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Despite the exceptional optoelectronic properties of lead-based perovskites, their toxicity
remains a critical barrier for commercial applications. This study addresses this challenge
by developing non-toxic CsEuCls nanocrystals doped with carbon quantum dots (CQDs)
to enhance light absorption and stability. Our objectives focus on synthesizing phase-
pure CsEuCls via hot-injection, optimizing CQD incorporation to reduce bandgap, and
characterizing structure-property relationships for photovoltaic use. The results revealed
that 3 wt% CQDs incorporation into CsEuCls significantly improved light absorption
efficiency and reduced the optical bandgap compared to pristine CsEuCls; and other
CQDs concentrations.

1. INTRODUCTION

Over the past few years, perovskite halides with ABX3
lattices, where A represents a monovalent organic cation (e.g.,
CH;3NH3") or inorganic cation (e.g., Cs* or Rb*), B represents
a divalent metal ion (e.g., Sn?*, Pb%*, Mn?*, or Ge?"), and X is
a halogen (e.g., F, Cl, Br, or I), have gained significant
research interest due to their promising photovoltaic
applications [1], including light-emitting diodes (LEDs) [2, 3],
solar cells [4, 5], catalysis [6], and photodetectors [7].
Recently, a large number of all-inorganic metal halide
perovskites, especially cesium-based perovskites (CsBX3),
have gained great interest due to their remarkable thermal
stability as well as their interesting optoelectronic properties
[8,9].

Many divalent metal ions, such as Pb*, Sn**, and Mn?",
have been frequently used as B-site cations in CsBX;
perovskites, especially lead (Pb?*)-based halide perovskites in
the past few years, the high potential of using perovskite
CsPbX3 nanoparticles as an active layer in perovskite solar
cells has been demonstrated [10].

Lead exposure primarily causes irreversible damage to the
central nervous system (e.g., cognitive impairment in children)
and renal dysfunction, as Pb*" accumulates in bones and soft
tissues [11]. These severe health risks necessitate lead-free
alternatives.

Consequently, the pursuit of lead-free perovskite
nanocrystals exhibiting minimal or negligible toxicity, robust
photovoltaic performance, and superior environmental
stability has gained significant momentum. Owing to the
extensive structural and compositional versatility within the
perovskite family, numerous lead-free halide perovskite
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nanocrystals have been successfully synthesized and
comprehensively characterized in recent years. So far, Sn(Il)
[12, 13], Sn(IV) [14], Sb(IIT) [15], Bi(IIl) [16], Cu(l) [17],
Ag() [18], Na(I) [19], Yb(II) [20], and Eu(II) [21, 22] have
been explored as potential replacements for lead. Some of
these materials exhibit decent optoelectronic performance
comparable to their lead-based counterparts. These
encouraging results in the exploration of lead-free perovskite
nanocrystals show promising potential for breakthroughs in
the fabrication of novel optoelectronic devices.

Europium (Eu) is an effective light-sensing element in
perovskite materials [23]. Divalent Eu?** (117 pm) substitutes
Pb?" (119 pm) in the perovskite lattice, increasing the tolerance
factor (t = 0.9) closer to the ideal cubic phase (t = 1), thereby
enhancing structural stability [22, 24]. However, bulk
europium halide perovskite crystals synthesized via solid-state
methods face limitations in controlling their homogeneity and
shape. Colloidal synthesis of rare earth halide perovskites can
provide improved homogeneity and tunable shapes. Recently,
there have been studies on the synthesis of nanocrystals of
cesium bromide and cesium bromide mixed with Eu?;
however, pure europium halide perovskites still present
challenges [25, 26].

There are several reported methods for synthesizing
perovskite nanocrystals. However, the most widely used and
popular method is the hot-injection method, rapid injection of
Cs-oleate at 200°C, followed by ice quenching (< 5°C),
ensures supersaturation, inducing instantaneous nucleation.
This kinetic control limits crystal growth to the nanoscale (10—
30 nm) and favors cubic/rectangular morphologies, critical for
tunable bandgap and charge transport [27].

