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Metal halide perovskite quantum dots (PQDs), particularly formamidinium
lead triiodide (FAPbI;) PQDs, have garnered significant attention for high-
efficiency solar cells due to their ideal optical properties and stable phase
structure. However, achieving desired colloidal dispersion and charge trans-
port of FAPbI; PQDs still remains challenging. Herein, we report an efficient in-
situ entropic ligand engineering strategy, using bis(2-ethylhexyl) phosphate
(DEHP), to achieve improved dispersibility and charge transport in organic-
inorganic hybrid FAPbI; PQDs. The branched 2-ethylhexyl tails of DEHP
increase configurational entropy, improving solvent interaction and colloidal
stability. In addition, the phosphinic acid head anchoring group of DEHP
exhibits stronger binding strength for enhanced surface passivation and
reduced core-core interactions. By optimizing the addition of entropic ligand,
the DEHP-capped PQDs exhibit high colloidal stability and favorable optical
properties, resulting in a power conversion efficiency (PCE) of 18.68% (certified

value 18.23%) for PQD solar cells, along with improved stability. We believe
these findings would provide insights to the design and synthesis of metal
halide PQDs to construct desired films for optoelectronic applications.

The rise of lead halide thin-film perovskite has brought about an
increasing interest in the corresponding nanostructured materials like
quantum dots, nanoplates, nanowires'™. Among them, three-
dimensional confined perovskite quantum dots (PQDs) offering near
perfect photoluminescent quantum yield, slow hot-carrier cooling
time, high defect tolerance, especially their colloidal synthesis and
processing using industrially friendly solvents®”, have been revolu-
tionizing the sectors of light-emitting diodes®, photovoltaic (PV)° and
photodetectors™. Particularly in PQD based solar cells, the first report
of inorganic CsPbl; PQDs reached an efficiency of 10.77% in 2016", and
the highest reported efficiency boosted to a certified value of 18.1% for
organic-inorganic hybrid FAPbI; (FA: formamidinium) PQDs in a very
short period of time'>. Given this increasing rate at device perfor-
mances, PQD-integrated PV have attracted more attentions.
Currently, among all reported PQDs, the organic-inorganic hybrid
FAPbI; is considered as the most promising candidate and recently

dominate the research for high-efficiency and stable PQD PV due to its
ideal optical bandgap, stable crystal, and phase structure. Different
from the bulk thin-film perovskites, PQD decouples crystallization
from film deposition, therefore, the dispersibility and colloidal stability
of PQD solutions are crucial for the quality of the active layer and PV
performance of resultant PQD solar cells”'®, Unfortunately, the
organic-inorganic hybrid FAPbl; PQDs are prone to aggregate due to
the detachment of surface ligands and hydrogen bonding between
organic cations during purification and storage process” 2. The dis-
persibility of PQD at solution state is primarily determined by the
interactions between the organic ligand tail and the surrounding sol-
vent. Therefore, the packing structure of the organic ligand tail is
crucial for the colloidal stability?>. Besides, unlike conventional metal
chalcogenide quantum dots, FAPbl; PQDs with an organic-inorganic
hybrid core exhibit greater complexity of core-core interactions.
During the past few years, most efforts have been dedicated into the
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research of correlation between ligand head anchoring group and FA
cations, with very few attentions to the tail groups and the structure of
the ligand shell”**. To further enhance the PV efficiency of FAPbl; PQD
solar cells, it is important to achieve well-dispersed PQD solution for
high-quality active layer fabrication. Inspired by the synthetic progress
of conventional cadmium selenide quantum dots, the introduction of
ligands with branched chains (entropy ligands) could restrict the
packing of organic tails in solution, such an entropy ligand shell allows
easier penetration of the surrounding solvent, therefore enhancing the
dispersibility*2°.

