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Abstract:  

Perovskite quantum dots (PQDs) have emerged as a promising candidate for down conversion 
applications in photovoltaics due to their tunable bandgap, high photoluminescence quantum yield 
(PLQY), and solution-processability[1]. By converting high-energy ultraviolet and visible photons into 
longer-wavelength emissions that better match the absorption spectrum of silicon solar cells, PQDs 
can effectively mitigate thermalization losses and enhance device performance. Their narrow 
emission linewidths, compositional versatility, and ability to be integrated into films or coatings further 
highlight their potential as efficient spectral converters, making them attractive for next-generation 
photovoltaic architectures. 

Co-doping PQDs has emerged as a promising strategy to tailor their optical properties for use as 
down-conversion layers in silicon solar cells. The incorporation of dual dopants, such as rare-earth 
or transition-metal ions, allows precise tuning of the electronic band structure and defect states, 
thereby enhancing photoluminescence efficiency, broadening absorption spectra, and suppressing 
non-radiative recombination pathways. This approach enables more effective conversion of high-
energy photons in the ultraviolet and blue regions into near-infrared photons, which align with the 
optimal spectral response of silicon. When integrated as a luminescent down-conversion (LDC) film, 
co-doped PQDs not only improve spectral utilization but also exhibit greater stability compared to 
pristine PQDs. As a result, they provide a promising pathway to surpass the single-junction efficiency 
limits of silicon solar cells. 

Introduction:  

PQDs with carefully selected ion pairs such as Yb-Ru offers a powerful strategy to engineer their 
luminescence properties for application as down-conversion materials in silicon solar cells. The 
PQDs’ structure shows on Fig.1. Yb³⁺ ions are well known for enabling efficient near-infrared (NIR) 
emission through quantum cutting processes, in which a single high-energy photon is converted into 
two NIR photons via cooperative energy transfer. In contrast, Ru³⁺ dopants function as energy 
mediators or sensitizers: their partially filled 4d orbitals introduce intermediate electronic states within 
the bandgap of the CsPbCl₃ host, thereby broadening light absorption in the ultraviolet–visible region 

and facilitating non-radiative energy transfer pathways from the host excitons to the Yb³⁺ 4f levels. 

This co-doping strategy effectively couples the strong absorption capability of Ru³⁺ centres with the 

high quantum-cutting efficiency of Yb³⁺ ions, resulting in enhanced overall down-conversion 
performance[2],[3]. This synergistic co-doping approach not only strengthens the spectral overlap 
with the silicon bandgap but also suppresses non-radiative recombination, thereby maximizing 
photon conversion efficiency. By converting high-energy photons into multiple near-infrared photons, 
Yb/Ru-co-doped PQDs can significantly increase the usable photon for silicon solar cells, offering a 
promising route to surpass the traditional single-junction efficiency limits of silicon photovoltaics[4]. 
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Fig.1. The PQDs structure of Yb/Ru CsPbCl3 

In the early stage of this study, the synthesis work will be the first step. The Yb³⁺/Ru³⁺ co-doped 

CsPbCl₃ quantum dots will be synthesized using a modified hot-injection method under an inert 
atmosphere in Fig.2.a) The synthesis parameters, including precursor ratios, ligand composition, 
and reaction temperature, will be carefully optimized to achieve uniform doping and high crystallinity. 
After purification, the obtained quantum dots will be systematically characterized by UV–Vis 
absorption, steady-state and time-resolved photoluminescence (PL) spectroscopy, PLQY 
measurements, transmission electron microscopy (TEM) to verify their structural and optical 
properties. 

 
Fig. 2. a) PQDs preparation equipment: Hot-injection method [6] b) Doctor blading 

technique combines the PQDs with HJT cell 

In the second stage, the synthesized quantum dots will be incorporated into different encapsulation 
materials and combined with heterojunction (HJT) solar cell structures to fabricate composite 
samples through doctor blade machine shows on Fig.2 b) The optical and interfacial properties of 
these integrated systems will then be characterized to evaluate their compatibility, stability, and 
photon-conversion performance. Advanced techniques such as Fourier-transform infrared 
spectroscopy (FTIR), electroluminescence (EL), and photoluminescence imaging will be employed 
to study interfacial interactions, defect passivation, and energy transfer mechanisms between the 
quantum dots, encapsulant, and HJT devices. 

