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ABSTRACT

For the first time, the novel application of Schiff-base copper complexes in all-inorganic
perovskite CsBrBr; solar cells has been explored and turns out they could be utilized as effective
hole-transporting materials. Schiff-base copper complexes with halogen ligands (R=Cl and Br)
are synthesized with an ease approach at a low cost, both of which exhibit decent power
conversion efficiency of 4.55% and 5.71%, respectively, when being constructed into solar devices
as hole transport layers. Thanks to high thermal/chemical stability of those Schiff-base metal
complexes, the strengthened stability was achieved which is comparable to that of carbon-based
CsBrBr; solar cells. Although the power conversion efficiency is not as competitive as expected,
the great potential exists for further optimizing the functionality of perovskite solar devices by
finely tuning the photovoltaic properties of those Schiff-base metal complexes through

coordinating ligands or replacing with other transition metals.

Keywords: Built-in potential; Heterojunction; Hole transporting layer; Perovskite solar cells;
Power conversion efficiency.

INTRODUCTION

The solid thin film perovskite solar cells (PSCs), most likely in the form of a planar n-i-p (or
inverted p-i-n, even p-n) heterojunction, have been intensively examined and employed because
of the simple device configuration and outstanding device efficiency, which have even
outperformed the prevalent silicon-based solar cells, as indicated in "NREL efficiency chart”. In

«K_

the planar structure, the “n” refers to an electron transporting material (ETM), usually adopting
semiconductors like TiO= or ZnO for collecting electron carriers. The “i” is an intrinsic light
absorbing layer of perovskite materials. The instability in the ambient conditions of the

inorganic-organic hybrid perovskites like CHsNH3PbX3 (MAPbX3) or HC(NH-) BbX3(FAPbX3)

Published by Digital Commons @ the Georgia Academy of Science, 2023



Georgia Journal of Science, Vol. 81 [2023], Art. 15

(in which X=Cl, Br or I), necessitates the substitution of the organic part MA or FA for an
inorganic portion, for instance, cesium, in spite of the better photovoltaic conversion efficiency
(PCE) of hybrid perovskites. While “p” stands for a hole transporting material (HTM) in the
device which essentially collects hole carriers and blocks electrons to follow through. Although
a variety of materials have been attempted for hole transporting layers from organic options like
poly(2,4,6-trimethyl-N,N-di-ptolylaniline (PTAA) or 2,20 ,7,70 -tetrakis [N,N-di-(4-
methoxyphenyl)amino]-9,90 -spirobifluorene (spiro-OMeTAD) to inorganic materials like
copper thiocyanate (CuSCN) or Cu20 and CuO as reported by Sharmoukh et al. (2020), the HTM
in the most efficient organic—-inorganic or inorganic-based PSCs with the conventional structure
(n—-i-p) is still spiro-OMeTAD, as reported by Wang et al.(2019). Regardless of its better
performance, it has become increasingly apparent that the incumbent spiro-OMeTAD is not an
ideal choice for HTM due to the high cost of production, even at volume, and instability upon
exposure to oxygen, moisture, UV-radiation and temperature. In practice, the required additives
for increased performance of spiro-OMeTAD and related HTMs come at a cost to stability. More
importantly, the spiro core in spiro-OMeTAD poses a daunting complicated synthetic challenge
which requires several sequential steps including a Grignard reaction, a cyclization reaction, a
bromination reaction and a Hartwig—Buchwald coupling, with total yield less than 40% in the
report of Ma et al. (2020). It is high time to identify better candidate materials with high stability,
low cost, and simplified synthetic processing for the PSCs because as an equally critical

component, the HTM exerts a tremendous impact on the PCE and stability of the solar devices.

Due to their widespread applications in various areas including nonlinear optics,
molecular/metal ion sensing, dye-sensitized solar cells, molecular magnetism and
photoluminescence as in Tian et al. (1997),Lin et al. (2021), Kagatikar et al. (2021), Zheng et
al.(2020), and Aazam et al.(2012). Schiff-base and their complexes with transition metals have
attracted tremendous attention in numerous fields thanks to their exceptional properties as
shown in Kitamori et al.(2019) and Kato et al.(2020), such as, intense absorption in the visible
region, high conductivity, ambipolar transporting properties, excellent photophysical and
electronic properties, thermal/chemical stability and etc. An azomethine group (-N=C-)
containing Schiff-base could be produced through the condensation reaction between the
carbonyl groups and primary amines as in Hugo et al.1864. Salen ligands fall into the category