Along this line, we first reported the in-situ entropic ligand-
anchoring for the synthesis of metal halide PQDs. To address the
challenges in current hybrid PQDs, we introduced a branched entropy
ligand, bis(2-ethylhexyl) phosphate (DEHP), into the hot-injection
synthesis of FAPbl; PQDs. The two 2-ethylhexyl tail groups exhibit a
branching and spreading nature. This structural characteristic would
increase the spatial rotation of ligand tail at solution state to enhance
interaction with the solvent and thereby enhancing the dispersibility.
In addition, the head anchoring phosphinic acid group exhibits
stronger binding strength to the surface relative to the native capping
ligands oleic acid (OA) and oleate ammonium (OAm), thus suppressing
core-core interactions at solution state. Through changing the mixing
ratio of DEHP, the size of PQDs can be adjusted from ~13 to ~20 nm, and
the optimal FAPbl; PQDs show greatly enhanced dispersibility and
colloidal stability even at concentrated condition. To demonstrate the
application of the entropic ligand engineered PQDs, we fabricated
solar cells, delivering a best power conversion efficiency (PCE) of
18.68% with improved storage stability.

Results

Entropy ligand anchoring for PQD synthesis

As shown in Fig. 1a, the configurational entropy (Sconr, Supplementary
Eq. 1) of different ligands was estimated according to their chain length
and branching number. Linear ligands such as octanoic acid (OctOA)
and OA exhibit relatively low configurational entropy due to limited
conformational freedom. In contrast, the branched DEHP displays a
much higher configurational entropy, attributed to its asymmetric side
chains that increase the number of accessible conformations. This
structural feature not only prevents dense ligand packing but also
enhances colloidal stabilization and solvent penetration. Building
upon these thermodynamic considerations, Fig. 1b illustrates the
impact of different ligands on the dispersion and charge transport of
FAPbI; PQDs. Long-chain OA ensures good colloidal stability in solu-
tion but severely limits charge transport due to large interparticle
spacing. Short-chain OctOA reduces this spacing and thereby enhan-
ces charge transport”, but its insufficient steric hindrance results in
poor dispersion and aggregation. By contrast, DEHP provides a
balanced solution: its strong phosphoric acid anchoring group secures
surface passivation®®, while the branched alkyl tails introduce entropy-
driven stabilization. Consequently, DEHP enables both good disper-
sion and efficient charge transport, effectively overcoming the lim-
itations of conventional linear ligands.

To validate the entropy-driven design, we systematically replaced
native OA/OAm with DEHP/OctOAm and examined morphological
evolution. As shown in Fig. 1c, we first investigated the morphological
properties of FAPbl; PQDs after replacing OA-OAm with DEHP-OctAm
at molar ratios of 0%, 10%, 25%, 40%, 50%, 60%, 75%, and 100% using
transmission electron microscopy (TEM), with the corresponding size
distribution summarized in Supplementary Fig. 1a. When the replace-
ment ratio ranges from 0% to 75%, the average size of the PQDs gra-
dually increases from 14.03 nm to 19.18 nm. This effect may result from
the combined influence of reduced steric hindrance”, the acid-base
equilibrium®, and changes in nucleation and crystallization dynamics
effected by DEHP, as revealed by the following in-situ characteriza-
tions. Further increasing the replacement ratio to 100%, the

morphology and size of the PQDs is significantly changed. High angle
annular dark field-scanning TEM (HAADF-STEM) elemental mapping in
Supplementary Fig. 1b reveals the presence of phosphorus in these
DEHP-capped FAPbl; PQDs. Supplementary Fig. 1lc shows the
ultraviolet-visible (UV-vis) and photoluminescence (PL) spectra of
different FAPbI; PQD solutions. As the substitution ratio increases, the
PL peak gradually redshifts, which is consistent with the observed
increase in particle size from TEM measurements. For the PL quantum
yields (PLQY) measurements, the 50% replacement ratio reaches a
PLQY value of 98.4%, which is in line with the time resolved PL (TRPL)
characterizations (Supplementary Fig. 2), suggesting that the 50%
replacement ratio yields the optimal FAPbl; PQDs. All these results
indicate that the both the steric hindrance of capping ligands and
ligand-core/ligand-ligand interaction play a crucial role in controlling
the size and morphology of the as-prepared PQDs in the hot-injection
synthesis.