Recent studies have demonstrated the potential of carbon-
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based nanomaterials, including carbon nanotubes and
graphene, in modifying the light-absorbing layer to suppress
non-radiative recombination losses [28]. Nevertheless,
significant challenges remain in simultaneously enhancing the
photoelectric performance and environmental stability of these
devices [29, 30]. Among various nanomaterials, carbon
quantum dots (CQDs) have garnered considerable research
interest due to their exceptional optical properties and tunable
electronic characteristics. The optical properties of CQDs are
of particular interest, as they exhibit the unusual trait of
excitation-dependent emission [31].

In this work, we demonstrate the solution-phase synthesis
of cesium-europium halide perovskite nanocrystals (CsEuCls)
and investigate their structural and optical properties. The
structural characteristics were analyzed using X-ray
diffraction (XRD), field-emission scanning electron
microscopy (FESEM), and transmission electron microscopy
(TEM), while the optical properties were examined via UV-
Vis spectroscopy. Furthermore, we incorporated carbon
quantum dots (CQDs) into the CsEuCls nanocrystals at
varying weight ratios to form nanocomposites and evaluated
the influence of CQDs on optical absorbance and energy
bandgap. This study presents a promising lead-free alternative
to halide perovskites for potential applications in perovskite
solar cells and optoelectronic devices.

2. MATERIALS AND METHODS
2.1 Materials

Europium(IIl) chloride (EuCls, 99.99%) and cesium
carbonate (Cs2CO3s, 99.9%) were purchased from Fisher
Chemicals. 1-Octadecene (ODE, 90%), oleic acid (OA, 90%),
oleylamine (OlAm, 99.9%), octanoic acid (OcAc, 99%),
trioctylphosphine (TOP, 97%), 1-butyl-1-methylpyridinium
chloride, hexane (anhydrous, 95%), carbon quantum dots
(CQDs, 0.5 mg/mL in water), and toluene (anhydrous, 99.8%)
were obtained from Sigma-Aldrich. All chemicals were used
as received without further purification.

2.2 Preparation of Cs-oleate solution

A mixture of cesium carbonate (Cs>COs, 0.5 g),
octadecene (ODE, 16 mL), and oleic acid (OA, 1 mL) was
loaded into a 50 mL three-neck flask. The reaction mixture
was vigorously stirred and degassed under vacuum at 120°C
for 1 hour. Subsequently, the system was purged with nitrogen
(N2), and the temperature was gradually increased to 150°C
under continuous N2 flow to facilitate the complete reaction
between Cs,COs3 and OA. The resulting Cs-oleate solution
solidified upon cooling to room temperature and was reheated
to 100°C prior to injection to ensure complete dissolution of
the precipitate.

2.3 Synthesis of CsEuCls nanocrystals via hot-injection
method

The synthesis of CsEuCls nanocrystals (NCs) was
performed under inert atmosphere conditions using standard
air-free  techniques. In a nitrogen-filled glovebox,

europium(III) chloride (EuCls, 0.54 g) and 1-octadecene (ODE,

10 mL) were loaded into a 50-mL three-neck flask equipped
with a condenser. The reaction vessel was subsequently
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removed from the glovebox, and the mixture was subjected to
degassing at 140°C for 2 hours under vacuum to ensure
complete removal of oxygen and moisture.

Following this pretreatment, the system was purged with
nitrogen and maintained under positive N: pressure.
Oleylamine (OlAm) and oleic acid (OA, 1 mL each) were then
injected into the reaction mixture, resulting in the formation of
a pale yellow solution within 30 minutes. The temperature was
subsequently elevated to 200°C under continuous nitrogen
flow.

At this stage, 1 mL of preheated (100°C) Cs-oleate
precursor solution was rapidly injected into the reaction
mixture. After precisely 1 minute of reaction time, immediate
quenching was achieved by immersion in an ice bath. The
crude product was then subjected to purification through
sequential centrifugation (3000 rpm, 10 minutes) and washing
cycles. Specifically, the supernatant was decanted after initial
centrifugation, and the precipitate was redispersed in hexane
(10 mL). This washing procedure was repeated with an
additional 4 mL of hexane to ensure complete removal of
reaction byproducts. The purified CsEuCl; NCs were finally
dispersed in anhydrous hexane and stored at 4°C for
subsequent characterization.

2.4 Synthesis of CsEuCls: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 CsEuCls 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 CsEuCl3;:CQDs nanocomposite solutions were
subsequently stored at 4°C in sealed vials to prevent
degradation prior to characterization (Figure 1).

