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Superior photoconversion efficiency of
nanocrystal sensitized solar cells based on
all-inorganic CsPbXs (X = Br, I) perovskitesy
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Nanocrystal-sensitized solar cells have emerged as potential alternatives to traditional photovoltaic
technology due to their unique light absorption and emission characteristics and size-dependent
bandgap. In this work, we report the successful synthesis of cubic-phase CsPbls and CsPbBrs nanocrystals
for their use as photosensitizers in solar cells, referred to as perovskite hanocrystal-sensitized solar cells
(PNCSSCs). Among the two systems, CsPbls is found to be superior for PNCSSCs because of its high
absorption efficiency, lower bandgap, and higher photoluminescence yield, as compared to CsPbBrs. Our
study examines the structural, compositional, optical, and electrical properties of these perovskite nano-
crystals, focusing on their contributions to photoconversion efficiency. CsPbBrs nanocrystals exhibit a
band gap of ~2.4 eV along with defect states-induced short carrier lifetime of around 18 ns. In contrast,
CsPbls demonstrates a band gap of ~1.8 eV closer to the peak of the solar spectrum with a much longer
carrier lifetime of ~130 ns, which facilitates better separation and collection of photogenerated charge
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carriers. Consequently, CsPbls nanocrystal-sensitized solar cells fabricated with mesoporous TiO; reveal a
photoconversion efficiency of ~12.5%, as compared to 3.8% for CsPbBrs nanocrystal solar cells. To the
best of our knowledge, this is the highest reported photoconversion efficiency in solution-processed per-
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Introduction

The pursuit of sustainable energy solutions is of paramount
focus in scientific research, with particular emphasis on solar
energy due to its abundance and renewability. In the array of
photovoltaic technologies, dye-sensitized solar cells (DSSCs)
have emerged as a promising option, largely due to their rela-
tively simple fabrication process, lower costs, and flexibility in
design compared to traditional silicon-based solar cells.”*
DSSCs are primarily based on a photo-sensitization process,
where a photosensitive dye absorbs photons to initiate electron
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ovskite nanocrystal-sensitized solar cells.

transfer, converting solar energy into electrical energy.
Although DSSCs have achieved significant progress in power
conversion efficiencies (PCE), limitations in light absorption
range, availability of environment-friendly dyes, and stability
continue to restrain their progress. This has driven the explora-
tion of alternative materials as photo-sensitizers, with semi-
conducting nanocrystals (NCs) as the focus due to their
unique electronic and optical properties.>” NCs offer distinct
advantages over traditional organic dyes used in DSSCs. The
quantum confinement effects, arising from nanoscale dimen-
sions, allow tunability of the band gap by adjusting the size of
the particles, enabling a much broader absorption across the
solar spectrum and thereby enhancing light-harvesting capa-
bilities.® The inherent operational stability of NCs also
addresses one of the significant challenges faced by organic
dyes, which often suffer from photodegradation, limiting the
operational lifetime of DSSCs.*° These unique attributes in
the solution-processed nanocrystal-sensitized solar cells
(NCSSCs) have the potential to surpass the limitations of con-
ventional DSSCs and offer new pathways to efficient, stable,
and cost-effective photovoltaic devices.

Among the various semiconductor NCs under investigation,
all-inorganic lead halide perovskites, specifically cesium lead
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bromide (CsPbBr;) and cesium lead iodide (CsPbl;), have
attracted considerable attention as potential candidates for
photosensitizers in DSSCs.'®** These materials exhibit
remarkable optoelectronic properties such as high photo-
luminescence quantum yields, tunable band gaps, and
superior charge carrier mobility.">'* CsPbBr;, with a large
band gap of ~2.4 eV, is highly suited for use in tandem cells
and high-power device applications, while CsPbl;, with a nar-
rower band gap of ~1.8 eV, exhibits an absorption profile
better matched to the solar spectrum peak, making it ideal for
applications requiring efficient light absorption and
conversion.”>™® Their tunable electronic structures and
efficient charge transport properties are conducive to
enhanced photogenerated charge separation and reduced
recombination, which are critical for achieving high photocon-
version efficiency (PCE) in solar cells. Moreover, the synthesis
of CsPbBr; and CsPbl; NCs can be precisely controlled to
produce nanoparticles with well-defined size and morphology,
enabling optimization of their performance in solar cell appli-
cations. The inorganic nature of these NCs also offers
improved thermal and environmental stability over their
hybrid perovskite counterpart, a crucial factor for the longevity
of solar cells operating in diverse climate conditions.*®*°