Growth kinetics and colloidal dispersity

To understand the impact of different ligand environments (OA,
OctOA, and DEHP) on the PQD nucleation and growth processes, a set
of characterizations were performed. In-situ PL, as depicted in Fig. 2a,
is first employed to monitor the evolution of the synthesis of FAPbI;
PQDs. Upon injecting FA-oleate into the Pbl, precursor, the PL peak of
FAPbI; PQDs appears immediately, indicating a rapid nucleation pro-
cess. The PL intensity of OA-capped PQDs reaches its maximum within
10s, while DEHP exhibits a slower process, with the PL intensity
reaching its maximum at ~40 s (Fig. 2b). Such a difference indicates
that DEHP-capped FAPbl; PQDs undergo a slower growth process
relative to OA-capped PQDs. The delayed PL maximum in DEHP-
capped PQDs suggests moderated growth kinetics, favoring mono-
dispersion. In contrast, OctOA-capped FAPbI; PQDs exhibits a differ-
ent trend. After the maximum, the PL intensity quickly decreases. This
may be attributed to insufficient surface coverage of the FAPbl; PQDs,
leading to aggregation of PQDs. After the same purification process,
the absorption and PL spectra are shown in Fig. 2¢c. In comparison with
DEHP, OctOA exhibits a more significant redshift relative to OA. The
TEM analysis (Supplementary Fig. 3-4) reveals an average size of
~19 nm for OctOA-capped PQDs, which is similar with DEHP. Therefore,
the further redshift of PL peak may be attributed to the PQD aggre-
gation caused by the poorer dispersibility compared to DEHP-capped
PQDs. X-ray diffraction (XRD) characterization shows that changes in
the surface environment has negligible impact on the crystal structure,
with all samples maintaining the cubic phase (Supplementary Fig. 5).
The narrowing of the full-width at half maximum (FWHM) in the XRD
peaks may be attributed to the increase in PQD size, which leads to
reduced strain and improved crystallinity in the PQDs™.

Dynamic light scattering (DLS) measurements were further con-
ducted (Fig. 2d), where DEHP capped PQDs show a relatively narrow
hydrodynamic size distribution, indicating better dispersion in solu-
tion, and the DEHP could effectively prevent aggregation. In contrast,
OctOA-capped PQDs exhibit a broader size distribution with large
hydrodynamic diameter, suggesting more aggregation and less uni-
form dispersion'. It is worth noting that, to maintain the acid-base
equilibrium in the reaction system, a certain amount of OctOAm needs
to be added after partial substitution of OA (Supplementary Fig. 6). In
addition, to exclude any possible effect of OctOAm on the observed
PQD properties, we conducted control experiments and characterized
the resulting samples, as shown in the Supplementary Fig. 7. These
results confirm that the improvements in dispersibility and device
performance are specifically attributable to DEHP rather than the
presence of OctOAm. To further study the colloidal stability of dif-
ferent FAPbI; PQDs, the change their PLQY value as a function of PQD
concentration was measured and compared, with the results shown in
Fig. 2e and Supplementary Fig. 8. After approximately 1000-fold
dilution, the PLQY values of OA and OctOA capped FAPbIl; PQDs
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Fig. 1| Entropy-driven ligand design. a The configuration entropy of different
ligands (OctOA, OA, DEHP) as a function of chain length and branching number.
The inserted equation, where S.or is the configurational entropy per molecule
(J)K™), kg is the Boltzmann constant, and W is the dimensionless number of

accessible conformational microstates. b Schematic illustration of the ligand-
dependent trade-off between charge transport and colloidal dispersion of PQDs.
¢ The TEM images of FAPbl; PQDs that the native OA-OAm ligands partially
replaced by DEHP-OctOAm from 0% to 100%.