Stage 1: Cs-oleate precursor
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Figure 1. Schematic of CsEuCls;:CQDs synthesis
2.5 Deposition CsEuCls NCs and CsEuCl3:CQDs thin films

Under an inert atmosphere of Ny, thin films were prepared
by adding 1-butyl-1-methylpyridinium chloride (0.05 mmol),
OlAc (0.5 mL), and OlAm (0.5 mL) to a 25 mL three-neck
flask. The solution was stirred at 100°C on a magnetic stirrer
inside a glove box until 1-butyl-1-methylpyridinium chloride



was completely dissolved. Subsequently, the CsEuCl; NCs or
CsEuCl3:CQDs solution was mixed with the above solution
and stirred on a magnetic stirrer at 100°C for 2 h. The spin-
coating method was then employed to deposit the CsEuCl;
NCs or CsEuCl;3:CQDs at 2000 rpm for 30 s on glass, followed
by drying at 100°C.

3. RESULT AND DISCUSSION
3.1 Structural characterization

The four FE-SEM images analyzed reveal distinct crystal
structures of perovskite compounds synthesized via the hot-
injection method. Figure 2 displays pure CsEuCl; perovskite
crystals, characterized by a compact morphology and uniform
grain distribution.

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

500 nm

Figure 2. FE-EM characterization of the perovskite
nanocrystal structures Pure CsEuCl;

Figure 3, incorporating 1% CQDs, exhibits minor
compositional modifications, suggesting that CQD integration
may enhance optical properties, particularly absorbance and
bandgap tuning.

SEM MAG: 200 kx
WD: 5.44 mm
View field: 1.04 pm | Date(m/d/ly): 03/10/25

200 nm

Figure 3. FE-EM characterization of the perovskite
nanocrystal structures Pure CsEuCls with 1 wt% CQDs

A more ordered structure with reduced intergranular
spacing is observed in Figure 4 (with 3% CQDs), indicative of
significantly improved absorbance and a narrower bandgap.
This enhancement stems from optimized perovskite-CQD
interactions, which promote efficient photon absorption and
charge carrier transport, rendering this composition highly
suitable for perovskite solar cell applications.
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SEM MAG: 200 kx Det: InBeam
WD: 5.32 mm o
View field: 1.04 ym  Date(m/dly): 03/10/25

200 nm

Figure 4. FE-EM characterization of the perovskite
nanocrystal structures Pure CsEuCls with 3 wt% CQDs

In contrast, Figure 5 demonstrates the formation of large,
heterogeneous aggregates, which likely impede charge
transport and introduce structural defects despite the high
nanoparticle density. These findings suggest that perovskites
can serve as effective active absorber layers in solar cells, with
the 3% CQDs formulation offering an optimal balance
between optical performance and electronic properties.

SEM MAG: 200 kx Det: InBeam
WD: 5.58 mm 7.00
View field: 1.04 pm  Date(m/dly): 03/10/25

200 nm

Figure 5. FE-EM characterization of the perovskite
nanocrystal structures Pure CsEuCls with 5 wt% CQDs

TEM images from this study demonstrate a clear evolution
in the nanostructure of CsEuCl; perovskite crystals upon the
addition of carbon quantum dots (CQDs). Figure 6 shows
CsEuCl; perovskite crystals with cubic and rectangular
morphologies exhibiting 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.

L

Figure 6. TEM characterization of the perovskite nanocrystal
structures Pure CsEuCl;



With the incorporation of 1% CQDs (Figure 7), 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.

Figure 7. TEM characterization of the perovskite nanocrystal
structures CsEuCls; with 1 wt% CQDs

Figure 8 (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). This
CQD:CsEuCl; interaction enhances light absorption by
extending into the infrared region and improves charge
transport through conductive nanopathway formation.

Figure 8. TEM characterization of the perovskite nanocrystal
structures CsEuCls with 3 wt% CQDs

In contrast, Figure 9 (5% CQDs) reveals significant
quantum dot clustering, causing perovskite crystal structure
distortions and increased defect density. These morphological
changes impede charge transport, reduce electron-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
CsEuCl; optical and electrical properties.