Experiments:  

In this study, Yb³⁺/Ru³⁺ co-doped CsPbCl₃ quantum dots were synthesized via a modified hot-

injection method under an inert nitrogen atmosphere. Specifically, 0.3 mmol of PbCl₂, 0.2 mmol of 

YbCl₃·6H₂O, and 0.02 mmol of RuCl₃·3H₂O were dissolved in 10 mL of octadecene (ODE), 2 mL of 
oleylamine (OAm), and 1.5 mL of oleic acid (OA) at 120 °C to ensure complete dehydration and 
precursor coordination. The temperature was then raised to 240 °C, at which point 1 mL of pre-
heated 0.2 M Cs-oleate solution was swiftly injected to initiate nucleation. After 30 seconds of growth, 
the reaction mixture was quenched by removing the heating source and cooling to room temperature. 
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The crude product was purified by two-step centrifugation: first at 5000 rpm for 10 min, discarding 
the supernatant, then redispersing the precipitate in toluene and centrifuging again at 10000 rpm for 
10 min, keeping the supernatant as the final quantum dot solution. The purified Yb/Ru-CsPbCl₃ QDs 
were redispersed in toluene and stored under nitrogen at 4 °C for further use.  

In the second stage, the synthesized PQDs were blended with encapsulation polymers such as POE 
or EVA and integrated with HJT solar cell structures. The composite samples were deposited through 
doctor blade machine. to accurate the thickness and optimized the performance. The final step will 
target to evaluate the solar cell performance by using advanced technologies.  

Results and discussion:  

From Fig. 3, the Yb/Ru co-doped CsPbCl₃ nanocrystals exhibit a clear PLQY response. The 

nanocrystals display a characteristic ultraviolet absorption edge derived from the CsPbCl₃ host 
lattice and a sharp near-infrared (NIR) emission peak centered around ~990 nm, corresponding to 
the Yb³⁺ ⁴f–⁴f transition. The absence of visible band-edge emission, combined with the dominant 

Yb³⁺ NIR line, suggests efficient energy transfer from the CsPbCl₃ host to Yb³⁺ ions, with radiative 

recombination primarily occurring through the Yb³⁺ emissive channel. It should be noted that the 
detector used has a sensitivity gap between the visible and NIR regions; therefore, Fig. 3(a) presents 
the calibration curve illustrating the linear relationship between the visible and NIR detectors. After 
correction, the calculated PLQY, as shown in Fig. 3(b), is approximately 45%.  

 

Fig. 3. PLQY figure from Horiba: a) The linear relationship between VIS detector and NIR detector; 
b) Ru/Yb co-doping PQDs CsPbCl₃ 

 

Fig.4.TEM figure for PQDs 

The TEM images reveal that the Yb/Ru co-doped CsPbCl₃ nanocrystals possess uniform cubic 
morphology and high crystallinity. In the low-magnification image, the nanocrystals are well-
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dispersed and form an ordered array without noticeable aggregation, indicating good monodispersed 
and effective surface passivation by ligands. The high-resolution TEM image shows clear lattice 
fringes with an average particle size of approximately 8.17 nm, consistent with the typical dimensions 
of CsPbCl₃ nanocrystals. The well-defined lattice fringes correspond to the (200) plane of cubic-

phase CsPbCl₃, confirming the preservation of the perovskite crystal structure. These observations 
collectively demonstrate that the co-doped nanocrystals exhibit excellent structural uniformity and 
crystallinity, providing a solid foundation for their strong and stable luminescence properties. 

At the device level, the doctor-blade technique was employed to deposit PQD layers onto silicon 
heterojunction (HJT) solar cells, achieving uniform and controllable coatings over 4 × 4 cm cell areas. 
To elucidate the effectiveness of PQD-based down-conversion in mitigating ultraviolet photon losses, 
HJT cells were used as a reference benchmark, enabling a direct comparison of the impact of co-
doped PQDs on UV photon utilization and overall device performance. Although the present 
performance improvement remains limited from Fig.4., this is primarily because the current PQDs 
do not yet outperform the intrinsic anti-reflection coating of the silicon cell. In future work, efforts will 
focus on optimizing both the synthesis and deposition processes of the PQDs to further improve their 
optical coupling and down-conversion efficiency. 

 

Fig. 4. a) EQE test figure with Ru/Yb CsPbCl3 combine with HJT cell b) EQE of high energy area 

Conclusion: 

Yb/Ru co-doped CsPbCl₃ PQDs were successfully synthesized with strong NIR emission and a 
PLQY of 45%. Their integration with HJT cells confirms effective down-conversion, although current 
performance gains remain limited by film quality and optical coupling. Continued optimisation of 
dopant chemistry and coating processes is expected to further enhance UV photon utilisation and 
improve silicon solar cell efficiency. 
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