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ABSTRACT: In this work, we use a combination of dispersion-corrected density functional
theory (DFT-D3) and the TiberCAD framework for the first time to investigate a newly
designed and synthesized class of (C¢H,(N,)[CuCl,] 2D-type perovskite. The inter- and N
intra-atomic reorganization in the crystal packing and the type of interaction forming in the

active area have been discussed via Hirshfeld surface (HS) analyses. A distinct charge transfer crass
from CuCl, to [C4H,(N,] is identified by frontier molecular orbitals (FMOs) and density of ! T
states (DOS). This newly designed narrow-band gap small-molecule perovskite, with an

energy gap (E,) of 2.11 eV, exhibits a higher fill factor (FF = 81.34%), leading to an open- e p

circuit voltage (V,.) of 1.738 V and a power conversion efficiency (PCE) approaching St
~10.20%. The interaction between a donor (D) and an acceptor (A) results in a charge B ST 4
transfer complex (CT) through the formation of hydrogen bonds (CI—H), as revealed by X 4
QTAIM analysis. These findings were further supported by 2D-LOL and 3D-ELF analyses by
visualizing excess electrons surrounding the acceptor entity. Finally, we performed numerical
simulations of solar cell structures using TiberCAD software.

1. INTRODUCTION (PSC), the power conversion efficiency (% PCE) has seen a
notable improvement, ranging from 3.8% to 25.5%.'"'?
Various numerical studies on perovskite hybrid cells have
been implemented using SCAPS 1-D software. For instance,
Jayan et al." reported maximum efficiency of 15% for CuSbS,
solar devices. Another robust simulation study, conducted
using SCAPS-1D software demonstrated a PCE of 21.31% for
CsPbl; when utilized as an intrinsic layer.'®'> The analysis of
perovskite cell characteristics has specifically focused on the
impact of the CH;NH;Pbl; absorber’s thickness.

The optimal intrinsic thickness is identified as 0.9 pm, falling
within the range of 0.05 to 2 um. At this thickness, the
characteristic parameters include a fill factor (FF) of 71.30%, a
short-circuit current density (Jsc) of 34 mA/cm? and an open-
circuit voltage (V,.) of 0.99 A Consequently, the overall
efficiency for lead-free tin halide CH;NH,Snlj; is calculated to
be 24.54%. In a related study, Hossain et al.'” employed a

Organic hybrid perovskites have received significant attention
over the past decade due to their potential applications in
optoelectronic and photovoltaic devices. Notably, they are full
under the classifications of third generation cells, representing
advancements in the manufacturing process, and are
considered a more environmentally friendly alternative to
silicon-based solar cell."” Despite the exceptional performance
of organic—inorganic hybrid materials, two major drawbacks
can prevent their commercial applications in electronic devices.
First, stability remains a critical concern, particularly associated
with the choice of organic cations. The hygroscopic nature of
organic cations, such as (methylamine (MA*) and formami-
dine (FA"), poses challenges when exposed to oxygen in high-
temperature and high-humidity conditions.”* Second, lead-
based halides are highly toxic and pose significant risk to
human health and the environment.>® To address this issue,
various approaches have been developed including substituting

the organic cation with an inorganic one to improve their Received:  January 6, 2024
stability.”® Additionally, numerous numerical and experimen- Revised:  April 7, 2024
tally based studies on alternative perovskites, such as CsPbl,Br, Accepted:  May 30, 2024
Cs,AgBil,, and CH3;NH;PbX;, have demonstrated favorable Published: June 25, 2024