This investigation provides a comprehensive analysis of the
role of CsPbBr; and CsPbl; NCs as sensitizers in solar cells,
also referred to as perovskite nanocrystal-sensitized solar cells
(PNCSSCs), focusing on their synthesis, structural characteriz-
ation, optoelectronic and charge transfer properties, and
device performance. We explore how these materials have the
potential to elevate the efficiency and stability of NCSSCs, brid-
ging the gap between laboratory research and commercial
application. This study also takes into account the challenges
associated with their commercialization, owing to issues of
toxicity, scalability, and stability, and discusses recent
advancements aimed at addressing these obstacles. Through
this investigation, we seek to illustrate how CsPbBr; and
CsPbl; NCs contribute to the ongoing evolution of solar cell
technologies and their implications on the future of renewable
energy solutions.

Experimental section
Synthesis of CsPbl; and CsPbBr; nanocrystals

CsPbl; and CsPbBr; nanocrystals (NCs) were synthesized using
the hot injection method.'**' Lead bromide (PbBr,) and lead
iodide (Pbl,) were each prepared in a concentration of 0.005 M
in a two-neck round-bottom flask with octadecene as the
solvent. The flask was heated at 150 °C for one hour to remove
dissolved oxygen and moisture under vacuum. Then nitrogen
gas (N,) was introduced to maintain an inert environment
while allowing complete dissolution of the lead halides. Once
dissolved, 1 ml of oleic acid (OA) and 1 ml of oleylamine
(OLAm) were added. OA converts the lead precursor to lead
oleate, while OLAm further solubilizes the complex by forming
an OLAm-X adduct, acting as both a halogen source and a sta-
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bilizing ligand for the NCs. Next, a pre-heated solution of
cesium oleate (Cs-OA) was injected into the reaction mixture.
This solution was previously prepared by dissolving a 0.0005 M
concentration of cesium carbonate (Cs,CO;) in 40 ml of octa-
decene and 4 ml OA and heating them at 150 °C for 1 hour in
an inert atmosphere. After injection of 4 ml Cs-OA, the reac-
tion mixture was quickly quenched in an ice bath to freeze
further nucleation of NCs. The resulting solution was centri-
fuged and refrigerated for further characterization and device
fabrication.

Materials characterisation

The crystallographic structure of the perovskites was investi-
gated by using the BRUKER D8 - FOCUS X-Ray diffractometer
with incident Cu-K, radiation (k = 1.5406 A). The transmission
electron microscope (TEM) images were taken using the FEI
Tecnai G2 20 TWIN is a 200 kV TEM. The electronic states of
the perovskites were analyzed by XPS in a PHI 5000 Versa
Probe-II (ULVAC, PHI, Inc.) spectrometer equipped with a
monochromatic Al-K, X-ray source having an energy of 1486.6
eV and base pressure ~2.6 x 10~° Pascal. Absorption spectra of
the films spin-coated on cleaned glass substrates were
measured using UV-A visible light range absorption spectro-
photometer (U-2910 Spectrophotometer, HITACHI).
Photoluminescence spectra were recorded using a Triax-
320 monochromator equipped with a photomultiplier tube
(Hamamatsu R928) and 325 nm laser excitation.

Device fabrication and testing

To fabricate the PNCSSCs, pre-cleaned fluorine-doped tin
oxide (FTO) coated glass substrates were used as transparent
electrodes. A uniform layer of commercially sourced TiO, paste
from Sigma-Aldrich was applied on the FTO substrates using
the doctor-blade technique, ensuring uniform coverage. The
TiO,-coated substrates were then subjected to a gradual ramp
heating process till 450 °C to transform the TiO, film into a
mesoporous structure. This mesoporous texture enhances the
surface area available for the adsorption of perovskite NCs,
facilitating better contact between the NCs and the TiO, layer.
After preparing the mesoporous TiO, layer, the FTO substrates
were immersed in the as-synthesized CsPbBr; and CsPbl; solu-
tions for 24 hours, allowing the perovskite NCs to adsorb onto
the TiO, surface. Next, the substrates were gently rinsed with
ethanol to remove any unbound NCs and then dried in
ambient conditions to prepare them for subsequent assembly
steps. Separately, a solution of H,PtCls (2 wt%) was spin-
coated onto another clean FTO-coated glass substrate and sub-
sequently dried at 90 °C for two hours. This step was followed
by annealing the substrate at 450 °C, which promoted the for-
mation of platinum nanoparticles on the FTO surface. In this
nanoparticulate form, platinum acts as an effective catalyst for
regenerating the electrolyte redox couple, with enhanced cata-
Iytic activity due to its increased surface area. For the electro-
Iyte preparation, a redox couple was formed by dissolving 0.1
M lithium iodide (Lil), 0.05 M iodine (I,), 0.5 M t-butyl pyri-
dine, and 0.6 M DMP-II (1,2-dimethyl-3-propylimidazolium

