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ABSTRACT

This study investigates the enhancement of power conversion efficiency
(PCE) in lead-free CsEuCl, perovskite solar cells (PSCs) synthesized
via the hot-injection method, which ensures precise crystallinity and
phase purity. The perovskite layer was doped with carbon quantum dots
(CQDs, 1-5 wt%), and the fabricated devices underwent comprehensive
morphological (FESEM, XRD, and TEM), optical (UV-Vis), and electrical
(J-V) characterizations to evaluate their performance. Optical analysis
revealed bandgap reduction (from 1.74 eV to 1.52 eV at 3% CQDs) and
enhanced absorption due to improved charge transport and suppressed
recombination. Electrical performance peaked at 3% CQDs, achieving
a PCE of 1.10% (vs. 0.78% for undoped cells), driven by optimized Jsc
(10.5 mA/cm®) and retained Voc (0.34 V). Excessive doping (5% CQDs)
induced CQD aggregation, degrading film morphology and performance.
These findings underscore CQDs as a promising modifier for tuning
optoelectronic properties in rare-earth-based PSCs, while the integrated
characterization approach validates the structure-property relationships
across all cell components.
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INTRODUCTION

Solar energy is a primary source of renewable
and clean energy due to its quantity, purity,
inexhaustibility, and its use does not harm the
environment [1]. In the past few years, many
methods have been developed to harness solar
energy, such as artificial photosynthesis [2], solar
architecture [3], solar thermal heaters [4]and
photovoltaics (PV) [5]. Photovoltaic (PV) solar
energy represents a key solution for reducing
carbon emissions and meeting future energy
demands [6]. This technology operates through
the photoelectric effect, where sunlight is directly

* Corresponding Author Email: hdoun1992@gmail.com

converted into electricity using solar cells [7].

Recently, perovskite solar cells (PSCs) have
emerged as a promising alternative to silicon-
based PV, achieving over 25% efficiency with
potential for further improvement [8[9]. The
field began in 2009 when researchers used
methylammonium lead bromide (MAPbBr3) as a
photosensitizer in dye-sensitized cells, reaching
3.8% efficiency and sparking widespread interest
in perovskite photovoltaics [10,11].

Perovskites are materials with ABX, crystal
structure, where “A” represents organic
and inorganic cations, such as cesium (Cs*),
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methylammonium (MAY, CH,NH_"), and
formamidine (FA*, CH.CH NH."). “B” represents
metal cations, such as tin cation (Sn?*), lead
cation (Pb?'), etc. “X” represents halide groups,
such as bromide (Br), iodide (l), and chloride (Cl).
Perovskites have tunable band gaps (1.3-2.2 eV)
[12], a high absorption coefficient (5.7 x 104 cm™
at 600 nm) [13,14], and effective charge carrier
mobility (1-10 cm? V* s?) [15].

Organic-inorganic hybrid perovskites (OHIPs)
now dominate solar cell research due to their
low-cost fabrication and record efficiencies,
building upon their 1990s applications in LEDs/
transistors [16][17]. These materials exhibit
superior optoelectronic characteristics including
low exciton binding energy, large Bohr radius,
high dielectric constant, extended carrier diffusion
lengths, rapid charge mobility, and outstanding
absorption coefficients [18,19].

The ABX, perovskite active layer absorbs
photons, generating excitons that dissociate into
free electrons (e”) and holes (h*). These charges
are selectively extracted by the adjacent ETL
(n-type) and HTL (p-type), respectively. Electrons
flow through the ETL to the cathode via the
external circuit, while holes migrate through the
HTL to the anode, completing the electrical circuit.
Simultaneously, the oxidized perovskite layer is
regenerated through hole injection from the HTL,
maintaining continuous operation [20].

Commonly used ETL materials in PSCs include

Stage 1: Cs-oleate precursor
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CS;CO3
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Zn0O [21-23], TiO, [24-26], SnO, [27], WS, [28],
TiS, [29], and MosS, [30]. The HTL significantly
enhances PSC efficiency through optimized hole
transport from perovskite to anode, with material
doping strategies improving conductivity and
reducing interfacial recombination [31]. However,
lead toxicity in perovskites raises serious health
concerns, including neurological, reproductive and
renal damage [32]. driving research into lead-free
alternatives [33].