display a significant decrease, whereas the DEHP-capped PQDs main-
tain a high PLQY value (over 85% of initial value). Similar results have
been observed for the colloidal storage stability test, as shown in
Fig. 2f, for a storage period of 90 days, the DEHP-capped PQD solution
displays significantly improved colloidal stability. These results indi-
cate that DEHP exhibits stronger adsorption energy, which could
prevent ligand detachment from the PQD surface during the dilution
process, therefore, suppress the formation of surface defects and non-
radiative recombination, maintaining higher PLQY?. In order to fur-
ther confirm the better surface passivation and solution stability, we

also investigated the photostability of PQD solutions by monitoring
their PL emission under continuous irradiation (405 nm). As presented
in Fig. 2g and Supplementary Fig. 9, DEHP-capped PQD film exhibits a
more significantly stable PL intensity compared to both OA and OctOA
capped ones, retaining over 80% of their initial value after prolonged
exposure. The enhanced photostability of DEHP-capped PQD films
under 405 nm irradiation arises from the stronger binding of the
phosphate group to Pb?* surface sites and the higher configurational
entropy of the branched ligand, which together suppress ligand des-
orption and mitigate photoinduced surface defects.
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Fig. 2 | Dispersibility and stability of PQDs. a In-situ PL monitoring of the
synthesis of OA, OctOA and DEHP-capped FAPbI; PQDs. b Time evolution curves of
the PL intensity. ¢ The absorption and PL spectra for the OA, OctOA and DEHP-
capped PQD solution. d DLS spectra of FAPbl; PQD solutions in n-Hexane.

e Normalized PLQY value as a function of the concentration for FAPbl; PQD

solutions in n-Hexane. f Images of FAPbI; PQD solutions for storage stability test
with the concentration of 80 mg/mL in n-octane under an air atmosphere. g The
evolution of PL intensity of PQD solutions under continuous irradiation
(405nm, 0.1W).

Surface chemistry of FAPbI; PQDs

Furthermore, more characterizations were performed to assess the
change of surface chemistry. Figure 3a shows the electrostatic surface
potential (ESP) of DEHP ligand. The molecular polarity of DEHP is
slightly higher than that of OA, owing to the differences in their head
groups: (-PO4H) for DEHP and (-COOH) for OA (Supplementary Fig. 10).
The change in polarity could affect the interaction between the ligand
and FAPbI; PQD surface. To clarify the differences in interactions, we
first performed Fourier-transform infrared (FTIR) spectroscopy char-
acterization (Fig. 3b). Both samples exhibit a strong C=N stretching
vibration at ~-1710 cm™, which is attributed to the organic FA cation".
The intensity of the C-H stretching vibrations (2800-3000 cm™), pri-
marily originating from the aliphatic chains of OA/OAm ligands,
decreased from 69.8% to 56.6% (relative to the FA peak intensity) after

DEHP capping of the PQDs. This is due to the replacement with short-
chain DEHP ligands, which can enhance electronic coupling between
adjacent PQDs®. To further elucidate the binding motif of DEHP, we
performed *'P nuclear magnetic resonance (NMR) analysis. As shown
in Fig. 3c, the *P NMR spectrum indicates that the DEHP acts as an
electron-donating ligand anchoring onto the FAPbI; PQD surface. Such
an interaction further leads to a downfield shift in the 3P NMR peak of
the DEHP PQDs relative to the pristine DEHP molecules™.

Then, we characterized both samples using X-ray photoelectron
spectroscopy (XPS), as presented in the Fig. 3d-f and Supplementary
Fig. 11. The appearance of the P 2p peak again confirms the adsorption
of the DEHP ligand to the FAPbI; PQD surface. The Pb 4fand I 3d core-
level spectral shift to lower binding energies for the DEHP-capped
PQDs compared to the control OA-capped ones, suggesting that the
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Fig. 3 | Surface chemical properties. a Electrostatic potential distribution in DEHP
molecule. b FTIR spectra of OA and DEHP capped FAPbI; PQDs. ¢ >'P NMR spectra of
as-synthesized DEHP PQDs and neat DEHP. XPS core-level spectra of (d) P 2p, (e) Pb

4f, and () I 3d. DFT-simulated surface structure of (g) OA and (h) DEHP capped
FAPDI; PQDs. i The calculated surface absorption free energy of OA and DEHP.