electrical characteristics in the absorber region of the cell
system.”'” In single junction cells based on perovskite material
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Figure 1. (a) Optimized structure and (b) FT-IR spectrum of the studied complex.
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combination of DFT, SCAPS-1D, and wxAMPS to investigate
the structural, optical, and electronic properties for optimizing
the performance of a Cs,BiAgls-based perovskite solar cell.
Various materials were considered and compared for the
electron transport layer (ETL) region, including PCBM, ZnO,
and TiO,, while Cu,O and CuSc were evaluated for the hole
transport layer (HTL) region. Results indicated that the
maximum efficiency of 21.59% was achieved for ZnO as the
best ETL, and CBTS as the best HTL. Further optimization
possibilities in the performance of perovskite cells involve
studying properties such as defect density, carrier recombina-
tion, and doping.'®"” To achieve good stability and high
reproducibility, minimizing defects in the perovskite layers is
crucial. Yin et al.”® have identified a theoretical effectiveness
limit, including a defect concentration of less than 3.64 X 10"
cm . Despite the degradation of the perovskite (PVK) cell
performance, some approaches have been proposed, such as
the addition of an ITO layer. This not only enhances both the
PCE and device stability, but also preserve optimal perform-
ance in challenging environmental conditions, including
corrosion, humidity, and high temperature.u_23 To under-
stand the crystal-stability and the forces governing atomic
organization in the studied compound, we present an analysis
of inter- and intra-atomic interactions in our crystal packing
through Hirshfeld surface (HS) analysis and density functional
theory (DFT-D3).

The optoelectronic parameters crucial for studying solar cell
applications are elucidated, focusing on the localization of
HOMO/LOMO orbitals, gap energy (E,), and density of
states (DOS). QTAIM analyses reveal the stabilization of the
complex through two robust and two vdW-type interactions.
The presence of Cl in proximity to C4H (N, ensures the
existence of delocalized electrons, facilitating the formation of
a donor—acceptor system, thereby contributing to the
complex’s stability. The 3D-Electron Localization Function
(3D-ELF) and the 2D-Localized Orbital Locator (2D-LOL)
are tools used to explore the charge transfer between the two
investigated systems.

Electrical parameters are focused on the study of the solar
cell: ITO/TiO,/(C¢H,(N,)[CuCl,]/Spiro-OMeTAD/Au.
The impact of thickness and density of defects in the
absorbing region has been investigated, revealing that the
PCE of the PSCs can reach around 25%. Additionally, the
increase in midgap is associated with a high defect density of
10" cm™. In conclusion, (C4H;(N,)[CuCl,] emerges as a
promising material for new generation solar cells.

2. COMPUTATIONAL DETAILS

Theoretical calculations were conducted on copper perovskite
(CgH oN,)[CuCl,] using Gaussian 09, rev. A.02.>> Input files
for Gaussian 09 were generated with GaussView 5.0.8%°
Becke’s three-parameter Lee—Yang—Parr hybrid functional
(B3LYP) was employed for all calculations. Dispersion-
corrected density functional theory (DFT-D3)*”*" at the
level of theory (B3LYP/LANL2DZ)* ™" was utilized for both
geometry optimization and vibrational frequencies calculation
of studied compound. The Hirshfeld surface (HS) mapping
surfaces are the best method for considering the strong or weak
interactions coexisting in a crystal, contributing to the system’s
stabilization. HS and 2D-fingerprint plots were calculated using
Crystal Explorer 17. This theory is involved in our
discussion. Subsequently, the energy levels of frontier
molecular orbitals (FMOs) (eyomo and € umo), energy gap
(Ap.L), and density of states (DOS) were computed using the
GaussSum03 program.” Optoelectronic properties, such as
Amaw excitation energy (E,), and light-harvesting efficiency
(LHE), were calculated by TD-DFT at the same level of
theory. Furthermore, to assess the feasibility of experimentally
forming the desired complex, the cohesive energy was
calculated. Cohesive energy represents the amount of energy
required to separate the components of a solid into neutral,
free atoms. To deeply explore the types, nature, and strength of
the forces that stabilize the studied system (as observed in the
crystal packing HS), a topological QTAIM analysis was
conducted. AIM parameters are generated using the Mutiwfn
package.”* The intra- and intersurface charge transfers of the
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Figure 2. (a) Crystalline structure of (C¢H;,N,)[CuCl,] and (b) the unit cell of the 2D copper perovskite.

studied systems is thoroughly examined through ELF and LOL
analyses. NCI-RDG theories are employed, applying color
codes to identify the nature of interactions formed between
CuCl, and (C¢H,(N,) materials.