of Schiff-base. Salen ligands can form complexes with virtually all metals, affording an advantage
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to finely tune optical and electrochemical properties through adding electron-withdrawing or
electron-donating substituents on the salen framework or changing the metal center of the
complexes. Consequently, the highest occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) energy gap is conveniently regulated through the interaction of the d-
orbitals of the transition metal with the HOMO and/or LUMO of the ligand. Meanwhile, based
on the coordination number, geometry and valence shell of the selected metal atom, high
diversity of the molecular framework is achieved. Moreover, as an excellent alternative to
porphyrins, the tetradentate binding site of salen-ligands is similar to the porphyrin framework.
However, salen complexes are more easily synthesized with considerably lower cost compared

with porphyrins.

Among the Schiff-base metal complexes, Cu complexes have resurfaced lately in inorganic
synthesis investigations with rapt attention as they have been successfully applied for low-cost
and highly efficient solid-state dye-sensitized solar cells due to their better carrier mobility as
reported by Sharmoukh et al. (2020) and Wang et al. (2020). Inspired by the idea, for the first
time, Schiff-base Cu complexes with R=Cl and Br will be adopted as HTM and constructed into
solar devices with perovskite CsPbBrj3 (all-inorganic perovskite with relative high stability) in
this work, in hopes of achieving better functionality of the PSCs with a structure of
FTO/TiO2/CsPbBr;/Schiff-base copper complexes/Al, which is as same as the configuration of
FTO/TiO2/CsPbBrs/carbon/Al with the record high stability as in Chang et al.(2016).

MATERIALS & METHODS
The synthesis of regular-sized all-inorganic CsPbBr3 adopts a facile one—step solution process,
as reported by Li et al. (2017). Schiff-base copper complexes are synthesized with an ease
approach at a lower cost. An ethanol solution of 3,5-dichlorosalicylaldehyde (2 mmol, 0.382 g in
25 ml ethanol) or 3,5-dibromosalicylaldehyde (2 mmol, 25 ml) is put into an ethanol solution of
3, 4-diaminobenzoic acid (1 mmol, 25 ml). The mixture is stirred and refluxed at 70 °C-80 °C
for 4—6 h to yield an ethanol solution of ligands. An aqueous solution of 1mmol (0.20 g) of
Copper (II) acetate monohydrate is then added, and the solution is refluxed for 4 hours at 70
°C-80 °C, and the precipitate is filtered from the ice-cooled mixture and washed with 50%
ethanol, followed by drying under a vacuum to afford Schiff-base Cu complexes reported by

Zheng et al. (2020). The steps for construction of the solar cells were detailed in the previous
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report by Zheng et al. (2021). Instead of utilizing carbon, Schiff-base copper complexes in

ethanol solutions are ultrasonicated and then the homogenous solutions are spin-coated into

thin films as HTM for the solar cells.
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Figure 1.a) X-ray Diffraction Pattern for CsPbBr3 b) Photoluminescence Spectroscopy C) Uv-

Vis absorptance of CsPbBr3

https://digitalcommons.gaacademy.org/gjs/vol81/iss2/15



Zheng et al.: Perovskite CsPbBr3 Solar Cells

The UV-vis optical absorption spectra were recorded in a transmission mode on a Varian Cary
Bio 50 UV-Visible Spectrophotometer. Fourier-transform infrared spectra (FTIR) were collected
by using a Thermo Scientific™ Nicolet™ iS50 FTIR spectrometer, as an all-in-one materials
analysis workstation which features purpose-built accessories and integrated software. X-ray
diffraction (XRD) data was acquired on a Rigaku Ultima IV diffractometer with copper K-alpha
line (A = 154.059 pm) as the light source. The current density—voltage characteristic curves of
the devices were evaluated both in the dark and under an AM1.5 illumination (100 mW cm-2) by
a Keithley 2400 source meter. The photovoltaic performance of devices was measured from an

area of 1x 1 cm? under a small-area class-B solar simulator (PV Measurements, Inc.).

