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The optimized geometries, electronic structures, absorption spectra and non-
linear optical (NLO) properties of five donor-p-spacer-acceptor (D-p-A)-based
organic molecules, namely indolocarbazole-3,4-ethylenedioxythiophene, indolo-
carbazole-benzothiadiazole, indolocarbazole-furan, indolocarbazole-quinoxaline
and indolocarbazole-benzoxadiazole (ICZS1–ICZS5), are analyzed using density
functional theory (DFT) and time-dependent DFT (TD-DFT) methods. The per-
formanceof three functionals,Becke’s threeparameter Lee–Yang–Parr (B3LYP),
Coulomb-attenuating method-B3LYP (CAM-B3LYP) and Grimme’s D2 disper-
sion model (WB97XD), were analyzed for indolo[3,2,1-jk]carbazole (IC-2). The
computed results indicated that absorption spectra of WB97XD are closest to IC-
2. As a result, the WB97XD functional was chosen for further studies of ICZS1–
ICZS5 dyes. The designed molecules also show excellent performance in terms of
smaller energy gap, chemical hardness, red-shifted longer wavelength, free en-
ergy change for electron injection, dye regeneration and NLO properties. The
results reveal that different spacer derivatives resulted in better performance for
the photovoltaic (PV) and NLO properties. In particular, ICZS2 and ICZS5 mo-
lecules produced excellent performance of the dye-sensitized solar cells (DSSCs)
and NLO properties. Based on the theoretical results, the electronic structures
and absorption spectra could be used for rational sensitizer design of organic dyes
for optoelectronic applications.
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INTRODUCTION

The current energy and environmental crisis has
stimulated interest in the development of renewable
energy sources. Gratzel and co-workers first devel-
oped dye-sensitized solar cells (DSSCs) in 1991.
DSSCs have been broadly considered as candidates
for renewable-energy systems.1 In this context,
DSSCs have been shown to be an extremely promis-
ing methodology for the direct conversion of light
into electricity at low cost and with comparatively
high efficiency.2,3 In recent years, a considerable
amount of research has been devoted to dye-sensi-
tized solar cells because of their low cost, simplicity
of fabrication and high overall power conversion
efficiency (PCE).4 Recently, power conversion effi-
ciency has reached 24.2%, and the same has been
confirmed by scientific research reports, but the
conventional electricity production process is still
noncompetitive,5 since solar energy is one of most
abundant renewable energy resource.

In DSSCs, dye sensitizers are commonly classified
into two categories, metal complexes and metal-free
organic dyes. Although metal complexes of ruthe-
nium (Ru)-based photosensitizers such as N3 and
N719 exhibit impressive light-to-electricity energy
conversion efficiency of up to 11%,6,7 metal-free
organic dye sensitizers offer an alternative to Ru
complexes due to their low-cost device fabrication,
flexibility, environmental friendliness and high
molar extinction coefficient. Other major advan-
tages are tunable absorption spectra, easy prepara-
tion process, suitable molecular design, unlimited
energy resources and PV properties.8 Recent liter-
ature reports indicate achievement of 13.1% PCE
using the pure organic sensitizer C281; thus high
PCE has been reached with a metal-free organic dye
for DSSCs.9

Of late, a variety of organic dye sensitizers
including triphenylamine (TPA), coumarin, car-
bazole, phenothiazine (PTZ), indoline and tetrahy-
droquinoline have been examined and successfully
applied in DSSCs.10–15 For example, N,N¢-dialky-
laniline-based (NDI 6) dye used in DSSCs exhibits a
PCE of 19.24%, as reported by Kar’s group.16 Among
the different DSSCs, the bulk heterojunction model
(BHJ) is a successful case.17–19 Generally, DSSCs
contain four major components: a nanocrystalline
wide energy bandgap semiconductor photoanode
surface (generally TiO2 or ZnO), a dye sensitizer,
redox couple usually containing iodide/triiodide (or)
hole transport material, and a counter electrode.