This journal is © The Royal Society of Chemistry 2025
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iodide) in 10 ml of acetonitrile. This mixture was stirred under
dark conditions at room temperature for approximately
5-6 hours to ensure the formation of an I;7/I” redox couple, a
crucial component for efficient device operation. To assemble
the device, the TiO,-coated FTO glass substrates, and the Pt-
nanoparticle-coated counter electrodes were aligned and held
together like a sandwich with paper clips. A pipette was used
to introduce the prepared electrolyte solution along the junc-
tion between the electrodes. Finally, the entire device structure
was sealed along its edges to enhance stability and prevent the
evaporation of the electrolyte, preparing the device for electri-
cal measurements and further testing. The assembled perovs-
kite QD-sensitized solar cells were tested under a solar simu-
lator. Electrical characterization was performed with a Keithley
semiconductor parameter analyzer (4200A-SCS). Impedance
spectroscopy was carried out with Gamry Instruments in a
two-electrode measurement configuration.

Results and discussion

The formation of crystalline phases and particle sizes of
CsPbBr; and CsPbl; nanocrystals (NCs) have been analyzed
using X-ray diffraction (XRD). Characteristic diffraction peaks
are observed at 14.2°, 20.5°, and 28.4° in CsPbl;, corres-
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ponding to the (100), (110), and (200) planes, respectively, con-
firming the formation of cubic phase perovskite in the form of
a superlattice structure,”” as shown in Fig. 1(a). A transmission
electron microscopy (TEM) image of a CsPbI; QD is shown in
Fig. 1(b) with dimensions ~17 nm, showing cubic shape of
NCs. Since the reported average sizes of CsPbl; and CsPbBr;
(~17 nm and ~13 nm) are larger than the excitonic Bohr
radius (7 nm and 12 nm for CsPbBr; and CsPbl;, respect-
ively*®), they may not exhibit strong quantum confinement
effects. However, they could still experience some degree of
confinement compared to their bulk counterparts. Quantum
confinement in CsPbBr; and CsPbl; perovskite nanocrystals
significantly influences their morphology, stability, bandgap,
and optical properties. In the case of quantum confinement,
as the nanocrystal size decreases, the bandgap widens, leading
to a blue shift in photoluminescence and enhanced quantum
yield. From TEM images in Fig. 1, the sizes of our NCs are
larger than the Bohr excitonic radius of CsPbX; (X = Br and I),
so they may not exhibit strong quantum confinement
effect.>**>> However, weak confinement with uniform nanocrys-
tal size distribution results in very high photoluminescence
intensity®® with a slight blue shift in peak position, as we
present later in Fig. 2(b) and (e). High-resolution TEM
(HRTEM) image shown in Fig. 1(c) of the CsPbl; QD depicts
an interplanar spacing of ~0.65 nm. In comparison, XRD

Fig. 1 (a) X-ray diffraction pattern, (b) TEM image, and (c) HRTEM image of as-synthesized CsPbls nanocrystals (NCs). (d) X-ray diffraction pattern,

(e) TEM image, and (f) HRTEM image of as-synthesized CsPbBr3; NCs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Absorption spectra of TiO,, CsPbls and CsPbls coated mesoporous TiO,. (b) PL spectra of CsPbls and TiO,/CsPbls showing PL quenching
effect and (c) PL decay curves of CsPbls and TiO,/CsPblz NCs. (d) Absorption spectra of TiO,, CsPbBr; and CsPbrs coated mesoporous TiO,. (e) PL
spectra showing PL quenching effect and (f) PL decay curves of CsPbBrz and TiO,/CsPbBrs NCs.

peaks observed at 15.1°, 21.3°, and 30.2° corresponding to the
(100), (110), and (200) planes of CsPbBrjz, shown in Fig. 1(d),
are at slightly higher diffraction angles than those of CsPbl;.
As Br is a smaller-sized atom than I, the interplanar spacing is
decreased in CsPbBr; and thus appears at higher values of 26.
A TEM image of the CsPbBr; NCs with dimensions ~13 nm is
shown in Fig. 1(e) with corresponding interplanar spacing of
0.58 nm in Fig. 1(f).