RESULTS AND DISCUSSION
CsPbBr; is obtained as a yellowish polycrystalline powder. As revealed by the XRD profile in
Figure 1a), CsPbBr; is pure and presents the characteristic distortion defined in the
orthorhombic symmetry, space group (62) Pbnm with lattice constants a=8.1843 A, b=8.2334 A
and c=11.7268 A, as reported by Lopez et al. (2020). Figure 1b) displays the photoluminescence
(PL) spectrum. The CsPbBr; sample with emission band peaks at 540 nm, which shows exciton
absorption bands roughly at 530 nm in the Ultraviolet-visible (UV-vis) absorption, as shown in
figure 1c) and is consistent with the report of Li et al. (2020). The sample has a Stokes shift of 10
nm. The PL band is considered to result from the emission of excitons explained by Chen et al.
(2019) in which strong interactions between electrons and phonons produce small polarons that
tend to bind charge carriers and result in trapped/bound excitons. The successful synthesis of
pure crystal CsPbBr; will act as the intrinsic light absorbing material in CsPbBrs-based solar

devices.

The crystal structure and chemical composition of the synthesized complexes are scrutinized by
XRD as shown in Figure 2. The XRD measurements are performed at 20 = 10—80° revealing that
both complexes are crystalline in nature and the crystal structures of both are very similar.
Figure 3 clearly exhibits that Schiff-base copper complexes with R=Cl possess diffraction peaks
around 20 = 15.5°,19.5°, 20.6°, 24.5°, 25.3°, 27.1°, and 34.7°, with the R=Br peaks slightly down
shifted to lower angles with respect to those of R=Cl, indicating the R=Br complexes have a bit

large lattice constant. The powder patterns are indexed by Monte Carlo and grid search as
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implemented in the program McMaille by Bail et al. (2004). The indexing results show triclinic
crystalline structure. For the R=Cl complex, a=7.814, b=6.99 &, c=9.31 &, 0=107.8°, f=67.8°, y=
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Figure 2. X-Ray Diffraction patterns for Schiff-base copper complexes
with R=Br(top) and R=Cl(bottom)

93.8°, while the R=Br complex has the lattice constants a=10.68 A, b=8.87 A, c=7.83 A,
a=108.2°, =101.6°, y=92.7°. The 2-theta peak positions and the intensities can be extracted
from a peak hunting program based upon a pseudo powder pattern. The results are consistent
with the previous studies of Zheng et al. (2020) and Ejidike et al. (2018). The crystallite size of
Schiff-base Cu complexes can be estimated from the full width at half maximum of diffraction
peaks by following Debye—Scherrer equation, expressed as the formula: t=K*A/(*cos 0), in
which t is the calculated grain size of the sample, A is the wavelength of X-ray source (about 0.154
nm in this case), B is the broadening measured as the full width at half maximum (FWHM) in
radians, 0 is the Bragg diffraction angle and K is a correction constant (typically~0.9). The
crystal sizes of both Schiff-base copper complexes are close, and both are in nano-meters,

varying from 24.51 nm to 65.85 nm.

Figure 3 demonstrates the ultra-violet visible absorption spectra of obtained Schiff-base copper
(IT) complexes (R=Cl and R=Br), in which both display very close absorbing behaviors except for
slightly stronger absorbance of the R=Br complex. The similar characteristic absorbance bands

of both complexes appear at 470 nm which suggest the square planar geometry around Cu (II)
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centre since the observed Amax values are used to predict the geometry around the central metal
ion in the complex as indicated by Lacroix et al. (1996). The characteristic bands for both at 470
nm are attributed to 2B:g »2Asg transition, indicating Cl or Br does not noticeably influence

electronic band structures of both complexes. At the same time, the spectra of ligands show

Schiff-base copper complexes with R=CI

= chiff-base copper complexes with R=Br

Uv-Vis Absorbtance(a.u.)

400 500 600 700
Wavelength(nm)

Figure 3. Ultra-violet visible absorption for Schiff-base copper (II) complexes

similar absorption bands at 290 nm, which verify the presence of n—»n* and n—n* transitions of
their azomethines chromophore group and aromatic ring. The charge transfer transition due to
metal to ligand m-back bonding may also contribute to these absorption bands (below 400 nm)
in the complexes, consistent with the results of Antony et al. 2012. A max for ligand and its copper
(IT) complexes are below 400 nm and 470 nm, respectively, confirming the complex formation.
There are very weak broad bands also appearing between 723- 757 nm in the spectra for both
complexes, ascribed to d—d transitions (2Eg—2T2g) for Cu (II) complexes resulting from a
tetragonal distortion geometry due to the Jahn-Teller effect, reported by Hazra et al. (2014).
This d-d transition can be enhanced with a very high-concentration solution of the complexes.
It suggests the presence of additional levels around -3.35 to -3.5 eV coming from the d-like
SOMO levels. These orbitals are §-like for the ligands, and the oxidation occurs on the HOMO
rather than the SOMO. It is expected from the HOMO levels that these complexes display hole
conductivity by Deivanayagam et al. (2014) and Koyama et al. (2020). As natural p-type
conductivity, Schiff-base Cu(II) complexes have been attempted to dope into spiro-OMeTAD for