The working principle of DSSCs originates with
the photoexcitation process of the dye sensitized
under light irradiation. The donor-p-spacer-acceptor
(D-p-A) of the dye sensitizers with acceptor moieties
is directly bonded to the semiconductor surface of
TiO2. This procedure is called ‘‘charge transfer’’ (CT)
or ‘‘electron injection’’.20 Efficient CT to the conduc-
tion band edge (CBE) of a semiconductor is diffused
into the substrate to produce electricity. In addition,

regeneration of the dyes to the ground state by the
redox potential of a liquid electrolyte, electron
injection and dye regeneration processes are very
important factors in DSSCs performance. Within
the past decade, considerable research has been
focused on organic dyes containing the structure of
D-p-A that can be applied in DSSCs.21 Most tradi-
tional efficient organic dye sensitizers have a long p-
conjugated group between donor and acceptor.22

Successful cases have also been reported using
spacer groups in relation to consistent D-p-A struc-
tures to enhance the PV cell performance of the
DSSCs.23 In general, organic dyes are necessary for
efficient DSSCs possessing broad and extreme
absorption in the ultraviolet–visible (UV–Vis) and
near-infrared (IR) regions.

In 2014, Luo reported on indolo[3,2,1-jk]carbazole
(IC-2) dye-sensitized PV devices exhibiting a high
PCE of 3.68%, photovoltage of 0.66 V, and high
photocurrent (9.78 mA cm�2) measured under illu-
mination of AM1.5G full sunlight.24 In addition, IC-
2 displays a strong high molar extinction coefficient
and useful functionalization that meet important
requirements for the development of highly efficient
organic dyes for DSSCs.25,26 In the present work,
five spacer groups are introduced based on IC-2
sensitizers, in order to further increase the dye
performance of DSSCs. Here, indolocarbazole-3,4-
ethylenedioxythiophene, indolocarbazole-benzothia-
diazole, indolocarbazole-furan, indolocarbazole-
quinoxaline and indolocarbazole-benzoxadiazole
(denoted ICZS1, ICZS2, ICZS3, ICZS4 and ICZS5)
are used as spacer groups.27 Additionally, spacer
group effects on the D-p-A sensitizer play a vital role
in improving the efficiency of DSSCs. Different
types of spacer groups have been employed to
further increase the optical absorption spectra and
PV properties of the organic sensitizers.

The optoelectronic properties of D-p-A designed
organic dye molecules have also been studied using
density functional theory (DFT) and time-depen-
dent DFT (TD-DFT) approaches. The TD-DFT
method is a common choice for studying the first
singlet excited state of organic dye molecules.28

Figure 1 displays the influence of the optoelectronic
properties of the DSSCs and NLO based on spacer
groups under investigation. In the present work, an
approach from previous literature has been fol-
lowed.29 Theoretical investigations are helpful for
enabling future experimental studies on designed
organic dye sensitizers.

QUANTUM CHEMICAL METHODS

DFT optimization and TD-DFT absorption spec-
tra are performed using quantum chemical calcula-
tions in Gaussian 09W software.30 It is well
identified that the hybrid functional Becke’s three
parameter Lee–Yang–Parr (B3LYP) method using a
standard basis set 6-31G(d) on all atoms have
applied DFT calculations.31,32 The ground-state
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geometries are fully optimized using the B3LYP/6-
31G(d) basis set. The optimized structures with no
symmetry constraints are confirmed to be at their
true local minima (no imaginary frequency) energy
surface. The TD-DFT and selection of different
exchange–correlation (XC) functionals was simu-
lated to calculate the UV–Vis absorption spectra.
The TD-DFT method was employed in a number of
earlier studies to illustrate excited states geometry
with CT character.33 The solvent effect was working
with the conductor-like polarizable continuum
model (C-PCM) based on ground-state optimization
calculations.34 According to the literature, calcula-
tions have been carried out in dichloromethane
(DCM) solvent medium.24