interaction between the DEHP ligand and the FAPbI; PQD surface leads
to changes in the electronic environment of both Pb and I atoms. The
electron-donating nature of DEHP would increase the electron density
around these atoms, leading to a downfield shift in binding energy**.
To further understand the bonding nature between the DEHP, OA
ligands, and the QD surface, we then conducted density functional
theory (DFT) calculations, with the results shown in Fig. 3g, h. The DFT
results indicate that the DEHP ligand binds more strongly to the FAPbI;
QD surface, primarily through the formation of a bond between the
DEHP-P and FAPbI;-Pb atoms. In specific, the calculated adsorption
energy (E,q) of DEHP is 1.51eV, which is higher compared to OA
(1.15eV), confirming that DEHP exhibits a stronger binding affinity
relative to the native OA ligand (Fig. 3i). The enhanced binding
strength of DEHP to the FAPbI; surface could form a more robust
interaction with the surface, reducing surface defects and promoting
better charge transport®.

Film morphology and charge transport
The solution and optical properties of PQDs significantly impact the
morphology of the corresponding solid films, which is closely related

to the performance of resultant solar cell devices. To evaluate the
effect of the three different ligands on the solid-state film morphology,
we first conducted scanning electron microscopy (SEM) characteriza-
tion. As is shown in Fig. 4a, for OA- capped control FAPbl; PQDs, the
film exhibits a relatively smooth surface with numerous pin-holes. This
is primarily attributed to removal of the long-chain ligands during the
post-treatment, which causes film shrinkage and the formation of
voids due to the loss of surface coverage. In contract, the SEM image of
OctOA-capped PQDs reveal the presence of large cracks and pores,
indicating poor self-assembly and a tendency for aggregation (Fig. 4b).
As expected, DEHP-capped PQDs with good colloidal dispersibility
yield a smoother film with reduced surface cracks (Fig. 4c). The
improved surface morphology may result from the fact that DEHP can
prevent excessive aggregation of PQDs, and the ligand with short
length could suppress volume shrinkage. Similar trend was also
observed from the atomic force microscopy (AFM) (Supplementary
Fig. 12) characterizations, further confirming that the DEHP-capped
FAPbI; PQDs could deliver a smoother and denser PQD film. The DEHP-
capped PQD film displays a uniform and narrow distribution of PL
intensity; in contrast, the control OA-capped PQD film shows a lower
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Fig. 4 | Film morphology and optoelectronic properties. a-¢ SEM images of
FAPbI; PQD film with different surface ligand environment. 2D-GIWAXS patterns of
(d) OA and (e) DEHP capped FAPbI; PQD films. f The corresponding (100) azimuthal

integration of the (100) characteristic peak. Pseudocolour TA maps of (g) OA and
(h) DEHP-capped FAPbI; PQD films. i The corresponding GSB decay spectra of OA
and DEHP capped FAPbI; PQD films.

intensity (Supplementary Fig. 13). A homogeneous distribution of the
PL intensity was beneficial for effective charge carrier extraction to
suppress reduced nonradiative recombination’®.

Two-dimensional grazing incidence wide-angle X-ray scattering
(2D-GIWAXS) was employed to investigate the crystal structure and
stacking order of the FAPbl; PQD films. For the GIWAXS patterns
shownin Fig. 4d-e, distinct diffraction rings corresponding (100), (110),
(111), (200), and (210) planes are observed in both samples. And the
line-cut spectra extracted from the patterns (Supplementary Fig. 14)
did not show apparent difference of peak position, indicating the same
cubic crystal structures. In comparison, the DEHP-capped PQD film
exhibits sharp and scattered Bragg peaks, besides, the sample displays
stronger peak intensity in the radial integration intensity curve along
the (100) direction at a 90° azimuthal angle (Fig. 4f). These observa-
tions indicate that the DEHP-capped PQDs exhibit improved ordering
and stacking in the solid films, which is more favorable for charge
transport along the vertical direction’. To gain more insight and an in-
depth understanding of the charge carrier dynamics, we conducted
femtosecond transient absorption (fs-TA) measurements, with the
results shown in Fig. 4g, h and Supplementary Fig. 15. In the pseudo-
color TA plot, a distinct negative signal corresponding to the ground-
state bleaching (GSB) is observed at 756.8 nm for OA and 760.4 nm
DEHP-capped PQDs, respectively. The carrier dynamics were extracted
from the GSB decay data (Fig. 4i and Supplementary Table 1) using a