enhanced carrier mobility and long carrier diffusion length. Meanwhile, solar cells with spiro-
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OMeTAD with dopants of Schiff-base Cu (II) complexes as HTM stayed stable for 20 days,
reported by Chen et al. (2017). What’s more, the conductance values of 54, 62 and 66 Q! cm?
correspond to cobalt (II), nickel (IT) and copper (II) complexes respectively, suggesting Schiff-
base copper complexes possessing the highest conductivity among those complexes, interpreted

by Joseyphus et al. (2012).

Schiff-base copper complexes with R=CI

Transmittance(a.u.)

Schiff-base copper complexes with R=Br

3000 2500 2000 1500 1000 500

Wave number(cm')

Figure 4. Fourier transform infrared Spectra of Schiff-base Copper Complexes

Fourier transform infrared spectroscopy (FTIR) is a fast, easy, and reliable technique for
identifying materials and quantification of constituents. Figure 4 reveals very similar patterns of
both complexes except that the overall peaks of R=Cl complexes shift to the higher wavenumber
because of the reduced mass as the frequency of vibration is inversely proportional to mass of
vibrating molecule. The sharp oscillations at 1684 cm- (in R=Cl complexes) and 1688cm! (in
R=Br complexes) evidence the presence of carbonyl groups (C=0) of acid. The peaks at
1609.93cm (in R=Cl Complexes) and 1606 cm (in R=Br complexes) corroborate the presence
of C=N groups in both complexes, which is supposed to be at 1624 cm. Expectedly, the
coordination of nitrogen center to the metal ion could reduce the electron density in the
azomethines link and shift the C=N Stretching frequency to the lower wave number. This lower
shift might be inherent from a weakening in the C=N bond after complexation based on the
donation of an electron from the imine nitrogen to the copper ion empty d-orbital, Yusuf et al.
(2021). The shift in C=N stretch in the complexes verifies the successful coordination of
azomethines nitrogen to the metal (copper) center. The peaks obtained at 1583 cm(in R=Cl

Complexes) and 1580 cm (in R=Br complexes) are associated with aromatic C=C groups. The

https://digitalcommons.gaacademy.org/gjs/vol81/iss2/15
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peaks (in R=Cl Complexes) obtained at 1274.53 cm*and 1308.07 cm account for C-C group and
C-0 group, while in R=Br complexes, they are at 1270 cm*and 1304 cm™, respectively. The peaks
observed at 715.52 cm™ and 756.52 cm ! substantiate the presence of C-Cl groups, while in R=Br
complexes, the peaks of C-Br group appear at 708.07 cm™ and 752.79 cm-. The peaks around
439.75cm (in R=Cl complexes) and 421.84cm (in R=Br complexes) suggest the presence of Cu-
N bands; The peaks at 529 cm (in R=Cl complexes) and 525 cm(in R=Br complexes) are
assigned to Cu-O bands. These v(Cu—-N) and v(Cu-0) stretching bonds indicate the imine (C=N)
and phenoxide (O-) groups coordinated with Cu (II) ions. The coordination facilitates the
formation of chelated complexes confirmed by the single-crystal structure of the complexes, as

reported by Lacroix et al.1996 and Jenisha et al. (2015).

a) b) 2.52eV
3.3eV
-4.3eV
FTO/-4.4eV
=
ITO/-4.7eV Au/-5.1eV
Tio:
Al/-4.2eV

-5.36eV
-5.6eV

Figure 5. a) schematic diagram of n-i-p planar structure of PSC, and (b) schematic energy

level diagram of the constituent materials in the PSC.