Therefore, to make photovoltaics affordable and
environmentally friendly, it is necessary to develop
lead-free or lead-reduced perovskites [34,35]. The
search for lead-free perovskite nanocrystals with
low or no toxicity, good photovoltaic performance,
and high environmental stability is in full swing.
Due to the rich structure and elements of the
perovskite family, many lead-free perovskite
halide nanocrystals have been developed and
characterized in the past few years. So far, Sn(ll)
[36], Sn(1V) [37], Sb(llI) [38], Bi(lll) [39], Cu(l) [40],
Ag(1) [41], Na(1) [42], Yb(1I) [43], and Eu(ll) [44] have
been used to replace lead. Some of these crystals
exhibit decent optoelectronic performance
comparable to their lead-based counterparts.
These encouraging results in the exploration of
lead-free perovskite nanocrystals show promising
signs for the breakthrough in the fabrication of
novel optoelectronic devices.

Europium (Eu) serves as an effective light-
sensing element in perovskites [45]. Eu?

Cs-oleate

WAy

Rapid cooling in ice bath

CsEuCl; NCs in hexane 3000 rpm for 10 min

Fig. 1. Schematic diagram of CsEuCl, nanocrystals synthesis and purification via hot-injection method.
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incorporation enhances structural stability due to
its similar ionic radius to Pb® (117 pm vs. 119 pm)
and favorable octahedral coordination [46,47].
While solid-state synthesis of bulk Eu-halide
perovskites faces homogeneity and shape control
limitations, colloidal methods enable improved
uniformity and morphology tuning. Recent
studies focus on CsBr:Eu?* nanocrystals, though
pure Eu-halide perovskites remain synthetically
challenging [47,48].

This study presents a systematic investigation
of  hot-injection-grown  perovskite  CsEuCI3
nanocrystals for solar cell applications using
titanium dioxide/nickel dioxide charge-transport
layers. Four different device structures were
studied: a pure reference cell and cells containing
different percentages of carbon quantum dots,
to comprehensively evaluate their optical and
photovoltaic effects.

MATERIALS AND METHODS
Synthesis and Purification of CsEuCl, Nanocrystals
The Cs-oleate precursor was prepared by
reacting Cs,COs3 (0.25 g) with oleic acid (0.5 mL) in
octadecene (8 mL) at 150°C under N, atmosphere.
For nanocrystal synthesis, EuCl; (0.27 g) was
dissolved in octadecene (5 mL) at 140°C under
vacuum, followed by N, purging and injection
of oleylamine/oleic acid (0.5 mL each). After 30
min, the temperature was raised to 200°C for
rapid injection of preheated Cs-oleate (0.4 mL).
The reaction was quenched after 1 min in an ice
bath, then purified via two-step centrifugation
(3000 rpm, 10 min) with hexane washing. The final
CsEuCl; nanocrystals were stored in hexane at 4°C

for characterization.

Synthesis of CsEuCl.:CQDs Nanocomposites

The nanocomposites were prepared through
a facile and cost-effective solution-phase method
employing commercially available solvents. In
a typical synthesis, 4 mL of CstuCl; nanocrystal
solution was introduced into a 25 mL three-
neck flask under continuous N, purge at 120
°C. Subsequently, carbon quantum dots (CQDs)
were incorporated at varying mass ratios (1, 3,
and 5 wt%), with rigorous stirring maintained for
60 minutes to ensure homogeneous dispersion
and effective composite formation. The resulting
CsEuCl,:CQD  nanocomposite  solutions  were
subsequently stored at 4°C in sealed vials to
prevent degradation prior to characterization.

