar energy falling on the DSSC. The
product of Js, Voc and FF represents the maximum power out-
put of the DSSC (Pmax) under specific operating conditions.

The calculated photovoltaic parameters of M1 and M2
are listed in Table-6 along with representative carbazole-
based DSSC dyes and established sensitizers for comparison.
The calculated values for M1 and M2 fall within the range
reported for related carbazole-based sensitizers.

Conclusion

In this study, two closely related carbazole-based D-r-A
dyes, M1 and M2, were computationally investigated as
potential sensitizers for dye-sensitized solar cells (DSSCs).
The comparative analysis examined the effect of O—S sub-
stitution on their structural, optical, electronic and charge-
transport properties. M1 exhibited a more planar structure,
smaller HOMO-LUMO gap, red-shifted absorption, higher
oscillator strength and higher light-harvesting efficiency than
M2. Molecule M2 showed lower reorganization energy, higher
calculated open-circuit voltage and higher calculated power
conversion efficiency. Both dyes possessed favourable electron-
injection and dye-regeneration driving forces. Under the adopted
photovoltaic parameters, the calculated PCE values were
1.424% for M2 and 0.965% for M1. The results do not estab-
lish a clear overall advantage of either dye. Instead, the O—S
substitution develops a distinct balance between optical, elect-
ronic and charge-transport properties. The study shows that
heteroatom modification of the n-linker can be used to tune
the properties of carbazole-based D-n-A sensitizers. These
computational findings provide a basis for further molecular
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TABLE-6
CALCULATED PHOTOVOLTAIC PARAMETERS OF THE TWO DESIGNED MOLECULES
COMPARED WITH THE REPORTED CARBAZOLE-BASED SENSITIZERS
Molecules f LHE ﬁf/)’ ?EG\;?’ X/) FF ergﬂ)A Eef/f Ref.
Thionothiophene (D1) 1.7187 0.981 -1.37 0.55 - - - - [29]
Diketopyrrolopyrrole (D2) 1.7079 0.980 -1.06 0.50 - - - - [29]
Bis(benzothiadiazole) (D3) 1.7437 0.982 -1.00 0.52 - - - - [29]
Bis(benzimidazole/benzimidazoline) (D4) 1.6041 0.975 -0.89 0.48 - - - - [29]
Thienopyridazine-type fused (D5) 1.6694 0.979 -0.91 0.34 - - - - [29]
Thienothiadiazole-type fused (D6) 1.7829 0.984 -0.90 0.32 - - - - [29]
Benzotriazole-type nitrogen-rich fused (D7)  1.3467 0.955 -0.60 0.28 - - - - [29]
Benzothiadiazole-type fused (D8) 1.3602 0.957 -0.56 0.38 - - - - [29]
CAR-THIOHX-1 - - - - 0.722 0.69 3.19 1.58 [37]
CAR-THIOHX-2 - - - - 0.646 0.64 3.93 1.62 [37]
CAR-THIOHX-3 - - - - 0.736  0.74 3.36 1.83 [37]
CAR-TPA-1 = = = = 0720 070 387  1.94 [37]
CAR-TPA-2 - - - - 0.610 0.68 4.19 1.75 [37]
CAR-TPA-3 = = = = 0755 076 372 212 [37]
Car-Cy 1.56 - - - 0.52 0.72 5.66 2.14 [38]
Car-Amin 1.78 - - - 0.54 0.71 5.95 2.27 [38]
Car-Mal 1.45 - - - 0.48 0.71 4.99 1.69 [38]
BG-501 0.025 - - - 0.560  0.60 7.46 2.49 [39]
BG-502 0.030 - - - 0.660 0.57 8.40 3.18 [39]
2907 - - - - 0.600  0.46 15.29 4.20 [39]
CVHTC - - - - 0.685 0.630 11.48 4.95 [40]
JY60 - - - - 0.742 0.641 13.45 6.40 [40]
JY61 - - - - 0.745 0615 12.23 5.58 [40]
JY62 - - - - 0.705  0.601 13.54 5.74 [40]
CVHTC - - - - 0.685 0.630 11.48 4.95 [40]
JY60 - - - - 0.742 0.641 13.45 6.40 [40]
JY61 - - - - 0.745 0615 12.23 5.58 [40]
JY62 - - - - 0.705  0.601 13.54 5.74 [40]
C1 - - -1.56 -0.38 0.040 0.27 1.63 0.016 [41]
C2 - - -1.21 -0.72 0.059 0.29 241 0.040 [41]
C3 - - -1.36 -0.64 0.017 0.17 1.00 0.001 [41]
P1 (reference) - - - - 0.045 0.26 4.06 0.047 [41]
Cz-2, 12-based electrolyte - - - - 0.648 0.68 8.02 3.51 [42]
Cz-2, 12-free electrolyte - - - - 0.685 0.54 8.50 3.13 [42]
M1 1.203 0.937 -4.758 1.205 0.356  0.700 3.870 0.964  Present work
M2 1.114 0.923 -4.796 1.141 0.525 0.700 3.870 1.423  Present work
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