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ABSTRACT: In this article, electron transporting layer (ETL) materials are designed to
enhance the performance and stability of methyl ammonium lead iodide (MAPbI,)
perovskite solar cells (PSCs). The optical and electronic properties of the designed ETLs
are investigated using density functional theory. The designed ETLs show better charge
mobility compared to nickel phthalocyanines (NiPcs). The NiPc, a hole transporting
layer material, shows ETL-like behavior for PSCs with the substitution of different
electron withdrawing groups (X = F, Cl, Br, and I). The stability and electron injection
behavior of the designed ETLs are improved. The Br NiPc shows the highest charge Sun Light

mobility. Further, the stability of the designed ETLs is relatively better compared to

NiPc. Due to the hydrophobic nature, the designed ETLs act as a passivation layer for perovskites and prevent the absorber materials
from degradation in the presence of moisture and provide extra stability to the PSCs. The effect of designed ETLs on the
performance of MAPDI; solar cells is also investigated. The PSCs designed with Br;(NiPc as an ETL shows a relatively better
(23.23%) power conversion efficiency (PCE) compared to a TiO,-based device (21.55%).

Electrode (AU / p

B INTRODUCTION is also used as an ETL in PSCs."* The charge mobility of SnO,

In the recent decade, perovskite materials are considered as is higher compared to TiO, and ZnO,. The SnO, is less

one of the alternatives for making solar cells (SCs) due to their hygroscf’PiC ir% nature compared to TiO, and ZnO,; however,
cost effectiveness and eﬂiciency.l_4 In perovskite solar cells the devices with SnO, as an ETL are also reported to show

(PSCs), the perovskite material (ABXj; A, B, and X are poor PCE."

monovalent organic cations, divalent metal cations, and Further, to overcome the shortcomings of oxide ETLs, one
halogen ions, respectively') is sandwiched between electron should have to search materials for better device stability and
transport layers (ETLs) and hole transport layers (HTLs), PCE. In this context, metal phthalocyanines (MPcs) may be a
which act as a light absorber.® The thermally generated suitable candidate for ETLs in PSCs due to their unique
electron—hole (e-h) pairs are transported to the photoanode properties, such as kinetic and thermal stability, considerable
and counter-electrode through ETLs and HTLs, respectively. charge mobility, suitable band gap, and hydrophobicity in
Therefore, charge transport layers are the key components of nature.” MPcs had been given a considerable attention due to
PSCs as they work in the form of charge transportation, charge their applications in organic solar cells and thin film
separation, and minimizing the rate of their recombination. transistors.” Most of the MPcs show an ideality factor, greater
Significant efforts were made to the design and synthesis of barrier height, and large series resistance. In a study, ° the
ETLs and HTLs with improved charge mobility to achieve authors carried out density functional theory (DFT)
better power conversion efficiency (PCE) of PSCs."~" The calculations to explore the electronic structure and bonding
materials containing small4<_)gganic molecules are c9nsidered as in MPcs (M = Fe, Co, Ni, Cu, Zn, and Mg). Shah et al.'® have
a charge transport layer.” Generally, metal oxide, organic investigated electrical properties of NiPc in a surface-type

molecules, and polymers are used as ETLs for PSCs. TiO,  gchottky diode. Ahmad et al.'” had studied the nickel(II)
material had Wld?l}’ bee.tn used as ETLs for PSCs.” ’I.‘he phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTSPc)
low electron mobility, high processing temperature, and a high for its application as a temperature sensor. Further, a derivative

density of trap states below the conduction band are the major of NiPe, nickel(II) 4,4',4" 4" potassium-tetrasulfophthalocya-
key issues to make TiO, as a more reliable ETL. However,

Snaith et al."” reported that TiO, reduces stability of PSCs. ]
Further, the materials, e.g., SnO,, CdSe, WO5, ZnO, ZnSnO,, Received:  January S, 2021
and SrTiO; are also used as ETLs in PSCs."” Due to the low AccePted: February 17, 2021
processing temperature, ZnO, reduces the effective cost of the Published: March 1, 2021
PSC devices; however, low PCE, decomposition under