triple exponential fitting model. The components 13, 7,, and 73 corre-
spond to the timescale of hot-phonon bottleneck, Auger recombina-
tion, and charge transport, respectively'**, The overall lifetime of the
DEHP PQD film is longer (7,: 664.0 ps, 75: 6964.8 ps) compared to that
of OA (1,: 508.3 ps, 13: 6262.6 ps), indicating a lower trap-state density
and more efficient carrier transport in the DEHP-coated PQDs.

High-efficiency FAPbI; PQD solar cells

Finally, FAPbl; PQD solar cells with a planar N-i-P device structure of
glass/fluorine-doped tin oxide (FTO)/TiO, (40 nm)/FAPbl; PQD
(-400 nm)/ poly[bis(4-phenyl)(2,4,6-trimethyl-phenyl)amine] (PTAA)
(60 nm)/Mo0O; (8nm)/Ag (120nm) were fabricated. The cross-
sectional SEM image in Fig. 5a clearly shows each corresponding
layer of the device. The performance of the FAPbI; PQD solar cells was
evaluated by measuring the current-voltage (/- V) characteristics under
standard AM 1.5 G solar illumination at 100 mW cm Figure 5b pre-
sented the /-V curves of best-performing solar cells based on control
OA and DEHP-capped FAPbI; PQDs, with corresponding device para-
meters listed Supplementary Table 2. For the OA-based control device,
the optimal device shows a PCE of 15.92%, with a short-circuit current
density (Jsc) of 19.83 mA cm™, an open-circuit voltage (Voc) of 1121V,
and a fill factor (FF) of 0.716. In contrast, the DEHP-based device
exhibits a notable enhancement with a champion PCE of 18.68% (cer-
tified 18.23%; Supplementary Fig. 16). This is accompanied by an
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Fig. 5 | Device performance. a Schematic of N-i-P structure and corresponding
cross-sectional SEM image of FAPbI; PQD solar cells. b J-V curves of best-
performing OA and DEHP-capped FAPbI; PQD devices measured under the AM
1.5G solar spectrum at 100 mW cm?, the inset shows the PCE distribution for 15
individual solar cells. ¢ EQE and SPO curves of optimal OA and FDEHP -capped
FAPbI; PQD devices. d Nyquist plots and e light intensity-dependent Vo plots of

OA- and DEHP-based FAPbI; PQD devices. f Long-term stability of unencapsulated
FAPDI; PQD solar cells monitored under ambient conditions with a relative
humidity between 20 and 30%. g MPP tracking of OA- and DEHP-based devices
(unencapsulated) measured under 1-sun illumination (100 mW cm™) and ambient
conditions (temperature of ~-50 °C and relative humidity of 20-30%).

increased Jsc of 21.66 mAcm™, a Voc of 1153V, and a FF of 0.748. It
should be noted that this represents one of the highest certified
efficiencies of PQD solar cells (Supplementary Table 3), highlighting
the significance of entropic ligand mixing in the synthesis of high-
quality hybrid PQDs with improved solution dispersibility and
charge transport, ultimately leading to more efficient photovoltaic
applications™™*%_ To assess the reproducibility of device perfor-
mance, we evaluated the PCE distribution across 15 individual solar
cells for each condition. The inset in Fig. 5b shows the histograms of
the PCE values, where the DEHP-based devices consistently exhibit
higher average efficiency and narrower distribution relative to OA-
based control devices. For comparison, devices fabricated using
OctOA-capped PQDs exhibit lower efficiency, reflecting the limited
dispersibility and poor film quality of these PQDs (Supplementary
Fig.17). In addition, DEHP-based device shows negligible /-1 hysteresis
(Supplementary Fig. 18). All these device results indicate a more uni-
form and reliable performance in the DEHP-based PQD solar cells.
Furthermore, to demonstrate the universality of this strategy, we
further apply it to hybrid MAPbl; PQDs, which exhibits similar