Photovoltaic performance is evaluated by the PCE of the solar devices. In spite of the success in
solid state dye-sensitized solar cells, to our best knowledge Schiff-base copper complexes have
never been utilized as HTM in CsPbBrj based solar cells. For the first time, Schiff-base copper
complexes are attempted as HTM in perovskite solar cells with a structure as diagrammed in
Figure 5a). In the devices, aluminum is adopted as metal electrodes which have the high work
function with enhanced optical properties at a lower cost. The energy levels of each component
are well aligned as sketched in Figure 5b) by referring to experimental and theoretical results
calculated by density functional theory of Yusuf et al. 2021, Li et al. (2019) and Silva et al. (2022).

Evidently, the HOMO energy levels of those complexes are more over that of the perovskite
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conduction band (-3.30 eV), which indicates that the hole carriers could be energetically

favorable to “bubble up”, being collected by the complexes.
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Figure 6. Photovoltaic performance evaluated by a) dark and illuminated currents of J-V
curves for both cells b) illuminated current flipped into first quadrant for efficiency calculation.
(c) single and(d) double diode equivalent circuit models of a solar cell
The dark currents of both Cl- and Br-devices show rectifying characteristic behaviors of a diode
as shown in Figure 6(a). Figure 6(b) shows that under the identical conditions, the PCE of CI-
devices with 4.55% is comparable to that of Br- solar cells with 5.71%. Being slightly lower is due
to the relatively higher electron affinity of the Schiff-base Cu complexes with R=Cl than that of
ones with R=Br. The higher electron affinity of the Schiff-base copper complexes with R=Cl
affects the hole transporting capability, which is detrimental in the PCE. To extract the solar cell
parameters from the illuminated IV curves, both a single-diode and a double-diode models are
adopted in the full pattern fitting via particle-swam-optimization approach (PSO), as reported
by Kennedy et al. (1995), Shi et al. (1998), and Ebrahimi et al. (2019). For the single-diode model,
the current delivered by the cells under illumination can be expressed as in terms of the
photocurrent Jph, the current Ja through the diode and the leakage current Js according to the

following relationship:

J=Ji—Ja—Jsn =Ji — JlexpLoTE) — 13 - ()

Rshunt
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where Js is the reverse saturation current of the diffusion phenomenon, n is the quality factor of
the diode, which is between 1 and 2, Rs is series resistance, Rsh is shunt resistance, T the
temperature of operating cell, k is the Boltzmann constant, and g is the charge of an electron.
The double-diode equivalent circuit of a solar cell is a current source in parallel with two diodes
considering which represent the diffusion and the recombination phenomena, as explained by
Hovinen et al. (1994), respectively, and two resistances which are the shunt resistance and series
resistance. The I-V characteristic of the double-diode model is expressed by the following

equation:

V+JRg V+JRs V+J]Rs
J = Jpn = Jar = Jaz = Jsn = Jo = Jorlexp "5 = 1} = Jop{exp[ M52 — 1} = 20, (2)

where the “ideality factors” in the denominators of the argument of the exponential term are set
as of n:=1 and of n»=2, respectively for the first and second diodes, to represent the diffusion
(Jo1) and recombination current (Jo=) terms. The internal parameters of the two devices are
extracted by the PSO approach and listed in Table 1. The photocurrent, series and shunt
resistance are very comparable for both single-diode and double-diode models, confirming the

reliability of the PSO fitting.

Based upon all listed parameters and compared the Cl- and Br- solar devices, the better light
absorption of Schiff-base cu complexes with R=Br accounts for the photocurrent Jpn =28
mA/cm2 of Br-devices, being slightly higher than that of Cl-solar cells with 23 mA/cm?2. Due to
the similar band structures, the open circuit voltages are very close, with Voc=0.446 V for the
Cl-cells and Voc=0.475 V for Br-devices, in which the difference might be caused by the slightly
larger bandgap of R=Br metal complexes, which could not be clearly discerned by UV-vis
absorption. Another cause is the relatively larger Rsh in Cl-cells which reduces the open circuit
voltage. The relatively large Rs in Cl-cells decreases the short circuit current such that Jsc of
23.4 mA/cm?2 in Cl-cells is slightly lower than that (Jsc= 28.6 mA/cm2) in Br-devices. A smaller
recombination current in Br-cells counteracts it’s a large diffusion current Js, which explains the
slightly better PCE but still very close to that of the Cl-cells. As revealed by the UV-Vis spectra ,
an increase in the intensity is due to the d-d transition of the Schiff-base copper (II) complexes
absorbing the light at wavelengths shorter than 550 nm, which also extended the electrode
photo-response in the UV region, allowing the complexes to capture energy from both singlet