On the basis of the IC-2 optimized structures,
electronic absorption spectra were stimulated using
different exchange (XC) and long-range (LC) corre-
lation functionals including B3LYP, Coulomb-at-
tenuating method-B3LYP (CAM-B3LYP)35 and the
Grimme D2 dispersion model (WB97XD).36 The
absolute calculated values for the three functionals
are 468 nm, 393 nm and 385 nm. All the calculated
values are reported in Table I and shown in Fig. 2.
The results show that the absorption spectra from
the TD-WB97XD method are in good agreement for
the D-p-A system, which contains a spacer unit
when compared with IC-2 dye. The calculated error

values for the three functionals are 86 nm, 11 nm
and 3 nm, compared to the IC-2 dye. From these
points of view, the TD-WB97XD method revealed a
minimum error of 3 nm. Therefore, the electronic
absorption spectra of all organic dyes have been
calculated by the TD-WB97XD/6-31G(d,p) method
in this work. The optical absorption wavelength is
found using GaussSum.37

RESULTS AND DISCUSSION

Screening of p-Spacer Groups

The screening of p-conjugated groups on the D-p-
A configuration is an important factor for high-
performance DSSC devices in dye molecules. In
order to show p-conjugated groups of ICZS1–ICZS5,
dye derivatives were systematically designed based
on the IC-2 dye. A survey of the literature shows
that the use of spacer molecules is a highly efficient
approach for organic DSSC applications. In this
study, these molecules will affect the indolo[3,2,1-
jk]carbazole dye derivatives to enhance optoelec-
tronic properties. The optimized geometric struc-
tures of ICZS1–ICZS5 molecules at B3LYP in
conjunction with 6-31G(d) basis set are shown in
supplementary Figure S1, and corresponding input
data is provided in the supplementary data file.

Fig. 1. Sketch map structures of ICZS1–ICZS5 spacer groups.

Table I. Experimental absorption wavelength, computed vertical excitation energies of the lowest excited
state kmax (nm), oscillator strength (f) and major orbital configurations of IC-2 dye implemented on different
functionals with DCM solvent medium

Methods kmax (nm) Oscillator strength (f) Main configuration (%)

B3LYP 468 0.8064 HOMO fi LUMO (99)
CAM-B3LYP 393 1.3636 HOMO fi LUMO (77)
WB97XD 385 1.4025 HOMO fi LUMO (71)
Experiments 382 Taken from Ref. 24

Fig. 2. The computed UV–Vis absorption spectra of the IC-2
molecules using different functional groups with DCM solvent.
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Electronic Transition and Molecular Orbitals
(MOs) Character of Dyes

Figure 3 shows that the molecular orbitals (MOs)
and distribution of the highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) of ICZS1–ICZS5 dyes is closely
related to the electronic transition characters of

dyes.38 At HOMOs, the electrons are mostly con-
tained in indolocarbazole when dye molecules
absorb photons and it will be transferred to
cyanoacrylic acid at LUMO levels. Figure 3 displays
that HOMOs are mainly localized on the donor with
some interaction from the spacer, while the LUMOs
are predominantly contained on the acceptor and p-
linker segments.

Fig. 3. The frontier molecular orbitals main configuration of HOMO and LUMO levels were calculated at the B3LYP/6-31G(d) level of theory.
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Therefore, spacers are among the most important
factors that affect the performance of dye molecules.
The HOMO–LUMO gap between these structures
changed when the substituents over spacer groups
were modified. The electronic charge transfer (CT)
for all dyes is similar, and it is important to note
that the electrons can be injected into the semicon-
ductor conduction band edge (CBE) of the TiO2

surface. The MOs were visualized using Gaussview.
MO calculations in HOMOs, LUMOs and energy
gaps (Eg) of the ICZS1–ICZS5 dyes are listed in
Table II. The HOMO energy levels are in increasing
order: ICZS5< ICZS2< ICZS1< ICZS4< ICZS3,
and the LUMOs are in the following order: ICZS5<
ICZS2< ICZS1< ICZS4< ICZS3. A higher

LUMO energy level increases the open-circuit pho-
tovoltage, leading to a higher PCE of DSSCs.