enhancements with better dispersibility and a highest reported PCE
over 16% for MAPbI; PQD solar cells (Supplementary Fig. 19).
Meanwhile, Jsc integrated (Supplementary Fig. 20) from the
external quantum efficiency (EQE) measurement well matches the
values with the corresponding /-V curves, and the EQE of DEHP-based
device (Fig. 5¢) is enhanced in the whole photo-response region from
400 to 800 nm, suggesting better charge collection and reduced non-
radiative recombination pathways, which is attributed to the enhanced
surface passivation, electronic coupling and charge transport*’. The
inset of Fig. 5c shows the steady-state power output (SPO) at the
maximum power point of both devices, where the DEHP devices also
demonstrate a higher stable output, further confirming the reliability
of enhanced performance. To elucidate the fundamental mechanisms
underlying the enhanced photovoltaic performance of DEHP-based
PQD solar cells, we further investigated their charge carrier dynamics.
Electrochemical impedance spectroscopy reveals distinct differences
between OA- and DEHP-based devices through Nyquist plots (Fig. 5d).
The DEHP-based device exhibits significantly reduced charge trans-
port resistance (R) and enhanced recombination resistance (Rec),
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demonstrating improved charge transfer efficiency at the hetero-
interfaces. Further analysis of Voc-light intensity dependence (Fig. Se)
shows a decrease in the diode ideality factor from 1.65 (OA-based) to
1.37 (DEHP-based), indicating suppression of trap-assisted recombi-
nation. Moreover, the long-term stability was evaluated under differ-
ent conditions. As shown in Fig. 5f, unencapsulated FAPbl; PQD solar
cells were monitored under ambient conditions at a temperature of
~25°C and a relative humidity of 20-30%. The DEHP-based device
maintains over 81% of its initial efficiency after ageing for 2000 h,
whereas that of the OA-based device retains ~40% of its original PCE.
For the maximum power point tracking (Fig. 5g), unencapsulated
devices were tested under continuous 1-sun illumination in ambient
conditions (=50 °C, relative humidity 20-30%). The DEHP-based device
exhibited a relatively lower PCE decay (20%) after 150 h, whereas the
OA-based device showed a greater decay of approximately 28% over
the same period. The long-term stability data indicate that DEHP-based
devices exhibit significantly better retention of efficiency over time
relative to OA-based devices. This suggests that the DEHP ligand
enhances surface passivation and mitigate surface degradation,
thereby contributing to more durable solar cell devices. In summary,
these joint advancements of solution and optoelectronic properties
demonstrate that DEHP ligand could prevent the aggregation of
FAPbI; PQDs and assist their self-assembling through functional tail
group, and the stronger anchoring head group effectively suppress the
formation of defect states, promoting the DEHP-coated FAPbl; PQDs
as ideal candidate for high-efficiency PQD solar cells.

Discussion

In summary, we reported an in-situ entropic ligand engineering strat-
egy to synthesize high-quality and well-dispersed hybrid PQDs,
addressing major challenges in current FAPbl; PQDs: colloidal dis-
persibility and charge transport. The 2-ethylhexyl tail groups exhibit a
branching nature, further increasing the spatial rotation of ligand tail
at solution state and thereby improving the dispersibility of the FAPbI;
PQDs. The addition of entropic ligands not only mitigates non-
radiative recombination but also promotes the dispersion of PQDs to
achieve desired colloidal stability. Our results also demonstrate that
the entropic ligand could form a robust ligand shell around PQD sur-
faces, which prevents degradation and maintains the cubic phase of
FAPbI; over prolonged exposure. Finally, we have fabricated PQD solar
cells, achieving a champion efficiency of 18.68% (certified value
18.23%), which is among the highest reported value to date. We believe
these findings represent a critical advancement in the synthesis of
high-quality organic-inorganic hybrid PQDs, which is essential for
various optoelectronic applications.