UV-Vis absorption spectra in Fig. 2(a) and (d) show peaks
around 700 nm and 510 nm for CsPbl; and CsPbBr;, respect-
ively. Tauc plots, given in Fig. S1,T indicate bandgaps of 1.8 eV
and 2.4 eV for CsPbl; and CsPbBrj;, respectively, suggesting
that CsPbl; has superior visible-light absorption capability.
Photoluminescence (PL) measurements reveal emission peaks
at 675 nm for CsPbl; (red) and 510 nm for CsPbBr; (green) in
Fig. 2(b) and (e), indicating potential applications for CsPbls
in solar cells due to its broader absorption range, closer to the
peak of the solar spectrum. When these NCs are adsorbed on
mesoporous TiO,, their PL intensity is strongly quenched, as
depicted in the respective figures. This suggests charge trans-
fer from perovskite NCs to TiO,. PL decay studies shown in
Fig. 2(c) and (f) demonstrate a bi-exponential decay (solid line
representing the fitted experimental data points as depicted in
Fig. S2 and S3}) of photogenerated carriers, where the longer
carrier lifetime (7) represents radiative decay, and the shorter
lifetime indicates nonradiative decay. The radiative carrier life-
times are extracted to be approximately 130 ns for CsPbl; and
18 ns for CsPbBr;. When CsPbl; is interfaced with TiO,, the
lifetime reduces to 59 ns, whereas that in CsPbBr;/TiO,

10746 | Nanoscale, 2025,17,10743-10751

reduces to 9 ns. This reveals more efficient charge transfer in
CsPblI;/TiO, than in CsPbBr;/TiO,, demonstrating more
efficient charge extraction for CsPbI;-based PNCSSCs. It is also
to be noted that the observed bumps in Fig. 2(f) are due to the
defects or trap states in the CsPbBr; nanocrystals®” that can
capture charge carriers. The subsequent release of these car-
riers may lead to delayed photoluminescence, appearing as
bumps in the decay profile.”®

Typical high-resolution X-ray photoelectron spectroscopy
(XPS) spectra of Cszq, Pbys, I34, and Brsq electrons in Fig. 3
depict the nature of local chemical bonding of synthesized per-
ovskite NCs. The binding energies (BE) of Cs 3ds,, and 3d3,
core electrons in CsPbl; are found to be at 722.8 eV and 736.8
eV respectively. These values are found to be increased to
723.5 and 737.6 €V, respectively, in CsPbBr;, owing to the
smaller size of Br atoms. The BE values of Pb 4f,,, and 4f;,
electrons in CsPbl; are 136.7 and 141.5 eV, respectively,
whereas those in CsPbBr; are 137.6 and 142.6 €V respectively,
as depicted in Fig. 3(b). Fig. 3(c) shows I 3ds,, and 3ds/, peaks
of CsPbl; at 618.2 eV and 629.7 eV, respectively. On the other
hand, Br 3d XPS peak in as-synthesized CsPbBr; has been
deconvoluted to extract the BE of Br 3ds/, and 3ds,, electrons
and are found to be 67.6 and 68.5 eV, respectively. These BE
values are in close agreement with the reported data,”**° indi-
cating phase purity of synthesized CsPbBr; and CsPbl;
nanocrystals.

The as-synthesized CsPbBr; and CsPbl; NCs have been
incorporated as photosensitizer materials as an alternative to
traditional dyes used in dye-sensitized solar cells. A schematic

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 High-resolution XPS spectra of (a) Cs, (b) Pb, (c) I, and (d) Br core electrons of as-synthesized CsPbls and CsPbBrz NCs.