ambient environment, and poor chemical stability of ZnO,

are the main drawbacks before using it as ETLs. Further, SnO,

© 2021 The Authors. Published b
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nine (K,NiTSPc) had also been investigated by Ahmad et al."®
In the study, it was reported that the K,NiTSPc shows better
electronic properties compared to NiPc. Romero et al.'” had
investigated magnetic, electronic, and vibrational properties of
MPcs (M = Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ag)
and fluorinated MPcs (F (MPcs). Fadlallah et al*° had
explored the electronic properties of F;(MPcs (M = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ag). Further, Haider et
al?! had studied NiPc as an HTL for MA,,,FA,,Pb
(Io78Bro21); PSCs and achieved a PCE of 14.3%.Generally,
MPcs are p-type organic semiconductors; however, with the
substitution of different electron extracting groups, e.g.,, —CN,
—CF;, halogens, and other functional groups, they behave like
n-type semiconductors.”®'*?° Further, there are some criteria
for designing suitable ETL materials for PSCs, (i) the highest
occupied molecular orbital (HOMO) level and lowest
unoccupied molecular orbital (LUMO) level of ETLs must
be lying below the HOMO and LUMO level of the
corresponding perovskites, (i) it must have high charge
carrier mobility, (iii) electron affinity of ETLs should be
high,”* (iv) the recombination rate should be minimum, and
(v) ETL materials should be chemically and kinetically stable.

By considering the above facts, we substituted halogens (X =
F, Cl, Br, and I) as electron withdrawing functional groups in
NiPc to modify its electronic properties and facilitate the
designed molecules as n-type semiconductors that can be used
as ETLs for PSCs. The structures, electronic and optical
properties, and electron mobility of the functionalized NiPc
molecules (XNiPc) with X = F¢, Cl¢, Bry4, and I ;4 are studied
using DFT. The optical absorption spectra of the designed
ETL molecules are also studied using time-dependent DFT
(TD-DFT). Further, the designed molecules are used as ETLs
to simulate the efficiency of PSCs formed with the MAPbI;
perovskite material as the light harvester via the SCAPS 1D
solar cell simulator.”?

B COMPUTATIONAL METHODS
24,25

Theoretical Background. The Marcus theory was
employed to explore the charge transporting properties of the
XNiPc molecule. Under ambient conditions, the hopping
model is employed to describe the mobility of electrons and

holes. The charge hopping rate (k) is defined as****
2 1
k=Zyv e exp[—1/4k;T]
h kg T (1)

where V,, 4, f, ks, and T are the transfer integral,
reorganization energy, Planck’s constant, Boltzmann’s con-
stant, and temperature, respectively.

The change in energy associated to geometry relaxation
during the charge transfer is known as reorganization energy,
and it is defined as"®*°

j’hole = [EO(M+) - EO(MO)] + [E+(M0) - E+(M+)]
(2)

()

where Ay . and A, are reorganization energies of the hole and
electron, respectively. M°, M*, and M~ are the optimized
geometries of the neutral molecule, cation, and anion,
respectively. E°(M°) is the ground state energy of the neutral
molecule, whereas E°(M*) and E°(M™) are the single-point
energy of their cationic and anionic geometries, respectively.

dae = [E°(M7) — E°(M°)] + [E~(M°) — EZ(M7)]
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The value of electronic coupling depends on the arrangement
of the molecule in a solid state.* Further, in order to achieve
high charge mobility, the value of electronic coupling should
be at the maximum and reorganization energy should be at the
minimum.” The value of electronic coupling is determined
using the following equation:*”**

(4)
where yfidvoand yiSyoare the HOMOs of the two adjacent
molecules, a and b, while %o and Yo are the LUMOs of
the same molecules without the intermolecular interaction and
F is the Fock operator.

The mobility of the charge carrier (4) of the designed
molecules is obtained using the Einstein equation:
_eD

kyT

_ 0,a 0,b
Vb = <‘/’Ho1v10/LUM0|F |'//HOMO/LUMO>

U
©)
where D and e are the diffusion coefficient and unit charge,
respectively. The diffusion constant is expressed as

i (6)
where i is the given transfer pathway, r;, p; (E =k;/ Zi ki), and

d are the distance between the centroid to the centroid for
charge hopping, hopping probability for the ith pathway, and
spatial dimensionality, respectivelzf. The value of d is
considered as 1 in the present work.””"'

Further, we employed the SCAPS 1D solar cell simulator™®
to simulate the performance of PSCs using designed ETLs. To
simulate the performance of PSCs like a real-life counterpart,
the following differential equations in 1D are applied:

Poisson equation:

%(—e(x)i—j:) = qlp(x) = n(x) + Nj(x) = N;(x)

+ pt(x) — n(x)] )

where €, ¥, q, p, n, Ny, N,%, p, and n, are the permittivity,
electron charge, free hole density, free electron density, ionized
donor-like doping concentration, ionized acceptor-like doping
concentration, trapped hole density, and trapped electron
density, respectively.