It is interesting to note that Eg of the dyes are in
decreasing order ICZS3 > ICZS4 > ICZS1 >
ICZS2 > ICZS5. The more efficient organic dye

molecules ICZS1–ICZS5 have smaller Eg as com-
pared to the reference dye IC-2, except the value of
ICZS3. In DSSCs, smaller Eg creates more electrons
easily at excited states and thus is favorable for
absorbing longer light wavelength sides. Therefore,
these dyes represent potential energy for providing
red-shifted and longer absorption spectra of DSSCs.

Chemical Hardness (g)

Chemical hardness (g) is a suitable parameter for
investigating the behavior of chemical systems. The
ICZS1–ICZS5 dyes with larger and smaller Eg are
known as hard and soft molecules. Chemical g
represents the resistance of the dyes to ICT.39,40

The chemical g values of the ICZS1–ICZS5 can be
calculated using the formula (Eq. 1):

g ¼ ðEHOMO � ELUMOÞ
2

ð1Þ

All the calculated values of chemical g are listed in
Table II. From the table, chemical g decreases in the
following order: ICZS3 > ICZS4 > ICZS1 >
ICZS2 > ICZS5. Here, ICZS1 and ICZS2 dyes are

the same values of 1.55 eV. The stability of a
molecule may be determined by the Eg, which

means that all dye molecules with low Eg have
greater reactivity.

The lowest chemical g further increases charge
transport abilities. It is interesting to note that the
lowest chemical g values of the ICZS2 and ICZS5
are 1.45 eV and 1.38 eV, respectively. In addition,
ICZS2 and ICZS5 molecules are the best candidates
for ICT. This demonstrates that ICZS2 and ICZS5
dye molecules can be better suited for both hole and
electron transport material compared to IC-2.

Frontier Molecular Orbitals (FMOs)

To understand further, diagrams of the frontier
molecular orbitals (FMOs) which determine the
charge-separated states of the IC-2 and ICZS1–
ICZS5 dyes are shown in Fig. 4. The HOMOs of the
dye molecules must lie below the redox electrolyte.41

The redox potential of the liquid electrolyte is
(� 4.8 eV), indicating that it is energetically favor-
able for ground-state oxidized dye regeneration.
Accordingly, all the HOMO energies are below the
redox couple. It is noted that this ensures sufficient

Table II. Molecular orbital energy levels of HOMOs, LUMOs, corresponding energy gap and chemical
hardness (g) of the ICZS1–ICZS5 dye molecules performed using the B3LYP/6-31G(d) basis set

Dyes

B3LYP

g in (eV)HOMOs (eV) LUMOs (eV) Energy gap (eV)

IC-2 � 5.73 � 2.61 3.12 1.56
ICZS1 � 5.62 � 2.56 3.06 1.53
ICZS2 � 5.45 � 2.54 2.91 1.45
ICZS3 � 5.83 � 2.69 3.14 1.57
ICZS4 � 5.69 � 2.59 3.10 1.55
ICZS5 � 5.18 � 2.44 2.77 1.38

Fig. 4. FMOs of HOMO and LUMO for all dye molecules calculated
at the B3LYP/6-31G(d) level of theory. The red horizontal dotted line
indicates the CBE of TiO2, and the blue horizontal dotted line
indicates the redox electrolyte (Color figure online).
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driving force for dye regeneration from the redox
couple. At the same time, the LUMOs of these dyes
must be higher than the CBE of TiO2 for efficient
electron injection, since this will allow the electron
injected from the excited states of these dye to reach
the CBE of the TiO2 surface. The CBE of the TiO2

surface is � 4.0 eV.42 Figure 4 shows that all the
LUMO energies are higher than the CBE of the
semiconductor, which implies that the excited states
of an electron can be successfully injected into the
CBE of TiO2.