Methods

Synthesis of FAPbI; PQDs

2.605 g of FAAc and 50 mL of OA were added to a100 mL three-necked
flask. The mixture was then subjected to vacuum stirring at 50 °C for
1h to remove moisture and by-products. Subsequently, the flask was
filled with N2 and further heated to 120 °C, where it was maintained for
30 min. Finally, the resulting FA-OA was cooled to 70 °C and stored in
an Ny-filled glovebox for the synthesis of FAPbl; PQDs. 0.344 g of Pbl,
and 20 mL of ODE were added to a100 mL three-necked flask, followed
by degassing at 90 °C for 30 min. Subsequently, different ratios of
ligands were injected into the reaction mixture under a N, atmosphere,
specifically: 4 mL of OA and 2 mL of OAm; 3.6 mL of OA, 1.8 mL of OAm,
0.2 mL of DEHP, and 0.1 mL of OctOAm; 3 mL of OA, 1.5mL of OAm,
0.5 mL of DEHP, and 0.25 mL of OctOAm; 2.4 mL of OA, 1.2 mL of OAm,
0.8 mL of DEHP, and 0.4 mL of OctOAm; 2 mL of OA, 1 mL of OAm, 1 mL
of DEHP, and 0.5 mL of OctOAm; 1.6 mL of OA, 0.8 mL of OAm, 1.2 mL
of DEHP, and 0.6 mL of OctOAm; 1 mL of OA, 0.5 mL of OAm, 1.5 mL of
DEHP, and 0.75 mL of OctOAm; 2 mL of DEHP and 1 mL of OctOAm,
corresponding to replacement ratios of 0%, 10%, 25%, 40%, 50%, 60%,

75%,100%, respectively. The mixture was degassed under vacuum until
the reaction mixture became clear. Then, the temperature of the
reaction mixture was lowered to 80 °C under a N, atmosphere, and
5mL of the FA-OA solution was rapidly injected into the flask. After
approximately 5-8s, the reaction was quenched using an ice-water
bath. After cooling to room temperature, the crude FAPbl; PQD solu-
tion was transferred into two centrifuge tubes. To each tube, 1 mL of
toluene and 5mL of MeOAc were added, and the mixture was cen-
trifuged at 6780 x g (8000 rpm) for 30 min. Subsequently, the pre-
cipitate was redispersed in 7 mL of toluene, reprecipitated with 5 mL of
MeOAc as an anti-solvent, and then centrifuged at 6780xg
(8000 rpm) for 10 min. The final precipitate was redispersed in 10 mL
of n-hexane and stored at 4 °C for over 12 h for film deposition.

PQD Solar Cell Fabrication

A compact TiO, electron transporting layer of -40 nm was deposited
on cleaned glass/FTO substrate by chemical bath deposition at 70 °C,
and then annealed at 200 °C for 30 min. Then, the FAPbl; PQD films
were fabricated by layer-by-layer deposition. Each PQD layer was
deposited using PQDs by spin coating at 1000 rpm for 15s and 2000
rpm for 20 s. Then, 150 pL of FAI-IPA solution (3 mg mL™) was dropped
onto the PQD solid for 5 s to remove the ligands, following by spinning
at 2000 rpm for 20s to remove the excess IPA and dry film. This
process, operating in an air glove box with relative humidity of 15% and
room temperature, was repeated three times to prepare a conductive
PQD film for device fabrication. Subsequently, 15mgmL™ PTAA-
toluene solution doped by LAD was spin coated on PQD film to
deposit hole transporting layer. Finally, MoO3 (8 nm) and Ag (120 nm)
electrode was deposited by thermal evaporator. The active area of
0.0725 cm? was defined by a shadow mask, and an aperture mask of
0.04 cm? was used during the test of the 0.0725-cm*sized cells.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the article and Sup-
plementary Information and the raw data supporting this study are
available from the Source Data file. Source data are provided with
this paper.
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