Hole continuity equation:
b

B pnO d§

dp dzp
—= - " 4 p—"
7 ) dx %5 dux P dx? (8)

Electron continuity equation:

dp
no_ G
dt P

*n

p
dw?

)
where G, D, & and p are the generation rate, diffusion
coefficient, electric field, and mobility of the charge carrier,
respectively.

Computational Details. To study the charge transport
properties of XNiPc, we have first optimized their structures at
the minima of the potential energy surface (PES) using
Gaussian 09 software.”> We have employed the B3LYP
functional®*** conjugated with the basis set 6—311+g(d)35 for
lighter atoms, such as H, C, N, F, O, and Cl, and effective core

n, —n
0

s SRS B

T

n

£ dn,
= +ué—L +D
o dx M'é: dux "
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potential (ECP) basis set LANL2DZ for heavy atoms, such
as Br, I, and Nij, to perform the calculations. The calculation of
the vibrational frequency is also done at the same level of
theory to confirm that the structures are optimized at the
minima of the potential energy surface (PES). We performed
single-point calculations with the B3LYP**** functional and
single-point TD-DFT calculations with the Coulomb-attenuat-
ing method (CAM-B3LYP) functional®” and 6-311+g(d)*
and LANL2DZ*® basis set to simulate the UV—vis spectra of
XNiPc. In order to see the effect of the solvent on the
simulated ultraviolet—visible (UV—vis.) spectra, the calcula-
tions were also performed in dimethyl sulfoxide (DMSO) as a
solvent using a conductor-like polarizable continuum model
(cPcMm).*®

B RESULTS AND DISCUSSION

Structures and Molecular Orbitals. The optimized
structures of NiPc and XNiPc (designed ETLs) are shown in
Figure 1. For validation of the theoretical methods used in the
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Figure 1. Optimized structures of NiPc and its derivative XNiPc.

present report, the calculated structural parameters of NiPc are
compared with experimental data. The calculated results are
given in the Supporting Information (SI), see Table S1. The
molecular frontier orbitals of NiPc and XNiPc are calculated at
the B3LYP/6-311+g(d)/LANL2DZ level of theory, and the
results thus obtained are shown in Figure 2. The HOMOs and
LUMOs of the designed molecules are mostly found to have a
7 character. It is important to note that in most of the
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Figure 2. Calculated HOMO and LUMO levels of NiPc and its
derivative XNiPc.
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molecules, the HOMOs are more delocalized compared to
LUMOs (see Figure 2). The delocalized frontier molecular
orbitals, i.e., HOMO-LUMO orbitals can enhance the faster
charge transportation by enhancing electronic coupling
between adjacent molecules and reducing the nuclear
reorganization energy. Further, the Ni atom mostly takes
part in the formation of LUMOs. The HOMO of NiPc is
calculated to be —5.26 V. It is in good agreement with the
previously reported value, —5.3 eV.*’ The substitution of
electron withdrawing groups lowers the values of HOMOs and
LUMOs compared with their values of NiPc. The value of the
HOMO-LUMO gap is also decreased compared to NiPc. The
calculated values of the HOMO-LUMO gap are shown in
Table 1.

In Table 1, Ey E;, AE g Ay, (nm), Egy, and f are the energy
of the HOMO level, energy of the LUMO level, energy
difference between HOMO and LUMO levels, maximum
absorption wavelength, excitation energy for the lowest excited
state that corresponds to the A, and oscillator strength of the
lowest excitation, respectively.

To facilitate the electron mobility in the ETLs, the LUMO
level must be lowered in case of n-type materials.”” Further, the
lower values of LUMOs contribute significantly to the
environmental stability of the materials.”***" The LUMO
levels of the designed ETL molecules can be regulated in the
energy range —3.81 to —4.11 eV. Consequently, the value of
HOMO and LUMO levels of MAPbI; is —5.43 and —3.93 €V,
respectively. Thus, F|(Ni-Pc, Cl;(Ni-Pc, and Br;(Ni-Pc may be
used as ETLs for MAPbI;. However, the I;,Ni-Pc will not work
as ETLs for MAPDI; since the HOMO and LUMO levels are
not lying below the corresponding HOMO and LUMO levels
of MAPbI, (see Table 1 and Figure 3). Therefore, we did not
perform further calculations on I;4Ni-Pc as ETL for MAPDI,,
although it may work as ETL for another perovskite like
MAGels.