Multiscale/multiphysics simulations are highly sought after
in the analysis of electronic and optoelectronics devices such as
III-V LEDs, organic diodes, transistors, and nanowire
FETs.**° TiberCad is one of the pioneering tools capable
of addressing this need, spanning FEM continuous models to
atomistic descriptions. The numerical modeling of the solar
cell was conducted using TiberCAD Software’” and is based
on the semiclassical drift-diffusion transport model, which
consists of the continuity equations of electrons (2)*" and
holes (3)** coupled via the Poisson eq 4 as follows:"”

d‘em Pn B PnO dE d'el dan
— =G - —— —pp— — wpE— + D,—
dt T " dx dx dux

(1)
% =G, — = Mo nPundE unE% Dn—dzn;
dt T d dx dux

(2)

f[()?) = alp() — n(x) + Nps(e) = N-(x) + () — m(x)]
3)

where x represents the spatial coordinate along the material
stack, q represents the electronic charge, G represents the
generation rate, D represents the diffusion coefficient, &
represents the dielectric permittivity, E represents the electric
field, ¢ represents the electrostatic potential, n(x) represents
the number of free electrons, p(x) represents the number of
holes, n(x) represents the number of trapped electrons, p,(x)
represents the number of trapped holes, Ny, represents the
ionized donor doping concentration, and N,_ represents the
acceptor ionized doping concentration.

3. RESULTS AND DISCUSSION

3.1. Morphological Properties, Material Design,
Electronic Behavior, And Binding Interaction Mecha-
nism of the (C4H,(N,)[CuCl,] Complex. 3.1.1. Geometry
Optimization, FT-IR, and HS Analyses. The desired complex
structure was optimized to attain stability, as illustrated in
Figure 1. Imaginary frequencies and cohesive energy were
examined, the primary factors influencing complex formation.
The computed value of the cohesive energy (Ec,;,) was around
98.72 kcal'mol™". The IR spectrum of the studied complex
reveals positive vibrational frequencies with no observed
imaginary frequency (refer to Figure 1). The obtained results,
highlighting the high cohesive energy and the absence of the
imaginary frequency, affirm the stability of the complex.

3.1.2. Crystal Structure and Hirshfeld Surface (HS)
Analyses. 3D-Hirshfeld surface (HS) and 2D-fingerprint plot
analyses have proven to be effective tools in determining the
nature of intra- and intermolecular interaction in the crystalline
form of the studied compound, utilizing well-defined color
codes.””™** These analyses not only provide insights into the
nature of interactions, but also efficiently represent the
interaction sites where charge transfer between the two
systems occurs. "’

The distances between the HS and outside/inside atoms on
the surface are denoted as de and di, respectively. The

normalized distance d,,,, is determined by the following

. 48,49
equation:
dw vdw
di - riv de — T
dnorm = vdw vdw
7 Te (4)
The d,,, is symmetrically related to de and di, or the /%" and

7% characterized the vdW radii of the atom. In the HS surface
mapping, d,o. reveals acceptor sites (negative region =
nucleophilic sites) colored in red, while the positive region
indicates donor sites (electrophilic regions), depicted in blue.
Figure 2 illustrates the crystalline structure of the studied
complex including our repetitive unit cell in this network. The
3D-HS figures of d,,., shape index, and curvedness are
presented in Figure 3a. Notably, d, .., ranges between —0.4472
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Figure 3. (a) dyom shape index, and curvedness and (b) the 2D-fingerprint plot analyses of the (C¢H,(N,)[CuCl,] complex.
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Figure 4. Density of states (DOS) plot for the (C¢H,(N,)[CuCl,]
complex.

and —0.8911 A, the shape index is —1 to 1 A, and the
curvedness spans from —4 to 0.4 A. Figure 3 also includes 2D-
fingerprint plots illustrating the different main contacts of our
complex in percentage. The analysis reveals that the most
significant contribution to the overall crystal packing is
attributed to the (C¢H(N,)[CuCl,] complex, specifically,
H--Cl/Cl-H interactions, constituting 57.7%. This site is
highlighted in red in the d,, and shape indexes, indicating it
as an active site where an accumulation of electrons may foster
H-binding interactions between the two systems. Figure 3b
demonstrated that the H---H interactions represent the second-
largest contribution, comprising 18.6% of the total Hirshfeld
surface. The interatomic contacts involving C---Cl/Cl--C/
Cu---Cl/Cl---Cu and C---H/H:--C exhibit lower contributions
to crystal packing with percentages of 8.1% and 5.2%,
respectively. This observation suggests that these interactions
could be strengthened by the delocalization of electrons on the
surfaces of the two systems, thereby stabilizing them. Contacts
with the least contribution to crystal packing include N---Cl/
Cl--N, Cu--H/H--Cu, N--H/H--N, and Cl--Cl, with
percentage contributions of 1.5%, 5.2%, 1.3%, 1.2%, and
0.4%, respectively. An important point emerging from the HS
discussion is that the interaction promoting the stability of the
complex is Cl---H, indicating that the compound follows an
electron donor—acceptor type interaction. This finding opens
up an opportunity to explore the electronic properties of this
material, proving to be valuable for novel photovoltaic cell
applications.