Preparation and Deposition of TiO, as ETLs

A stable TiO, paste was prepared by dispersing
anatase nanoparticles (20-30 nm) in an acidic
aqueous solution (acetic acid/DI water), followed
by adding ethanol and a-terpineol under
continuous stirring. The paste was spin-coated
onto masked FTO substrates (1000 rpm/10 s >
3000 rpm/30 s) to form ~150 nm films, which
were soft-baked at 115°C and then sintered with a
graded thermal treatment (100-450°C) to produce
crack-free, crystalline electron transport layers for
efficient perovskite solar cells. See Fig. 2.

Deposition of CsEuCl, and CsEuCl.:CQD onto ETLs
Thin Films

The CsEuCls perovskite nanocrystals (NCs) were
deposited via spin-coating (2000 rpm, 30 sec) onto

10 ml of ethanol

TiO;, Solution

Sintering
process of TiO;
films at 450°C
for 30 min

Dry at 110-
120°C for § min

QN

!
T

Spin-Coating

Fig. 2. Preparation and deposition of TiO, thin films onto the FTO glass as ETLs.
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both TiO; thin films, followed by thermal annealing
at 100-120°C for 5-10 min under a nitrogen
atmosphere to enhance film quality. Subsequently,
CsEuCl3:CQD nanocomposites with varying CQD
concentrations (1, 3, and 5 wt%), resulting in four
distinct thin film architectures: TiOZ/CsEuCIs, TiOz/
CsEuCl,:CQDs (1 wt%), TiO,/CsEuCL,:CQDs (3 wt%),
and TiO,/CsEuCL:CQDs (5 wt%). This systematic
approach enabled a comparative investigation
of the effects of graphene incorporation and
CQD doping concentration on the structural and
optoelectronic properties of the perovskite NC
films.

Deposition of NiO as a HTL on Thin Films

The NiO HTL was prepared by dissolving 1.44 g
NiO nanoparticles in 4 mL HCI at 75°C for 15 min
[49][50]. This solution was spin-coated uniformly
onto all fuor device configurations. All samples
were annealed at 100°C for 10 min in air to ensure
optimal adhesion and crystallinity, completing
the device architecture while enabling direct
comparison of charge transport properties across
different perovskite compositions. See Fig. 3.

Finally, a Cu NPs counter electrode was
thermally evaporated (<5x107¢ Torr) on all four
device stacks. Current density-voltage (J-V)
characteristics were measured under AM1.5G
illumination (100 mW/cm?) using a Keithley 4250
system (Sciencetech solar simulator).

RESULTS AND DISCUSSION
Structural characterization

Fig. 4a shows pure CsEuCl, crystals with a dense,
uniform grain structure. Introducing 1% CQDs
(Fig. 4b) induces slight structural modifications,

NiO Solution

Spin-Coating

Drying at 50°C
for 20 min

suggesting potential improvements in optical
properties such as absorbance and bandgap
tuning. A more pronounced enhancement
is observed in Fig. 4c (3% CQDs), where the
perovskite exhibits a highly ordered morphology
with reduced intergranular spacing. This optimized
structure enhances light absorption and charge
transport, making it ideal for perovskite solar
cells. However, at 5% CQDs (Fig. 4d), excessive
nanoparticle loading leads to large, irregular
aggregates that likely hinder charge transport and
introduce defects. These results highlight 3% CQDs
as the optimal concentration, balancing structural
integrity and optoelectronic performance for solar
cell applications.

Fig. 5a depicts the TiO, electron-transport
layer, exhibiting a nanoporous structure with
well-interconnected grains. This morphology is
essential for minimizing electrical resistance and
promoting efficient electron transport, thereby
reducing charge recombination and enhancing
device stability. Fig. 5b illustrates the NiO hole-
transport layer, characterized by densely packed
nanoclusters with a homogeneous distribution.
This compact structure ensures efficient hole
transport while minimizing voltage losses, thereby
improving interfacial compatibility with the
perovskite layer and overall device performance.

Collectively, these microstructural analyses
confirm that all three layers possess optimal
morphological properties for high-performance
perovskite solar cells. The CsEuCl, absorber
enables effective light harvesting, the TiO, layer
facilitates unhindered electron transport, and
the NiO layer ensures efficient hole extraction
collectively contributing to enhanced device

1

Cleo @
) )

Treatment at
100°C for 20 min

FTO/TiO4/CsEuCla/NiO

Fig. 3. Shows NiO deposited by spin-coating on a Thin Films substrate.
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efficiency and long-term stability.