The HOMO and LUMO energy gaps of ICZS1–
ICZS5 are smaller than IC-2, which may result in a
longer absorption wavelength side and extend into
the solar spectrum. It is noted that ICZS2 and
ICZS5 have potentially shown good performance
when compared to IC-2.

Optical Absorption Properties

First, the absorption spectra of IC-2 dye using
three different functionals (B3LYP, CAM-B3LYP
and WB97XD) TD-DFT with dichloromethane
(DCM) solvent and conductor-like polarizable con-
tinuum model (C-PCM) have been investigated and
compared with experimental data. The calculated
results are listed in Table I. These results obtained
with WB97XD functional are closely related to the
experimental data (Fig. 2). Secondly, the optical
absorption wavelength of the ICZS1–ICZS5 dyes are
used in TD-WB97XD functional for calculating. The
computed vertical excitation energies corresponding
to wavelength, major contribution and oscillator
strengths of the dyes in DCM solvent along with
available experimental data are listed in Table III
and Fig. 5. From Table III, ICZS1–ICZS5 dyes at
the calculated values of absorption wavelength were
399 nm, 420 nm, 378 nm, 394 nm and 461 nm. The
spacer substituent effects in the ICZS4 dye maxi-
mum molar extinction coefficient is
(10.32 9 104 M�1 cm�1) when compared to IC-2
(10.14 9 104 M�1 cm�1) and other dyes. The

maximum absorption peaks of the ICZS1, ICZS2,
ICZS4, ICZS5 are red-shifted by 14 nm, 35 nm,
9 nm, and 76 nm, and ICZS3 is blue-shifted by 7 nm
compared to IC-2.

The light harvesting efficiency (LHE) can be
presented using Eq. 2, as follows43:

LHE ¼ 1 � 10�f ð2Þ

Here, f is the oscillator strength (a.u.). The calcu-
lated LHE values of the ICZS1–ICZS5 dyes are
0.9282 a.u, 0.9210 a.u, 0.9178 a.u, 0.9624 a.u and
0.8972 a.u. The LHE of the designed dye molecules
must be highly possible for the large photocurrent
response for DSSCs. Hence, the LHE of ICZS1–
ICZS5 dyes exceed the potential to give a more or
less similar photocurrent. In particular, the LHE of
ICZS4 dye is larger than that of IC-2.

Table III. Optical absorption wavelength corresponding excitation energies (kmax in nm and eV), oscillator
strength (f in a.u.), orbital transitions (%) and light harvesting efficiency (LHE) of the ICZS1–ICZS5 dyes
performed using the TD-WB97XD/6-31G(d,p) basis set in DCM medium

Dyes

Wavelength

Oscillator strength (f) LHE Major transitions (%)Energy (eV) kmax (nm)

IC-2* 3.21 385 1.4025 0.9604 HOMO fi LUMO (71%)
ICZS1 3.09 399 1.1440 0.9282 HOMO fi LUMO (80%)
ICZS2 2.94 420 0.1026 0.9210 HOMO fi LUMO (66%)
ICZS3 3.27 378 1.0856 0.9178 HOMO fi LUMO (58%)
ICZS4 3.14 394 1.4251 0.9624 HOMO fi LUMO (81%)
ICZS5 2.68 461 0.9881 0.8972 HOMO fi LUMO (67%)

*Ref. 24.

Fig. 5. Simulated absorption spectra of all designed dye molecules
ICZS1–ICZS5 and IC-2 were calculated at the TD-WB97XD/6-
31G(d,p) level of theory in DCM solvent.
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Generally, dye molecules with low Eg can create
more electrons at the UV–Vis and near-infrared
regions and increase the efficiency of DSSCs.
Therefore, the presence of added spacer groups
kindly enhances the ICZS1, ICZS2, ICZS4 and
ICZS5 dyes are red-shifted in the absorption spec-
tra, which may be favorable for enhancing efficient
in DSSCs.