of the fabricated perovskite nanocrystal-sensitized solar cells
(PNCSSCs) is shown in Fig. 4(a). In this study, fluorine-doped
tin oxide (FTO) has been chosen as the transparent conducting
electrode due to its lower sheet resistance and greater thermal
stability compared to indium-doped tin oxide (ITO).*" These
properties make FTO a reliable choice for high-performance
solar cell applications that require stable conductivity under
elevated temperatures.’™*> A mesoporous layer of TiO,, the
morphology of which is shown in Fig. S4(a),f has been de-
posited onto the FTO substrate to serve as a sensitizing
medium, leveraging its high surface area and excellent electron
transfer capabilities, which facilitate efficient electron trans-
port from the sensitizer to the conductive substrate. The
design of the PNCSSC incorporates a redox electrolyte based
on the I3;7/I" redox couple, CsPbBr; and CsPbl; NCs as sensi-
tizing agents, and platinum (Pt) as the counter electrode. The
resulting configuration of the device shown in Fig. 4(a) is a
multilayered structure represented as FTO/m-TiO,/perovskite
NCs/Pt/FTO. The NCs are adsorbed onto the surface of the
mesoporous TiO, layer (Fig. S2(b)t), where they play a central
role in capturing incident sunlight to generate photo-excited

This journal is © The Royal Society of Chemistry 2025

electrons, which are then injected into the conduction band of
TiO,, a process that enables solar energy conversion. The
efficiency of the photoconversion process in these solar cells is
influenced by several critical parameters, including the energy
levels of the excited states (LUMO) and ground state (HOMO)
of the NCs, the Fermi level of the Pt anode, and the redox
potential of the I;7/I" electrolyte. Together, these factors
govern the energetics of electron transfer and the overall
efficiency of the device’s electrochemical reactions. The photo-
conversion mechanisms in I-based perovskite are given
below.*®

NCs + hv = NCs* ... (1)

NCs* + Pt (CE) = NCs* + e ¢p (Pt) ... (2)

NCs" + 31 (electrolyte) = NCs + I*" ... (3)

P~ + 2e (catalysts) = 31 (electrolyte regeneration) ...  (4)

Fig. 4(b) illustrates the energy band alignment for CsPbBr;
and CsPbl; PNCSSCs, revealing critical differences in electron
migration behavior between the two sensitizer materials.

Nanoscale, 2025, 17,10743-10751 | 10747
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(a) Schematic diagram of nanocrystal sensitized solar cell based on CsPblz and CsPbBrs, (b) corresponding energy band diagram of the solar

cell using CsPbls and CsPbBrs nanocrystals adsorbed on mesoporous TiO,. (c) Photovoltaic characteristic of the devices representing the short
circuit current density and open circuit voltage of CsPbls and CsPbBrs nanocrystals sensitized devices and (d) external quantum efficiency (EQE) of

fabricated perovskite nanocrystals sensitized solar cells.

Devices with both materials are shown in the same schematic for
comparison. The CsPbBr; layer is shown in green, and the CsPbl;
layer is shown in red. Fig. 4(c) shows the current density-voltage
(J-V) characteristics of the devices. CsPbls-based solar cells
exhibit a higher short circuit current density (Js), higher open
circuit voltage (V,.), and greater fill factor (FF). These lead to a sig-
nificantly higher photoconversion efficiency (PCE) for CsPbl; NCs
sensitized solar cells. It is evident from the band alignment in
Fig. 4(b) that electron transfer from CsPbI; to TiO, is energetically
more favorable compared to that of CsPbBr;_ This favorable trans-
port pathway facilitates efficient electron injection into the TiO,
conduction band, which is essential for enhancing the overall
charge carrier dynamics within the cell. Additionally, CsPbl;
demonstrates superior photon absorption capability in the solar
spectrum relative to CsPbBr3;, which leads to a higher generation
rate of photo-induced charge carriers. The increased absorption
efficiency enables enhanced harvesting of incident light, thus pro-
ducing a higher density of charge carriers available for transfer. A
combination of these factors, ie., favorable band alignment for
electron transport and the increased photo-absorbed charge
carrier density in CsPblz, may result in an enhanced charge col-
lection at the electrodes, directly impacting the photoconversion
efficiency.