Electron Affinity, lonization Potential, and Reorgan-
ization Energy. For n-type semiconducting materials,
electron affinity (EA) must be higher to facilitate electron
transport, whereas for p-type materials, ionization potential
(IP) must be lower.”> The values of IP and EA can be defined
as IP = —Eyomo and EA = —E; ;o Due to substitution of
different electron withdrawing groups to NiPc, the values of IP
and EA are increased. This means that the electron mobility of
XNiPc is enhanced compared to NiPc. The value of IP is found
to be the maximum (6.24 eV) for F(NiPc and the minimum
(5.80 eV) for I;,(NiPc. The value of EA is increased from 3.81
(1,4Ni-Pc) to 4.11 eV (F4Ni-Pc). The calculated values of IP
and EA are shown in Table 2. The values of EA of XNiPc are
close enough to the work function of the most used metal
electrode, e.g., gold with the work function 5.1 eV, which is
being used in the present study”” for simulating the efficiency
of MAPDI,.

The reorganization energy is a measure of change in energy
associated with the geometry relaxation during the charge
transfer. Further, according to Marcus, the low value of
reorganization energy is required for better hopping of the
charge carriers. The reorganization energies of the hole (1)
are increased, while reorganization energies of the electron
(Aqe) are decreased for XNiPc (see Table 2). It further ensured
that the XNiPc behaves as n-type semiconductors. The Ay,
and A, for NiPc is calculated to be 0.04 and 0.33 eV,
respectively. Further, the value of ;. and A is found in the
range of 0.07—0.11 eV and 0.20—0.25 eV, respectively for

https://dx.doi.org/10.1021/acsomega.1c00062
ACS Omega 2021, 6, 7086—7093
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Table 1. Calculated Ground-State and Excited-State Properties of NiPc and its Derivatives

molecules Ey (eV) E; (eV) AE; 1(eV) Aaps (nm) Egx (eV) f assignment
Ni-Pc —-5.26 -3.06 2.20 649.13 191 0.66 H->L
F¢Ni-Pc —-6.24 —4.11 2.13 649.82 191 0.68 H-L
Cl,4Ni-Pc —6.09 —4.00 2.09 660.94 1.88 0.70 H->L
Br¢Ni-Pc —6.09 —4.01 2.08 684.58 1.81 0.76 H->L
I,¢Ni-Pc —5.80 -3.81 1.99 691.87 1.79 0.56 H->L
2 —— NiPc
i T 60000 -
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0 3 - & < = £
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Figure 3. Band alignment of the HTL, perovskite, TiO,, and designed gth (nm)

ETLs.

Table 2. Calculated Values of Reorganization Energy of
Hole (A,,,.) and Electron (4,,), Ionization Potential (IP),
Electron Affinity (EA), Exciton Binding Energy (Eg), and
Amount of Charge Transfer (gcy) of NiPc and XNiPc

qer (e)
Ahole Aete P EA Ey
molecules  (eV) (eV) (eV) (eV) (eV) DMSO gas
Ni-Pc 0.04 0.33 5.26 3.06 0.29 0.34 0.26
F¢Ni-Pc 0.11 0.25 6.24 4.11 0.35 0.36 0.28
Cl,(Ni-Pc 0.10 0.25 6.09 4.00 0.27 0.39 0.32
Br¢Ni-Pc 0.08 0.22 6.09 4.01 0.27 0.38 0.31
I,4Ni-Pc 0.07 0.20 5.80 3.81 0.20 0.39 0.33

XNiPc. The lower value of 4, is better for improving the
electron mobility of XNiPc. It further confirms that XNiPc may
be used as ETLs for MAPDI,.