Non-linear Optical (NLO) Properties

Over the past decade, various research teams
have studied NLO response using organic dye
molecules.29,44 A smaller Eg leads to higher NLO
property response. The NLO properties characterize
the response of a system to an applied electric field.
In this study, the NLO properties using spacers
with ICZS1–ICZS5 dyes are calculated. The NLO
properties of the dye molecules are calculated by the
static dipole moment (l), polarizability (a), static
polarizability (Da) and first (b0) order
hyperpolarizability.

The l, a, Da and b0 are expressed as follows:

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2
x þ l2

y þ l2
z

q

ð3Þ

atot ¼
1

3
axx þ ayy þ azz
� �

ð4Þ

Da ¼ 1
ffiffiffi

2
p axx þ ayy

� �2þ azz þ axxð Þ2þ 6a2
xx

h i

ð5Þ

b0 ¼ bxxx þ bxyy þ bxzz
� �2þ bxxy þ byyy þ byzz

� �2
h

þ bxxz þ bzyy þ bzzz
� �2

i1
2

ð6Þ

Here, l2
x ; l

2
y ; l

2
z dipole tensor components and

axx; ayy and azz polarizability tensor components,
bxxz; bzyy; bzzz; bxxx; bxyy; bxzz; bxxy; byyy and byzz magni-
tude of the first hyperpolarizability tensor compo-
nents. These constraints contribute to the non-
linearity of the designed dye molecules.

The calculated values of l, a, Da, b0 at the ground
state for the ICZS1–ICZS5 and IC-2 dyes are listed
in supplementary Table SI. The l is an essential
factor that provides data about the electronic charge
spreading in the molecules. The results for l showed
that the larger values of the ICZS2 dye are 9.40 De-
bye and 10.98 Debye in gas and solvent phases
compared to IC-2. Among the five dyes, ICZS2
exhibits the best performance of NLO activity.

From the table a values of ICZS2 (207 a.u.),
ICZS4 (195 a.u.) and ICZS5 (195 a.u.) are higher
than the other dyes when compare to IC-2
(186 a.u.). The maximum value of the ICZS2
molecule is 3.074 9 10�23 e.s.u. compared with IC-
2 is 2.764 9 10�23 e.s.u. The highest value of b0,

which is a measurement of the NLO activity of the
molecular system and is closely associated with ICT.
Consequently, ICZS2 and ICZS5 molecules are
greater than the 6.511 9 10�30 e.s.u. and
6.279 9 10�30 e.s.u. compared to reference dye is
5.858 9 10�30 e.s.u. The highest a and b0 exhibit
good sensitizing properties upon photoexcitation. A
quantum chemical study has been used to under-
stand the relationship between the electronic struc-
ture and its NLO response. A higher value of b0

specifies significant active NLO performance, and
the current results show that the ICZS2 and ICZS5
dyes were particularly suited for use in NLO
applications.

Photovoltaic Properties

Power Conversion Efficiency

The power conversion efficiency (PCE) of the
DSSCs was calculated according to Eq. 7,45 as
follows:

PCE ¼ 1=PINCðVOCJSCFFÞ ð7Þ

where PINC denoted as incident power density, VOC

is the open-circuit photovoltage, and FF is the fill
factor. The maximum VOC values of the DSSCs are
mainly determined by the LUMOs and CBE of the
Fermi level.