10748 | Nanoscale, 2025,17,10743-10751

A Newport solar simulator working at Solar Air Mass (AM)
1.5 G conditions, equivalent to 100 mW cm™> of irradiance,
has been used for photovoltaic measurements. When exposed
to illumination, the CsPbl; sensitized champion solar cell
demonstrates an open-circuit voltage (V,) of approximately 0.60
V, in contrast to the CsPbBr; sensitized cell, which shows a V.
of ~0.53 V. There is also a notable increase of approximately
70% in the short-circuit current density (Js.) for the CsPbl;
device, reaching 31.9 mA cm™ compared to 17.3 mA cm™> for
the CsPbBr; based cell. This substantial improvement in both
Jse and V,,. values for CsPbl; is attributed to the enhanced gene-
ration of photogenerated charge carriers, longer carrier life-
times, and greater conductivity due to favorable band alignment
in the CsPbl; device. Furthermore, the fill factor (FF) for the
CsPbls-based solar cell is calculated to be ~65%, significantly
higher than the 41% observed for the CsPbBr; cell, which
reflects a greater maximum power output potential. We
obtained a PCE of 3.7% and 12.5% in the CsPbBr; and CsPbl;-
based PNCSSCs, respectively. The calculated photovoltaic device
parameters are presented in Table 1. Fig. S5(a and b)} shows the
repeatability of ten numbers of CsPbBr; and CsPbl; sensitized
solar cells. In Fig. S6,T a detailed statistical analysis of PCE from
ten devices is given as a table, as well as charts with error bars.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of perovskite nanocrystals sensitized solar cell
device parameters

Active materials  Jo. (mA cm™?) Voo (volt) FF (%) PCE (%)
CsPbBr; 17.3 0.53 41 3.7%
CsPbl; 319 0.60 65 12.5%

The external quantum efficiency (EQE) spectra for both
CsPbl; and CsPbBr; sensitized solar cells are illustrated in
Fig. 4(d). As anticipated, the EQE of the CsPbl; device is
notably higher, which is due to its superior optical absorption
coefficient and efficient separation and collection of photo-
generated carriers in comparison to the CsPbBr; cell.

To explain the improved fill factor of CsPbl; sensitized
solar cells, electrochemical impedance spectroscopy (EIS)** of
the devices have been performed. EIS plays a crucial role in
explaining the fill factor (FF) in sensitized solar cells, as it pro-
vides insights into the internal resistance mechanisms and
charge transport dynamics within the cell. The FF is a key per-
formance metric of a solar cell that represents the ratio of the
maximum power output to the theoretical power from the
product of open-circuit voltage and short-circuit current
density. Analyzing EIS data allows us to dissect and quantify
the resistive and capacitive elements within the device, which
ultimately impact the FF. In sensitized solar cells, such as dye-
sensitized or perovskite-sensitized ones, multiple interfaces
exist where charge transfer occurs, including interfaces
between the sensitizer and the semiconductor (e.g., dye or per-
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ovskite/TiO,), the interface between the sensitizer and the elec-
trolyte or hole transport layer (HTL) electrode where electrons
and holes are extracted. By applying EIS, we can evaluate the
impedance spectrum over a range of frequencies. The results
help in isolating the charge transfer resistance (R.) at these
interfaces. Lower R typically indicates more efficient charge
injection from the sensitizer to the semiconductor and then
from the semiconductor to the electrodes, thereby minimizing
energy losses. As the FF is sensitive to losses within the cell, a
lower R is beneficial for achieving a higher FF.’” In addition
to the charge transfer resistance, EIS provides information on
series resistance (Rg), which arises from the conductive
elements within the solar cell, such as the transparent conduc-
tive oxide (TCO) layer, the semiconductor layer, and the metal
contacts. High series resistance can impede the flow of photo-
generated charges, resulting in voltage drops and lowering the
maximum power output of the solar cell.*® The fill factor is
particularly sensitive to R; because higher series resistance
reduces the curvature of the current-voltage (I-V) character-
istics, thereby reducing the achievable maximum power point.
Through EIS, the R can be accurately quantified, enabling the
identification of sources contributing to this resistance.
Lowering R, through improved material quality, better conduc-
tivity in the contacts, or optimized layer thickness can directly
lead to higher FF. Therefore, understanding R, through EIS
helps engineers design cells with minimal resistive losses,
enhancing the FF. EIS data and their analysis for PNCSSCs are
presented in Fig. 5. Fig. 5(a) shows the typical model used to

R, Rs

I_.