XRD analysis of TiO, NPs (Fig. 6a) confirms an
anatase phase with dominant (011) and (004)
planes at 25.034° and 37.579°, showing crystallite

SEM MAG: 100 kx Det: InBeam
WD: 4.97 mm BI: 7.00 500 nm
View field: 2.08 ym |Date(m/dly): 03/11/25

SEMMAG: 200 kx |  Det: inBeam
WD: 5.32 mm BI: 7. 200 nm
View field: 1.04 ym _|Date(m/dly): 03/10/25

Fig. 4. FE-EM characterization of the perovskite nanocrystal structures: (a) Pure CsEuCl,, (b) with 1wt% CQDs,

sizes of 6.3-18.3 nm. While the anatase structure
favors electron transport, size variations may
introduce minor defects. For NiO NPs (Fig. 6b),
sharp peaks matching cubic phase (JCPDS 96-

SEM MAG: 200kx |  Det:InBeam I
wi mm BI: 7.00 200 nm
View field: 1.04 ym_|Date(m/dly): 03/10/25

SEM MAG: 200 kx  Det: InBeam il
WD: 5.58 mm BI: 7.00 200 nm
View field: 1.04 ym _|Date(m/dly): 03/10/25

(c) with 3wt% CQDs, and (d) with 5wt% CQDs.

SEM MAG: 200 kx |  Det: InBeam MIRA3 TESCAN

WD: 4.88 mm BI: 7.00 200 nm
View field: 1.04 pm |Date(m/dly): 03/11/25

] Nanostruct 16(1): 375-386, Winter 2026
[@)sr |

Fig. 5. Shows FE-SEM images of the nanostructure of (a) the TiO, thin film, and (b) the NiO thin film.

SEM MAG: 200 kx Det: InBeam |
WD: 4.89 mm. BI: 7.00 200 nm
View field: 1.04 ym |Date(m/dly): 03/11/25

MIRA3 TESCAN|
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101-0382) with 10.86 nm average crystallite size
and narrow FWHM (0.74-0.97°) demonstrate
high crystallinity and phase purity. Both materials
exhibit suitable structural properties for their
respective roles as electron (TiO,) and hole (NiO)
transport layers in perovskite solar cells, as further
supported by FE-SEM observations (Fig. 5).

To investigate whether the addition of CQDs
would alter the crystal structure of CsEuCl,, the
XRD patterns of pure CsEuCl, film and CsEuCl, films
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100 1 | Jk

with different proportions of CQDs are shown in
Fig. 7. The XRD results were found to be in good
agreement with the standard pattern of CsEuCl,
NCs. The lattice constants of the (111), (112), (101),
(211), and (222) crystal planes were determined
to be 26.57, 32.74, 37.63, 51.11, and 54.83 A,
respectively, based on the tetragonal phase.
When CQDs were added to CsEuCl, perovskite
crystals at concentrations of 1 and 3%, and X-ray
diffraction (XRD) analysis was performed, no

TiO,
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Fig. 6. XRD patterns of (a) TiO, thin film, (b), and (b) NiO thin film.

380

J Nanostruct 16(1): 375-386, Winter 2026
(@)er |



H. Ali, and M. Al-bahrani / Enhancement of PCE in lead-free CsEuCl, Perovskite Solar Cells

new peaks appeared. This is attributed to the
insufficient concentration of CQDs to exceed
the critical threshold required for structural
modification. However, the appearance of the
(100) diffraction peak at angle 41.88° in the 5%
CQDs sample, but not in its lower concentration
counterparts, reflects the occurrence of a critical
structural change at this ratio, where the quantum
dot concentration exceeds the structural effect
threshold (~4.2%) to form an interconnected
network, causing sufficient lattice strain to distort
the Eu-Cl bond angles, leading to a decrease in
absorbance and an increase in the optical energy
gap.