3.1.3. Electronic Parameters. The HOMO and the LUMO,
commonly referred to as frontier molecular orbitals (FMOs),
play a crucial role in chemical reactions.””~>* The energy gap
(E; = Ayp) between these orbitals is a key indicator of the

chemical stability of the molecule.>® Furthermore, it is essential
for determining the optoelectronic properties of the molecule
and its electrical transport characteristics (see Figure 4). The
energy levels of the HOMO, LUMO, and E, are given in Table
1. Additionally, a density of states (DOS) diagram for the
complex under study was generated through GaussSumO3
software, complementing the results of the FMOs analysis. The
DOS reflects the number of different states in a unit energy
range that can be occupied by electrons, providing valuable
information about the electron distribution in FMOs.

It is observed that localization of the HOMO orbitals
completely surrounds the CuCl, group. Subsequently, these
electrons became delocalized around the second group
(C4H,oN,). Therefore, based on the HOMO—LUMO orbital
localizations, our system is characterized as a donor (D)—
acceptor (A) type. The electronic charge transfer (ECT),
occurring between two systems, is a fundamental process and
can enhance the stability of chemical entities through
electrostatic interactions. This is subsequently confirmed by
means of QTAIM analyses.

From Figure 4, it is evident that the DOS map features a
bandgap of approximately 2.12 eV, separating the HOMO
(~—6.25 eV) from the LUMO (~—4.13 eV).

3.1.4. Optical Properties. The optical characteristics and
UV—visible spectrum of the (C¢H;,N,)[CuCl,] compound
were computed by using the TD-DFT/B3LYP-D3/LanL2DZ
level of theory, and results were visualized through the
GaussSum03 program. The findings are illustrated in Figure 5
and Table 2, revealing three absorption peaks located at 499,
730, and 1021 nm, respectively. The high UV—visibility band
(730 nm) is associated with the 7 — #* electronic transition,
characterized by an optical energy gap of around 1.32 eV.
Particularly, the optical spectrum shows a significant
absorption band in the infrared range around 1021 cm™,
probably due to intramolecular charge transfer. Moreover, the
broad absorption range covering the entire visible region
extending toward the infrared suggests the compound’s
potential for solar cell applications. According to Table 2,
the major contribution of electronic transitions is from H-2(A)
— LUMO(A) (50%) and H-1(B) — LUMO(B) (21%) with
50% and 21%, respectively. This result proves the possibility of
crossing a set number of electrons at the same time from the
HOMO to the LUMO bands, signifying a high energy/charge
transfer on the material’s surface and demonstrating the
excellent absorbance capacity (1000 L-mol™:cm™) of the
studied compound. This finding suggests that the (CsH;(N,)-
[CuCl,] may serve as a new model for the next generation of
photovoltaic applications.

The optical absorbance spectra of the (C¢H;(N,)[CuCl,]
complex were experimentally obtained for both the film sample

Table 1. Energy Values of the Frontier Orbitals of HOMO—LUMO and the Energy Gap (E,) of the (C4H,,N,)[CuCl,]

Complex
HOMO

a

2 .

o9 ) /
2@ P

9
s 9

-6.25 eV

LUMO
a
Energy gap (Eg)
@
-4.13 eV 212 eV
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Figure 5. UV—visible absorption spectrum of the (C¢H,(N,)[CuCl,] complex.