Absorption Spectra, Exciton Binding Energy, and
Charge Transfer. The ETLs must show less light absorption
in the visible region besides the matching of the energy levels.
To get insights into the optical properties and electronic
transition of the designed ETLs, the UV—vis absorption
spectra of the designed ETLs are calculated at the CAM-
B3LYP/6-311+g(d)/LANL2DZ level of theory. The maximum
absorption wavelength (4,,), oscillator strength (f), and
excitation energy for the lowest excited state (Egy) are listed
in Table 1. The absorption spectra of the designed XNiPc
molecules are shown in Figure 4. The simulated absorption
peak of the designed ETLs shows significant absorption in the
spectral range 649—692 nm. The Cl(NiPc, Br¢NiPc, and
I,(NiPc show a redshift of 12—43 nm compared to the
absorption wavelength of NiPc. Kumar et al.' have calculated
the absorption spectrum of MAPbI; with the absorption peak
at 370 nm. The absorption range of ETLs is far from the
absorption of MAPDI;; therefore, the designed ETLs may be
promising candidates for MAPbI;. The maximum absorption
of the designed ETLs is due to the electronic transition from
HOMO to LUMO in the presence of large spatial overlapping
of FMOs.

7089

Figure 4. UV—vis. spectra of NiPc and designed ETLs.

For effective charge transportation, the bound e-h pairs
should be dissociated completely into negative and positive
charges to avoid Coulomb attraction between them. The value
of the exciton binding (Eg) energy is calculated by taking the
energy difference of the electronic and optical band gap.*’ The
first singlet excitation energy is considered as the optical band
gap,** while the energy difference between HOMO and
LUMO levels is approximated to the electronic band gap. The
value of Ey of the designed ETLs ranges from 0.35 to 0.20 eV,
while the Eg of the NiPc is calculated to be 0.29 eV. Except
F¢NiPc, the values of Ey for other ETLs are found to be
relatively less compared to NiPc (see Table 2). It shows that
the e-h pairs of the designed ETLs, except F(NiPc, can be
dissociated into free charge carriers relatively easier compared
to NiPc. Further, the amount of charge transfer (gcr) in
electronic transition also reflects the strength of the Coulomb
attraction between e-h pairs.” The weak Coulombic attraction
and faster dissociation of e-h pairs account for transfer of large
amount of charge in electronic transitions.” To calculate the
values of gcr, we have employed the method reported by
Ciofini et al.”*® The calculated values of gcr in DMSO as a
solvent and in the gas phase are shown in Table 2. The values
of gcr are calculated using Multiwfn software.*” The value of
gcr for NiPc is calculated to be 0.34e and 0.26e in DMSO and
the gas phase, respectively. The values of gcr for designed ETL
molecules are lying in the range of 0.36—0.39¢ and 0.28—0.33e
in DMSO and the gas phase, respectively. The designed ETLs
show a better charge transfer character compared to NiPc in
electronic transitions. Therefore, an easy dissociation of e-h
pairs can be expected in the designed ETLs due to large values
of gcr and the low value of Ej.

Charge Mobility. The charge mobility plays a key role in
transporting the charge carriers; therefore, we have employed
the Marcus®¥* theory and the Einstein relationship™® to
obtain reliable charge mobility. For better charge mobility, the
value of reorganization energy should be lower while the value
of transfer integral should be larger. In earlier studies,’’" it
was reported that the large value of the transfer integral results
in the most stable dimer (the structures of the stable dimer of

https://dx.doi.org/10.1021/acsomega.1c00062
ACS Omega 2021, 6, 7086—7093
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designed ETLs are shown in the Supporting Information, see
Figure S2). Therefore, herein, the charge transport pathways
are considered only in one dimension instead of three
dimensions. The values of electron mobility (4,), hole mobility
(uy,), centroid-to-centroid distances (r;), electron transfer
integral (V;), hole transfer integral (Viy;), and the hopping
rate of electrons and holes are calculated for the stable dimer of
the designed ETLs, and their values are listed in Table 3.

Table 3. Calculated Centroid-to-Centroid Distance (r;),
Hole Transfer Integral (Vyy), Electron Transfer Integral
(ViL), Hole Hopping Rate (k;,), Electron Hopping Rate (k.),
Hole Mobility (p;,), and Electron Mobility (¢,) of NiPc and
XNiPc

Hn

(em* g (cm?
) Ve o khl kﬁ A v

molecules r, (A) (eV) (eV) GG ) )