The theoretical values of eVOC have been calcu-
lated from following Eq. 846:

eVOC ¼ ELUMO � ETiO2

CB ð8Þ

The theoretical values of the eVOC for the studied
ICZS1–ICZS5 molecules range from 1.31 eV to
1.56 eV. These values are sufficient for a potential
efficient electron injection process. In addition,
higher values of LUMOs will generate larger
eVOC, which contributes to the conversion efficiency
of the organic solar cells. It is shown that the ICZS2
and ICZS5 have larger eVOC values compared to IC-
2 and other dyes. The results show that the
substitution effects of ICZS1, ICZS2, ICZS4 and
ICZS5 dyes have enhanced eVOC. In particular,
ICZS2 and ICZS5 dyes show a higher eVOC, which
indicates the outstanding performance of dyes.

Therefore, all the designed molecules can be used
for the dye-sensitized cells, because the electron
injection process from the excited state molecules to
the CBE of the TiO2 has been successful. In
addition, it is favorable for subsequent dye regen-
eration in an organic solar cell.

Electron Injection and Dye Regeneration

The electronic properties of the dye molecules in
the first excited state are a significant factor in the
performance of DSSCs. The JSC main influencing
parameters of the electron injection (DGinject), oxi-

dation potential energy (Edye� ) and dye regeneration
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(DGreg) for the excited state in ICZS1–ICZS5
molecules were calculated using formulas as defined
in a previous study,47 and the values are listed in
Table IV. Theoretically proposed that the DGinject

from the dye molecules in the unrelaxed excited
state to the CBE of the semiconductor.48 According
to Islam’s theory, when DGinject > 0.2 eV.49 Conse-
quently, the absolute calculated values of ICZS1–
ICZS5 dyes are much greater than 0.2 eV. From
Table IV, it is obvious that all the DGinject calculated
values are negative, which means that the excited
state of the dye lies above the CBE of the TiO2.
ICZS1–ICZS5 have an energy difference of
� 1.44 eV to � 1.50 eV between the excited state
molecules and CBE of TiO2. Hence, it is large
enough to guarantee efficient DGinject, except the
value of ICZS3. On the other hand, too large a value
of DGinject might include energy redundancy, which
could result from a smaller VOC and large thermal-
ization losses.50,51

In order to attain faster electron transfer, it is
essential to reduce regeneration.52 The calculated
DGreg values of all the dye molecules are listed in
Table IV. The DGreg of ICZS1, ICZS2, ICZS4 and
ICZS5 are lower than the IC-2 (0.93 eV), indicating
the high PCE of the DSSCs. Because of the signif-
icance of the data, the higher DGinject,eVOC and the
broader absorption spectra, as well as small Eg and
DGreg, high conversion efficiency was achieved.
Hence, DSSCs in ICZS2 and ICZS5 dyes are supe-
rior candidates to other dyes, due to these favorable
computed results. In summary, indolocarbazole dye
derivatives can be systematically modified through
various p-spacers for DSSC application.

CONCLUSION

In summary, the optoelectronic properties of
indolocarbazole (IC-2) based ICZS1–ICZS5 spacer
molecules were systematically investigated by DFT
and TD-DFT in detail. The spacer effect of the
electronic structures, absorption wavelength and
NLO properties were detailed as discussed. The
computed absorption spectra using the TD-DFT
method including the WB97XD functional show
good agreement with the IC-2. The calculated

results show that the LUMOs energy of ICZS2 and
ICZS5 mainly delocalized on the spacer groups
which are favorable for TiO2. This is possible due
to the effectiveness of the molecules for electron
injection into the CBE of TiO2. Additionally, their
HOMO energy is in good agreement with that of dye
regeneration, making them suitable for use in
DSSCs. The UV–Vis absorption spectra of ICZS2
and ICZS5 showed better red shifts compared with
IC-2. In fact, ICZS2 and ICZS5 molecules produced
higher open-circuit voltage in DSSC devices. The
calculated results also show that dipole moment,
polarizability and first hyperpolarizability values at
ICZS2 and ICZS5 molecules have a better NLO
response. The results of this study may be useful for
the development of sensitizers with desirable optical
and electronic properties in order to achieve DSSCs
with higher efficiency.
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