Table 2. Vertical Wavelength (4, nm) and the Oscillator
Strengths (f) Contributing to S, — S; Electronic
Transitions for the Investigated (C4H;,N,)[CuCl,]
Complex, Computed by the TD-B3LYP/LANL2DZ

Method”
i
(nm) Sinax major contribs (%) minor contribs (%)
499 00019 H-2(A) > LUMO(A) H-5(A) — LUMO(A)
(50%) (3%)
H-4(A) - LUMO(A)
(26%)
H-3(B) —» L + 1(B)
(14%)
730 0013 H-1(B) — LUMO(B) H-14(B) - LUMO(B)
(21%) (8%)
H-6(B) — LUMO(B) H-3(B) — LUMO(B)
(16%) (8%)
H-2(B) — LUMO(B) H-4(B) — LUMO(B)
(15%) (7%)
H-11(B) > LUMO(B)  H-9(B) - LUMO(B)
(13%) (4%)
H-5(B) — LUMO(B)
(%)
1021 0006 H-6(B) - LUMO(B) H-13(B) » LUMO(B)

(29%)

H-11(B) - LUMO(B)
(21%)

H-2(B) —» LUMO(B)
(18%)

H-1(B) —» LUMO(B)
(15%)

(5%)

H-14(B) - LUMO(B)
(4%)

H-12(B) - LUMO(B)
(4%)

H-10(B) - LUMO(B)
(2%)

“A = Alpha Molecular Orbital; B = Beta Molecular Orbital.

and a 0.5 wt % solution in water.”* In both types of samples, a
distinct, broad absorption band was observed, primarily
centered at 720 nm, indicating significant absorption in the
near-infrared (NIR) region. Moreover, the film sample
exhibited an additional, intense band with an onset at around
500 nm, while the solution sample displayed an onset at
around 500 nm, accompanied by a shoulder at 450 nm, along
with local maxima at 383 and 353 nm. These observations
provide robust support for the computed UV—visible optical
spectrum of the complex under investigation, thereby
validating the use of the theoretical calculation method.
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3.1.5. QTAIM Topological Analyses. Using Bader’s
quantum theory of atoms in molecules (QTAIM), the
characteristics of the intramolecular bonds present in
(C¢HoN,)[CuCl,] have been examined, along with the
topological parameters within the selected BCPs.**™>° The
QTAIM-NCI graphs and the RDG isosurface are provided in
Figure 6. The calculated values of p(r), Vp(r), G(r), V(r),
&(r) parameters, and the E,, energies are compiled in Table 3.

It is concluded that our compound involves four intra-
molecular interactions for stabilization. According to the
QTAIM graph, these interactions are formed between the
Cl-anion and the H atoms of the [C¢H;(N,] entity. These
interactions are characterized by electron densities ranging
from 0.040 a.u. (BCP3) to 0.0479 au. (BCPS), and their
Laplacian of electron density varies from 0.0111 a.u. (BCP3)
to 0.0877 a.u. (BCP1). The positive values of p(r) and V*p(r)
indicate that CuCl, is stabilized via strong H-bonding
interactions (polar covalent) with (C4H;oN,). The NCI
index confirms this finding by the appearance of a blue spot
between Cl,;/Cl,; and H-(C¢H,(N,), indicating the formation
of H-bonding interactions for stabilization. These H---bondings
are characterized by G(r)/p(r) < 1. Additionally, in BCP1 and
BCP4, it is found that the ellipticity of electron density £(r) has
low values equal to 0.005 au and 0.01 au. These results
indicate that these two Cl--H interactions are stable and
responsible for complex stability. The RDG analysis exhibits a
sharp peak located in the range —0.03 a.u., indicating the
formation of H-bonding interactions between the two systems.
It is noted that the high interaction energy (E,,) is —52.51 k]
mol™' (BCP1, BCP2, and BCPS). Behind the strong H-
bonding interactions that appear between the two systems, the
formation of two vdW interactions is noted between Cl,5---Hg
and Cly,--H;. These interactions are well confirmed by the
appearance of a green spot between these atoms in NCI index.
Finally, it is concluded that the stability of the complex results
from both hydrogen and van der Waals interactions that occur
between CuCl, and (C¢H,(N,).