Ni-Pc 543 391X —134 872X 216X 497X 123X
1073 X 10! 10° 1072 107*

1073

FigNi-Pc 395 102X 775X 1.82X 180X 549X 543X
1072 1073 10%2 10! 1072 1073

Cl¢Ni-Pc 518 —1.97 217 x 211X 25 x 1.09x 133X
X 1073 100 100 1073 1073
1073

BrgNi-Pc  4.86 153X 569X 642X 138X 2930 6299
107! 107 10t 10%

LNi-Pc 579 =375 141X 454X 108X 2.94 6.99 X
X 1072 10" 10" 1072
1072

The designed ETL molecules, except Cl;4NiPc, show better
values of y, and y;, compared to NiPc. The values of y, and py,
of Cl;4NiPc are found to be in the order of 1073, while for
NiPc, the values of y, and py, are found to be in the order of
107" and 1072, respectively. The larger value of y;, for NiPc
compared to Cl;(NiPc may be due to the less value of Vyyy; and
high value of Ay, of Cl¢NiPc compared to their values of
NiPc. Br;4NiPc shows the highest values of y, and iy, among all
the designed ETLs and NiPc. The shorter value of r; and
higher values of Vi and Vyy are mainly responsible for the
highest charge mobility of Br)¢NiPc. Thus, the designed ETLs,
F¢NiPc, Cl;4NiPc, and Br;¢NiPc may be used as potential
candidates for MAPDI;, while, I;;NiPc may work for MAGel,.
Thus, the higher value of i, of the designed ETLs allows them
to serve as efficient ETLs without extra doping. Further, it can
increase the stability of the device and also simplify the device
fabrication.

Solubility and Stability. For the fabrication of PSCs, the
solubility and stability of the designed ETLs are important
properties, which need to be investigated. The solubility of the
designed ETLs can be calculated using solvation free energy
(AGy,). It is defined as the difference between the free energy
of the molecule in the gas phase and free energy of the
molecule in the solution phase.”® A high negative value of
solvation energy of a molecule indicates its better solubility in
the solution. In this work, we have calculated the solubility of
the designed ETLs in two different solvents: (i) DMSO and
(ii) dichloromethane (DCM). Further, the calculated results
show that the designed ETLs have better solubility in DMSO
in comparison to DCM, expect Cl;(NiPc, which shows better
solubility in DCM (see Table 4). The better solubility of the
designed ETLs will facilitate easy fabrication of the efficient
PSCs.
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Table 4. The Calculated Values of Solubility in DMSO and
DCM, Chemical Hardness, Dipole Moment of NiPc and
XNiPc

solubility (kcal/mol)

molecules DMSO DCM n (eV)  dipole moment (Debye)
Ni-Pc -7.93 —=7.11 1.10 0.0004
F,¢Ni-Pc —14.43 —12.84 1.07 0.0005
Cl4Ni-Pc —8.07 —9.08 1.05 0.0001
Br¢Ni-Pc -9.77 —-8.71 1.04 0.1135
I,4Ni-Pc —11.0§ —-9.92 1.00 0.0001

The stability of the designed ETL molecules is investigated
by calculating the values of their chemical hardness (17).">*
The large value of 7 corresponds to higher stability of the
ETLs. The value of 5 of the designed ETLs is calculated using
the relation (E yno — Eromo)/2. " The calculated values of 5
are listed in Table 4. The values of # indicate that the stability
of the designed ETLs is comparable to that of NiPc. Further, in
order to use the designed ETLs as a passivation layer on the
perovskites, we have also calculated their dipole moment. The
values of the dipole moment of the designed ETLs are listed in
Table 4. The values of dipole moment of the designed ETLs
and NiPc are found to be nearly close to zero, expect Br;(NiPc.
It shows the hydrophobic nature of the designed ETL
molecules. Further, to check the hydrophobicity of the
designed ETLs, we also studied the interaction of water with
the designed ETL molecules. The calculated results are listed
in Table S.

Table 5. Calculated Values of the Bond Length of H-O of
the Water Molecule Adsorbed on the Surface of NiPc and
XNiPc

bond length (&)

molecules 0-H(1) O-H(2)
isolated H,O molecule 0.963 0.963
Ni-Pc 0.964 0.964
F¢Ni-Pc 0.964 0.964
Cl,Ni-Pc 0.964 0.964
Br¢Ni-Pc 0.964 0.964
1,Ni-Pc 0.964 0.964

The results show that there is no deformation in the bond
length (H—0) of the water molecule adsorbed on the surface
of the designed ETLs. It further supports the hydrophobic
nature of the designed ETLs. Therefore, the newly designed
ETLs will act as the passivation layer on the surface of
perovskites and prevent them to degrade in the open
environment. Further, negligible structural changes are found
in the designed ETLs due to adsorption of H,O molecules (see
Table S2 and Figures S3—S7).