Transmission electron microscopy (TEM) images
from this study demonstrate a clear evolution in
the nanostructure of CsEuClI3 perovskite crystals
upon the addition of carbon quantum dots (CQDs).
Fig. 8a shows CsEuCI3 perovskite crystals with
cubic and rectangular morphologies exhibiting

111

distinct size distribution variations. The cubic
morphology reflects the optimal crystal structure
of the ABX3 system with cubic symmetry, indicating
sample purity and the absence of major defects,
consistent with previous studies reporting such
crystal structures in metal halide nanostructures.
Withtheincorporationof1%CQDs(Fig.8b),small
nanoparticles (<10 nm) appear distributed sparsely
on the perovskite surface while maintaining the
compound’s basic structure, potentially leading
to modest optical property enhancements. Fig.
8c (3% CQDs) demonstrates optimal quantum
dot distribution, where homogeneous dispersion
within the perovskite matrix forms effective crystal
interfaces, resulting in improved absorbance and
reduced energy gap (Eg). In contrast, Fig. 8d (5%
CQDs) reveals significant quantum dot clustering,
causing perovskite crystal structure distortions
and increased defect density. These morphological
changesimpede charge transport, reduce electron-

— CsEuCl:CQDs Swt%

Intensity(a.u)

] - S 8 - §
i Jo L & F
] —— CsEuCl,:CQDs 3 wid%
: | —
j —— CSEuCL:CQDs | wt%
] ) ) N
] —_— CsEuCl3 Pure
‘ | .

! | ! ] ' | ! | ! ] ! | ! |

20 30 40 50 60 70 80

20°

Fig. 7. XRD patterns of pure CsEuCl, film and CsEuCl, films with different concentrations of CQDs additives.
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hole separation efficiency, and initiate gradual
property degradation. The results establish that
3% CQDs incorporation represents the optimal
concentration, achieving both homogeneous
quantum dot distribution and preservation of
CsEuClI3 optical and electrical properties.

Optical characterization

The incorporation of carbon quantum
dots (CQDs) into lead-free CsEuCl3 perovskite
nanocrystals results in significant modifications to
their optical absorption properties and bandgap
energies, as demonstrated by UV-Vis spectroscopy
(Fig. 9) and Tauc plot analysis (Fig. 10). A significant
improvement in absorption was observed in the
wavelength range of 400-850 nm compared to the
pure thin film. This enhancement can be attributed

L0 e LialvaEng oo w 2
Fig. 8. TEM characterization of the perovskite nanocrystal structures: (a) Pure CsEuCl,,

to the role of CQDs as charge transport mediators
within the perovskite structure, suppressing
non-radiative recombination and increasing the
effective surface area of the CsEuCl3 NCs. These
effects collectively improve the efficiency of light
absorption and electron-hole pair generation.
However, a decrease in absorbance was observed
for the thin film with 5wt% CQDs. This reduction
may be due to the clustering of quantum dots at
higher concentrations, leading to non-uniform
dispersion, hindered charge transport, and the
introduction of defects in the perovskite structure
(as confirmed by TEM). Additionally, the clustered
CQDs may act as light-blocking agents, preventing
photons from reaching the CsEuCl3 NCs and
thereby reducing absorption [51].

Fig. 10 shows the bandgap design of perovskite

(b) with 1% CQDs, (c) with 3% CQDs, and

(d) with 5% CQDs.
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solar cells using colloidal quantum dots (CQDs)
incorporation, demonstrating an ideal doping
range of 1% to 3%. This reduces the bandgap

from 1.67 eV to 1.52 eV through intermediate
state formation and band edge modification,
enhancing solar spectrum matching and charge

CsEuCl,
5 CsEuCl,;:CQDs (1%)
CsEuCl,:CQDs (3%)
CsEuCl,:CQDs (5%)
4 -
3
S,
© 37
o
(=
@©
Qo
5]
@ 2
Ko
<
1
0

T T T T T T T T 1
400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Fig. 9. Absorption spectra of pure CsEuCl, NCs films and CsEuCl, films containing
different proportions of CQDs.
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3 2
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14 14
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Fig. 10. Tauc plot of optical band gaps for perovskite thin films.
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transport. However, a CQD loading of 5% induces
nanoparticle aggregation and lattice stress, which
increases the bandgap and impairs photovoltaic
performance, demonstrating a clear concentration
threshold for achieving optimal device efficiency.