Figure 9. TEM characterization of the perovskite nanocrystal
structures CsEuCls; with 5 wt% CQDs

To investigate whether the addition of CQDs would alter the
crystal structure of CsEuCls, the XRD patterns of pure
CsEuCl; film and CsEuCl; films with different proportions of
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CQDs are shown in Figure 10. 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 (See Table 1).

111

. — CsEuCl,:CQDs Swi%

|

[—— 12

%\101
100
21
222

CsEuCl:CQDs 3 wt

Cl
E 1 L&
g ]
= — CsEuCl:CODs 1 wi%
] S
- —— CsEuCl, Pure
T ’,L_lJiL_'_‘ T T T T 1
20 30 40 50 60 70 80

Figure 10. XRD patterns of pure CsEuCls film and CsEuCl;
films with different concentrations of CQDs additives

When CQDs were added to CsEuCls perovskite crystals at
concentrations of 1 and 3%, and X-ray diffraction (XRD)
analysis was performed, no 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.

3.2 Optical characterization

3.2.1 Absorbance

The incorporation of carbon quantum dots (CQDs) into
lead-free CsEuCl; perovskite nanocrystals results in
significant modifications to their optical absorption properties
and bandgap energies, as demonstrated by UV-Vis
spectroscopy (Figure 11) and Tauc plot analysis (Figure 12).
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 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 CsEuCls 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 5 wt% 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 CsEuCl; NCs and
thereby reducing absorption.



Table 1. Characteristics of CsEuCls perovskite crystals, peak positions, FWHM, grain size, and chemical elements with reference
codes

Peaks Positions (20) FWHM(B) Grain Size (nm) Chemical Element hkl Reference Code

26.57 0.20546 39.71 Cs 111 00-018-0326

32.74 0.23399 35.37 Cl 112 01-072-1642

37.63 0.30132 27.84 Eu 101 00-038-0928

41.88 0.37274 22.81 C 100 01-080-0004

51.11 0.28936 30.42 Cl 211 01-072-1642

54.83 0.39806 22.47 Cs 222 00-018-0326
——CsEuCl,

—— CsEuCl,:CQDs (1%)
—— CsEuCI;:CQDs (3%)
—— CsEuCI,:CQDs (5%)|

Absorbance (a.u.)

— —
400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 11. Absorption spectra of pure CsEuCl; NCs films and CsEuCl; films containing different proportions of CQDs
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Figure 12. Tauc plot of optical band gaps for perovskite thin films
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3.2.2 Optical energy gap

Figure 12 shows that the optical bandgap decreases from
1.67 eV to 1.52 eV upon the addition of 1% and 3% CQDs,
respectively. The incorporation of CQDs may modify the
electronic structure of perovskites by introducing intermediate
energy states or shifting the conduction and valence band
edges. This reduces the energy required for electronic
transitions, enhances charge carrier mobility, and suppresses
non-radiative recombination, thereby facilitating the
generation of electron-hole pairs. However, when the CQDs
concentration increases to 5%, the quantum dots tend to cluster
rather than disperse uniformly. This clustering induces
significant lattice strain or distortion, increasing the energy
required for electronic transitions and, consequently, the
bandgap. Materials with band gaps in this range are well-
suited for absorbing higher-energy photons (visible light),
making them ideal for use as light-absorbing layers in solar
cells. The reduction in the optical bandgap with the addition of
1% and 3% CQDs is highly beneficial for solar cell
applications, as it aligns well with the solar spectrum and
enhances light absorption efficiency. In contrast, the increase
in the optical bandgap with the addition of 5% CQDs is less
favorable for solar cell performance.

4. CONCLUSIONS

In summary, we synthesized, developed, and characterized
a lead-free CsEuCl;:CQDs perovskite composite with
enhanced optoelectronic properties for solar cell applications.
The incorporation of 3% CQDs was found to be optimal,
significantly improving light absorption, reducing the optical
bandgap, and enhancing charge carrier dynamics. These
results underscore the potential of CQDs-modified CsEuCls as
aviable and environmentally friendly alternative to lead-based
perovskites in photovoltaic devices. Future work will explore
encapsulation techniques for long-term stability and
integration into full solar cell devices to evaluate PCE under
AM1.5 conditions.
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