and triplet excited states, elevating internal quantum efficiency’s upper limit from 25% to nearly
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100%, as shown in Zhang et al.(2019) and Camseil et al.(2007) which explains the relatively
large current density in both samples. Therefore, the copper-based metal complexes can
broaden the light-harvesting abilities and improve the efficiency by developing a new
photoelectric conversion mechanism, ameliorating the charge injection and charge transporting
when applied as charge transporting layers which consequently results in the relatively larger
current density. In this configuration, not only does perovskite layer produce excitons, but also
the metal complexes along with TiO- collectively produce excitons, which separate at interfaces
due to built-in potentials contributing to the current density. The built-in potentials favor the
exciton dissociation, which could enhance charge transfer from perovskite to ETL or HTL and
reduce charge accumulation at the interface by facilitating charge separation and increasing
recombination resistance. Moreover, Schiff metal complexes have been reported as effective
sensitizers for perovskite for visible-light conversion with photovoltage of 0.97 V and power
conversion efficiency about 3.8%, as reported by Wang et al. (2017). As visible light passes
through the transparent electrode into perovskite layer, in which excite electrons flow into the
conduction band of TiO-. The electrons from TiO- then flow toward the transparent electrode

where they are collected for powering a load, increasing the current density.

Notedly, in both cases, the relatively lower shunt resistances, leading to smaller fill-factors, are
attributed to the large size (1cm x1cm) of the devices, which is very challenging to reduce defects
and stop leakage current, as a result, the PCE for both devices is not as desirable as expected.
However, due to the high thermal/chemical stability, Khalaji et al. (2015) reported that the
Schiff-base-copper complex solar cells demonstrate exceedingly strengthened stability, even
being comparable to that of carbon-based CsPbBr; solar cells, which have the record-high stable

operating time.

The significant practical role of hole transport materials played in solar cells has been
highlighted in this work, although the photovoltaic performance of the PSCs hinges on multiple
parameters of each constituent like improving the quality of each layer by reducing defects or
optimizing the thickness of each layer and so on. As far as the HTM is concerned, further work
on Schiff-base metal complexes is essential to regulate the photovoltaic properties through

coordinating ligands or replacing with other transition metals, for instance, to alter the energy
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levels of these materials, as explained by Asiri et al. (2020), reaching a better alignment with the

perovskite absorber, thus optimizing the performance of solar devices.

Table I. The internal parameters of the devices based on Schiff-base copper complexes (R=Cl
and R=Br) obtained through the particle-swam optimization approach using both a single-diode

and a double-diode models.

item unit R=C1 R=Cl R=Br R=Br
single- double- single double-
diode diode diode diode

Jph mA/cm?2 23.45 23.45 28.83 28.74

Js / Jo1 mA/cm2  3.61E-3 6.55E-9 2.21E-3 2.47E-7

Joz2 mA/cm?2 4.03E-6 2.55E-6

n/m 1.976 1 1.968 1

N2 2 2

Rs Ohm/cm2 6.01 5.85 5.26 5.22

Rsh Ohm/cm2 286.8 275.42 129.5 127.9

Voc A% 0.446 0.446 0.475 0.475

Jsc mA/cm?2 23.4 23.4 28.6 28.6

FF 0.44 0.44 0.42 0.42

efficiency % 4.55 4.55 5.71 5.71

CONCLUSIONS

For the first time, the novel application of Schiff-base copper complexes in all-inorganic CsBrBr;
has been explored and turns out they could be utilized as an effective hole transporting material
with the comparable efficiency of 4.55% and 5.71%. Schiff-base copper complexes were
synthesized with an ease approach at a low cost. The strengthened stability in ambient
conditions, even being comparable with that of carbon-based CsBrBr; solar cells, is achieved
thanks to high thermal/chemical stability of those complexes although the power conversion
efficiency is not as desirable as expected, which still open the door for the great potential of this

series of metal complexes in applications of the PSCs. Additional systematic investigation needs

Published by Digital Commons @ the Georgia Academy of Science, 2023
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to be done to finely tune the photovoltaic properties through coordinating ligands or replacing
with other transition metals because changing the central metal can significantly ameliorate
their photovoltaic properties like improving their light absorption, enhancing their carrier-
transporting capabilities, or altering the energy levels of these materials, leading to a better

alignment with the perovskite absorber, thus optimizing the solar device functionality.
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