C2 c;3
TiO,/NCs Electrolyte
Electrolyte Diffusion
c) 7
© ® Expt.
6 —Fit
54
£ 4
L5
NS
24
14 CsPbl,
0 T T T T
30 35 40 45 50 55

Z (Ohm)

Fig. 5 Impedance spectroscopy (Nyquist plots) of the fabricated CsPbls and CsPbBrs-sensitized solar cells. (a) Equivalent circuit to fit the experi-
mental data. Nyquist plots under illuminated conditions for (b) CsPbBrz and (c) CsPbls solar cells.
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Table 2 EIS fitting parameters of Nyquist plots in perovskite nanocrys-
tal-sensitized solar cells

Sample R, () R (Q) Ry (Q) R;(Q) Ci(RF) G, (pF) Cs(pF)
CsPbl; 32.02 6.817 9.024 4.039 1.438 6.218 177.0

CsPbBr; 75.00 80.00 2000 4800 0.0015 0.05 5.00

Table 3 Comparison of obtained PCE in CsPblz nanocrystals-sensitized
device with other reported DSSCs

Device structure PCE Ref.
Ti0,/N719 dye/NiC0,S,@rGO 8.5% 38
TiO,/N-GQD/Pt 5.3% 39
Ti0,/DZ102:TZ101:JM102/Co(Bpy); 10.9% 40
Fe/S-TiO,/N719/Au 6.46% 1
Cu,VSe,/m-TiO,/N719/Pt 7.38% 42
TiO,/CsPbl,;/Pt 12.5% This work

explain the Nyquist plots, with three RC circuits in series
corresponding to three interfaces, i.e., electrolyte-counter elec-
trode, TiO,/QD, and diffusion of electrolytes across the meso-
porous TiO,.*” The Nyquist plots of CsPbBr; and CsPbl; sensi-
tized solar cells and the fitting of the data using the abovemen-
tioned model are shown in Fig. 5(b) and (c). The resulting
fitting parameters are presented in Table 2.

From Table 2, we observe that all the values of resistance in
CsPbl;-sensitized solar cells are significantly lower than those
in the CsPbBr;-based device. As discussed earlier, a lower re-
sistance implies more efficient charge injection from the sensi-
tizer to the semiconductor and then from the semiconductor
to the electrodes, thereby minimizing energy losses. From
Table 2, it is also apparent that the capacitance values of
different junctions in CsPbl;-sensitized solar cells are also
several orders higher in magnitude than their CsPbBr;
counterparts. In PNCSSCs, a higher capacitance at the inter-
faces suggests more efficient charge storage and separation,
reduced recombination rates, and improved carrier lifetimes.
When carriers have a longer lifetime, they are more likely to
reach the electrodes before recombining, which contributes to
a higher FF by maintaining a robust current even at high
voltage ranges. This prolonged carrier lifetime discerned
through the low-frequency impedance spectrum in EIS, is
essential for sustaining a high FF in devices with significant
light absorption and carrier mobility. Lower R and higher C
values in CsPbl; PNCSSCs result in a significantly higher fill
factor (64%) than in CsPbBrs;-based (42%) PNCSSCs. A com-
parison of the efficiency of our fabricated devices with those
reported in the literature is given in Table 3, showing the
superior performance of CsPbl; nanocrystal-sensitized perovs-
kite solar cells.

Conclusion

We have investigated cubic CsPbBr; and CsPbl; perovskite
nanocrystals for their use as sensitizers for a superior alterna-
tive to degradable organic dyes in dye-sensitized solar cells.

10750 | Nanoscale, 2025, 17,10743-10751
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CsPbl; nanocrystals exhibit an absorption edge closer to the
peak of the solar spectrum with a band gap of 1.8 eV in com-
parison to 2.4 eV for CsPbl; nanocrystals. In addition, a longer
carrier lifetime of photogenerated charge carriers in CsPbl;
(~130 ns) in contrast to CsPbBr; (~18 ns) and a favorable
energy band alignment for charge transfer on mesoporous
TiO, facilitates improved separation and collection of photo-
generated carriers in the former. CsPbl;-sensitized solar cells
exhibit lower series shunt and charge transfer resistances but
reveal much higher interface capacitance, leading to increased
open-circuit voltage, short-circuit current density, and fill
factor of the fabricated devices. Consequently, CsPbl;-sensi-
tized solar cells display a photoconversion efficiency of
~12.5%, significantly higher than the CsPbBr;-sensitized
(~3.9%) solar cells. Our results demonstrate the potential of
solution-processed and highly luminous cubic phase CsPbl;
NCs as efficient sensitizers and a compelling alternative to
toxic and easily degradable dye-sensitized solar cells for low-
cost solar energy harvesting applications.
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