Electrical characterization

The photovoltaic parameters of the four
perovskite solar cells (H1-H4) with distinct
architectures: (H1=FTO/TiO2/CsEuCI3/NiO/

Cu), (H3=FTO/TiO2/CsEuCl3:CQDs  3%/NiO/
Cu), (H4=FTO/TiO2/CsEuCl3:CQDs 5%/NiO/Cu)),
summarized in Table 1, reveal a clear correlation
between device composition, optical bandgap
tuning via carbon quantum dots (CQDs), and
electrical performance. The reference cell H1
(CsEuCI3, Eg = 1.74 eV) exhibits the lowest PCE
(0.78%) due to its wide bandgap, limiting light
absorption, and poor charge transport (FF
0.327). Incorporation of 1% CQDs in H2 (Eg =

Cu), (H2=FTO/Ti02/CsEuClI3:CQDs 1%/NiO/ 1.67 eV) slightly enhances Jsc (7.9 mA/cm?) but
1 T T T T 1 T T T T
104 H2 - 10 H1
94 B 94 4
§ 8+ 1 E 8 5
i < i
e 7 En
> 64 - 6+ 4
g i
S 5- . S 5 4
o o
e 41 . € 4+ 1
o o
s 34 {1 5 3 -
O (6]
24 - 2 .
14 g 14 R
o T T T T 0 T T T T
0.0 0.1 0.2 0.3 04 05 0.0 0.1 0.2 03 04 05
Voltage (V) Voltage (V)
11 Al 1 T Ll T Al 1 T T
10 H3 | at - - - '
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9 y H4
9 4
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3 £ 8] ]
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o 1 L} T T L) Ll L} T T 0 T T T T
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Fig. 11. Current-voltage (I-V) curves of perovskite solar cells (H1-H4).
Table 1. Electrical characteristics of perovskite solar cells (H1-H4)
Device H1 H2 H3 H4
Jsc mA.cm? 7 7.9 10.5 9.1
VocV 0.34 0.34 0.34 0.33
FF 0.327 0.312 0.308 0.333
PCE % 0.78 0.84 1.10 1.00
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reduces FF (0.312), likely due to interfacial defects
or incomplete passivation. Notably, H3 (3% CQDs,
Eg = 1.52 eV) achieves the highest PCE (1.10%)
owing to its optimal bandgap for visible-light
harvesting, reflected in the improved Jsc (10.5 mA/
cm?), though FF remains low (0.308), suggesting
persistent recombination losses. Conversely,
H4 (5% CQDs, Eg = 1.60 eV) shows intermediate
performance (PCE = 1.00%), indicating that
excessive CQD doping may introduce trap states
or phase impurities, as evidenced by its reduced
Voc (0.33 V) compared to H1-H3 (0.34 V).

The IV curves (Fig. 11) further highlight these
trends: H3 demonstrates the highest current
density, while H1 and H2 exhibit significant series
resistance (slope near Voc). The data underscore
that CQD incorporation—particularly at 3%—
effectively narrows the bandgap and enhances
charge generation, but further interfacial
engineering is required to mitigate recombination
and boost FF.

CONCLUSION

The integration of CQDs into CsEuCl, perovskite
nanocrystals demonstrated a profound impact
on both optical and electrical characteristics.
At 3% CQD loading, the bandgap narrowed to
1.52 eV, enhancing visible-light absorption and
charge generation, while TEM and XRD confirmed
preserved  crystallinity and homogeneous
dispersion. This optimization translated to a 41%
increase in PCE (1.10%) compared to undoped
devices, driven by higher J,c and minimal Voc
loss. However, exceeding the optimal doping
concentration (5% CQDs) led to quantum dot
clustering, lattice strain, and increased defect
density, reversing performance gains. The study
underscores the delicate balance between CQD-
induced bandgap engineering and morphological
stability.
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