3.1.6. 3D-ELF/2D-LOL Theory. An analysis of the chemical
bonding nature within the active site involving CuCl, and
(C¢H(N,) was conducted using the localized orbital locator
(LOL).>”* The LOL theory was explored to analyze the
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Figure 6. QTAIM graphs and NCI-RDG iso-surface (S = 0.5 a.u.).
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Table 3. Electron Density p(r), Laplacian of Electron Density V’p(r), Lagrangian Kinetic Energy Density G(r), Potential
Energy Density V(r), Ellipticity of Electron Density £(r) in a.u., and Interaction Energy E,,, in k] mol™" at the Selected BCPs in

the Binding Regions of the (C4H,(N,)[CuCl,] Complex

BCPs p(r) V2p(r) G(r)
1 0.0455 0.0877 0.0292
2 0.0459 0.8426 0.0291
3 0.0040 0.0111 0.0023
4 0.0097 0.308 0.0065
S 0.0479 0.0822 0.0301

G(r)/p(r) V(r) &(r) Ejpe
0.64 -0.04 0.005 -52.51
0.63 -0.04 0.003 -52.51
047 —0.002 -129 -2.62
0.67 -0.005 0.14 —6.56
0.62 —0.04 0.01 -52.51

topology of the most bonding Cl23-- HI18. Additionally,
electron localized function (ELF) analysis has been discussed
to further elucidate the electronic distributions within the
active area.”” The red and blue colors obtained in the 2D-LOL
and 3D-ELF maps confirmed the high delocalization of
electrons and the localized electrons in the active regions.

From Figure 7a, it is evident that there is a red spot
surrounding H 4 located in front of a blue spot surrounding the
CI™ atom. This observation indicates the presence of electrons
delocalized on the surface of (C¢H;,N,) and an accumulation
of electrons localized around chlorine, facilitating the
formation of charge transfer between the two systems and
suggesting a donor—acceptor couple. The same phenomena
are observed for Cl-CuCl, and H-(C¢H;,N,). Meanwhile, the
high LOL value (red-yellow portions) responsible for the
highly delocalized z-orbital varies from 0.64 to 0.80 a.u. This
finding indicates a flux of electrons, inferring the formation of
strong H-bonds. This result is well supported by the QTAIM
topological analysis.

It is plausible that the (C4H(N,) group exhibits better
electron transfer delocalization characteristics accompanied by
high surface electron activity. In Figure 7b, appearance of a
white color surrounding the H,; atom and a black color
surrounding the Cl,; atom suggests the existence of delocalized
electrons on the surface of (C¢H;,N,) and electrons localized
on the surface of Cl-CuCl,. This confirms the presence of
charge transfer between the two systems. The 3D ELF plots
show a dark red spot on the surface of the molecule
(C¢H (N,), indicating the majority accumulation of electrons
localized in the active site, while chlorine has a weak localized
electron concentration (Figure 7c).

This result suggests that charge transfer is occurring between
the two systems, leading to the formation of a strong
electrostatic bond that stabilizes the complex. This idea is
fully supported by LOL and QTAIM analyses. Finally, it is

concluded that our system (CgH;oN,) is beneficial for
increasing the charge accumulation on the surface, hence
contributing to the high activity and stability of the CI-CuCl,-
(C¢HoN,) complex.

3.1.7. Design of Solar Cell Structure. The schematic
representation of our structure is depicted in Figure 8. In this
simulation, the (C¢H;(N,)[CuCl,] material is taken as the
absorber and doped indium tin oxide (ITO) is used as the
front contact.

A transparent ITO layer is chosen for its good conductivity,
high transmission, and strong adhesion to charge carriers,
making it a better option. A p-PTAA-type layer is used as an
electron transport layer (ETL) and n-Cg, is used as a hole
transport layer (HTL). The numerical model of (C4H;,N,)-
[CuCl,] PSCs was performed on TiberCAD (1 sun standard
conditions, 100 mW/cm?, AM1.5G, and ambient conditions of
300 K). Integrated input parameters for ITO, PTAA,
(C¢H{oN,)[CuCl,], and Cg (layer thickness, bandgap,
electron affinity, dielectric permittivity, electron/hole mobility,
electron/hole thermal velocity, defect density, etc.) were
extracted from the previously published works'* and are listed
in Table 4. Gold was used as the back metal contact for the
devices.