Power Conversion Efficiency of Perovskite Solar
Cells. In order to see the practical performance of designed
ETL molecules, we have carried out numerical simulations via
SCAPS-1D software™ under the AM 1.5 solar spectrum at a
100 mW/cm? light intensity to determine J—V characteristics.
The SCAPS-1D software describes thin film SCs as a stack of
layers characterized by thickness, doping, and other physical
parameters of the materials (absorber, ETL, and HTL)>" as
shown in Figure S. The SC simulation software SCAPS-1D can
simulate the electric field distribution, current density,
recombination profile, and transport properties.””*> For the
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Figure 5. SCAPS-1D definition panel and device architecture (n—i—
p)-

reference SC device, we first simulate the solar cell using
MAPDI; as the light absorber, TiO, as the ETL, and Spiro-
OMeTAD as the HTL. The architecture of the device is
considered to be a planar heterojunction n—i—p type as shown
in Figure S. Further, the energy level diagram used in SC
simulation is listed in Figure 3. SC simulations are done at
room temperature and under the AM 1.5 solar spectrum. The
thickness of the absorber (perovskite), ETL, and HTL play an
important role in deciding the performance of SCs. Therefore,
we optimized the thickness of ETLs, while the thickness of the
absorber and HTLs are taken from a previous work.”> The
optimized thickness of ETLs (TiO, for the reference device
and designed ETLs) is listed in Table 6, and the variation of

Table 6. Optimized Thickness and Performance of PSC
Devices with Different ETLs

thickness Voc Jsc (mA/ PCE
ELT (nm) W) cm?) FF (%) (%)
Spiro-OMeTAD as the HTL
TiO, 300 1.25 21.61 79.78 21.85
Br,(NiPc 300 1.254 22.62 81.92 23.23
F¢NiPc 300 1.24 17.14 81.54 17.29
NiPc as the HTL
TiO, 300 128 21.62 83.84 22.65
Br,(NiPc 300 1.25 22.62 85.13 24.14
F¢NiPc 300 1.24 17.14 85.06 18.04

PCE with ETL thickness and all the parameters of the
absorber, ETLs, HTLs, and fluorine-doped tin oxide (FTO)
are listed in the Supporting Information (see Table S3 and
Figures S8—S18). Further, we use Spiro-OMeTAD and NiPc
as HTLs to simulate the PCE of the SC devices. The optimized
thickness of NiPc is found to be 300 nm. The optimized
thickness of TiO,, Br;¢NiPc, and F(NiPc is found to be 300,
300, and 300 nm, respectively. The device parameters like
open circuit voltage (V) fill factor (FF), short circuit current
(Jsc), and PCE of the SC devices are listed in Table 6.
Considering Spiro-OMeTAD as the HTL, the TiO,-based
device shows a PCE of 21.55%, while the device based on
Br¢NiPc as ETLs shows a PCE of 23.23%. The I-V curve of
the Br¢NiPc-based device is shown in Figure 6. Due to the
small value of y;, for Cl;¢NiPc (~107% cm® V™! s7!), we are not
able to simulate the performance of the solar cell device with
Cl;¢NiPc as ETLs. Thus, based on the above results, we can
say that the use of Br;{NiPc as an ETL provides enhanced PCE
of the PSC device and with better stability in the presence of
moisture.
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Figure 6. [-V graph and optimized performance of Br16NiPc as the
ETL with a thickness of 200 nm and Spiro-OMeTAD as the HTL.

B CONCLUSIONS

In this article, we have designed and studied ETLs for PSCs by
substituting electron withdrawing groups (X = Fl, Cl, Br, and
I) in NiPc. The addition of electron withdrawing groups
modifies the electronic and optical properties of the NiPc. The
stability of designed ETLs is found to be relatively better
compared to NiPc. The designed ETLs show a better electron
and hole hopping rate and electron and hole mobility
compared to NiPc. The charge transfer characteristic is also
enhanced in the designed ETLs. The designed ETLs show
better solubility in DMSO compared to DCM. The designed
ETLs are hydrophobic in nature; therefore, they will provide
extra stability to the PSC devices in an open environment.
Finally, we also calculated the PCE of the PSC devices using
newly designed ETLs. The device with Br;(NiPc as the ETL
shows a PCE of 23.23 and 24.14% with Spiro-OMeTAD and
NiPc as HTLs, respectively. Thus, among the designed ETLs,
Br(NiPc provides better stability and enhanced PCE of
MAPbI;-based PSCs.
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