3.1.8. Electrical Characteristics of (C4H,oN,)[CuCl,] Photo-
voltaic Device. In this section, we will focus on the
performance of the photovoltaic device based on the
(C¢HoN,)[CuCl,] perovskite using the TiberCAD software.
When the absorption spectrum, calculated through the DFT
framework, is combined to investigate the output electrical
performance of the (C¢H;(N,)[CuCl,] perovskite, the
current—voltage characteristic, and the energy band profile at
open circuit voltage obtained under exposure to the AM1.5G
spectrum (100 mW cm™2) are studied, as reported in Figure
9a.
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Figure 7. (3, b) 2D-LOL and (c) 3D-ELF, representing the electronic charge transfer between Cl-CuCl, and [C¢H (N, ].
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ETL(PTAA)

HTL(C60)
Back Metal (Au)

Figure 8. Design configuration of the (C¢H;,N,)[CuCl,] PSC.

The integrated current densities and the open circuit voltage
extracted from the J—V curves are illustrated in Figure 9b. The
short-circuit current density and the open-circuit voltage are
key parameters for achieving high conversion efficiency in the
studied cell. Additionally, it is noted in Table S that the V_is
better than 1.73 V, and the J, is 7.21 mA/cm? The numerical
modeling shows that the ITO/PTAA/(C¢H,,N,)[CuClL]/
Cgo/Au solar device has a FF of 81.34% and a PCE of 10.22%.
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Our results are comparable to the study conducted by Zhu et
al,* as illustrated in the Table 5. The study focused on a solar
cell utilizing MAPbBr3 perovskite, known for its high band gap
of approximately 2.3 eV, resulting in efficiencies slightly above
10.22%. Our absorbing material, (C¢H;oN,)[CuCl,], shows
promise for applications in semitransparent solar cells and
tandem-type cells. Furthermore, solar cell efficiency can be
improved through various optimization parameters, such as the
type and thickness of doped layers, the absorber layer, and
doping level. Factors like temperature, humidity, and solar
concentration also play a significant role in achieving optimal
performance in solar cells.

4. CONCLUSION

In this study, we extensively discuss the reorganization of inter-
and intra-atomic contacts in the crystal packing through
Hirshfeld surface analyses. It is revealed that the CuCl, entity
forms robust bonding interactions with (C¢H;oN,). Electrical
and electronic parameters (HOMO—LUMO, E,, LHE, and
PCE) demonstrated that the (C4H,(N,) [CuCLj complex is
efficient for emerging generations of photovoltaic cells. The
NCI theory, in conjunction with RDG isosurfaces, employs
color codes to illustrate the stabilization of the examined
complex through hydrogen bonding interactions. ELF/LOL
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Table 4. Parameters Used for the Simulation of the Perovskite Solar Cell Structure Using TiberCAD

parameters ITO ETL(PTAA) absorber (C¢H;,N,)[CuCl,] HTL(Cy,)
thickness (nm) 130 10 500 30
band gap, E, (eV) 3.50 320 2.12 2.00
electron affinity (eV) 4.00 4.00 4.10 2.00
dielectric permittivity, relative &, 11.7 13.60 5.00
effective conduction band density (1/cm®) 22 x 10" 1.00 x 10%° 1.00 x 10'® 22 x 10"
effective valence band density (1/cm?) 1.8 x 10" 2.0010" 1.00 X 10'8 2.2 x 10"
electron mobility, p, (cm?V~'s7!) 20 1x 1078 10 1.00 x 1073
hole mobility, y, (em*V~"s7") 10 1x107* 10 1.00 X 1072
defect density, N, (1/cm®) 1.0 x 10" 1.0 x 10™* 1.0 x 10" 1.0 x 10"
8
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Figure 9. Band energy (a) and the characteristics J—V (b) of the (C¢H,(N,)[CuCl,] solar cell.

Table S. Electrical Parameters of the [C4H;,N,]-CuCl, Solar

Cell
Joo (mA/cm?®) V. (V) FF (%) PCE (%)
perovskite/ MAPbBr;* 8.70 1581 674 9.27
SCP“ studied in this work 7.21 1.73 81.34 10.22

“SCP: solar cell parameters.

analyses distinctly confirm the presence of high electron
concentrations in the binding sites. In our study on the
(C4¢HoN,)[CuCl,] solar cell, we conducted a numerical
simulation of cell performance using TiberCAD software.
Fine-tuning the architecture of the perovskite structure
involves adjusting the energy band profile and the electrical
measurements. The maximum efficiency for this structure
reached 10.22%. Consequently, this numerical model holds
promise for predicting various hybrid perovskite solar cell-
based 2D- and 3D-models under different climatic conditions,
optimizing for maximum power efficiency.
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