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ABSTRACT: Perovskite quantum dots (QDs) exhibit unique advantages, 4

including a wide color gamut, narrow full width at half-maximum, cost- 0y (SPE)

effectiveness, and high-efficiency luminescence, positioning them as a \ ~ L? 0( o \0 J
significant focus in contemporary optoelectronic research. Nevertheless, ‘ ‘ S N S A~Dh

the synthesis of QDs often introduces crystal defects, while conventional in PN

situ ligands can detrimentally affect the optoelectronic properties of Ie /-i‘r«} 2

perovskites. To overcome these challenges, we synthesized a symmetrical . A v /__A\
silane-based passivating agent containing phosphorus—oxygen double _ 4. ? S Y 6193
bonds. This agent enabled the in situ passivation of perovskites, DO < '3 2 =

significantly improving their optical performance and stability. Results :{‘ o rg ° B%

showed that postpassivation QDs demonstrated bright green photo- \ L 9 \ 3 E“Z

luminescence (PL) at 525 nm, with a 28% enhancement in PL intensity, a \{O r r O Br Vacancy 5SPE g:mml;ion fr:g/mf: 0

16% increase in photoluminescence quantum yield, and an average lifetime

(Tue) extended by 191.2 ns. Furthermore, the thermal stability at 80 °C

improved by 3.75-fold, and the stability under 84% relative humidity conditions increased by 21%. 1,3-bis(3-
diethoxyphosphorylpropyl)-1,1,3,3-tetramethyldisiloxane (SPE)-passivated perovskites are viable for practical applications.

1. INTRODUCTION suppression of carrier recombination and ion migration
enhances the efficiency of luminescence and the stability of
the material.”® For instance, Bao et al.”” reported the use of a
phosphorus-containing polymer as a passivation layer,
achieving an external quantum efficiency of up to 20% and a
light-emitting diode lifetime exceeding 800 h. In a similar
study, Cheng et al”® employed diphenylphosphine oxide
(DPPO), a compound containing two phosphine oxide groups,
to passivate Pb*>" defects in perovskite crystals. The DPPO

Perovskite materials, due to their outstanding optoelectronic
properties, have become a key focus of research on novel
optoelectronic devices, such as light-emitting diodes and solar
cells.'~® However, the practical applications of perovskite
materials face critical challenges, such as inadequate material
stability and short device lifetimes.>” In recent years, surface
and interface passivation of perovskite materials have emerged

as an important strategy to enhance device performance and
stability 8?9 & P adjusted the energy level alignment of the perovskite, improved

Currently, passivating agents for perovskite materials fall into carner transport efficiency, and reducedlnonradlétlve recombi-
three main categories: inorganic passivating agents,'*~'* nation. As a result, the power conversion efliciency reached
: 4 , o
organic passivating agents,ls_18 and polymers.l) 22 Inorganic 24]%4%)'1 ionificant ad ts. th timizati f th
passivating agents typically employ charged ions to form ionic leSPi ¢ 51§n1 tcan 2 fvanhc em;n > e (t)P' Hmization © i ¢
bonds at perovskite defect sites, thereby optimizing the crystal molecuiar s .ruc 1.1re (_) phosphorus-con amm.g P assivating
structure. Organic passivating agents are typically big agents, the 41veF51ﬁcat10n of the types of p assivating agents,
molecules with. specific functional eroups that interact with and the elucidation of the passivation mechanisms to achieve
P _ groups T . high-performance and long-term stability of perovskite
the surface defects of perovskites, effectively regulating . . o entific chall .
perovskite crystallization. Similarly, polymers feature long, optoelectronic devices remain critical scientific challenges in
ordered molecular structures that promote sustained defect
passivation. Received: August 16, 2024
Among these, phosphorus-containing compounds have Revised:  January 4, 2025
garnered significant attention as a distinct and effective class Accepted:  January 10, 2025
of passivating agents.”**”>° Phosphorus exhibits excellent Published: January 24, 2025
coordination capabilities and electron affinity, enabling the
effective passivation of defect sites in perovskite materials. This
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Figure 1. (a) Schematic diagram of the SPE structure. (b) Schematic diagram of the SPE passivation.
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Figure 2. (a—c) PL, PLQY, and UV—vis absorption spectra of perovskites before and after passivation as a function of the SPE concentration. (d)

TRPL spectra of QDs, QDs-S5, QDs-S10, QDs-S20, and QDS-S30.

this field.””™" In this study, a silane compound with a
symmetrical structure incorporating phosphorus—oxygen
double bonds was synthesized to modify perovskite materials.
A systematic investigation into the passivation mechanisms of
this compound was undertaken to provide valuable insights
that would advance perovskite material development and
promote practical breakthroughs in the emerging field of
optoelectronics.

2. RESULTS AND DISCUSSION

Figure S1 illustrates the reaction mechanism for the synthesis
of SPE. Figure S2 presents the phosphorus nuclear magnetic
resonance (NMR) spectra of diethyl allyl phosphate (DAPP)
and SPE, revealing a chemical shift change from 27.53 to 32.35
ppm. This shift is indicative of the complete reaction of DAPP,
resulting in the formation of the new substance SPE. As shown
in Figure 1la, the phosphorus and oxygen atoms in the
passivating agent SPE molecule exhibit strong electro-
negativity. The phosphorus—oxygen double bond (P=O0)
functions as an electron-withdrawing group. During the
synthesis of perovskites using a precursor solution containing
the SPE passivating agent, the P—=0 group occupies Br~ ion
vacancies in the perovskite lattice, coordinating with Pb** ions
and enhancing the crystal structure (Figure 1b).>*>*
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The Si—O-Si structure within the SPE molecule provides
hydrophobicity to the perovskite material. The carbon—
oxygen-silicon bonds in the main chain exhibit high bond
energies, contributing to excellent chemical stability. Fur-
thermore, the silicon atom (1.17 A) exhibits a significantly
larger size compared with the carbon atom (0.77 A), resulting
in the formation of stronger van der Waals forces between
molecules. The alkyl side chains, being nonpolar, render the
entire molecular chain nonpolar and hydrophobic. Con-
sequently, SPE not only optimizes the crystal structure of the
perovskite but also enhances its hydrophobicity, thereby
improving the optical properties and stability of the perovskite
material.

2.1. Optical Properties of CsPbBr;. As shown in Figure
2, the optical properties of QDs were characterized by using
photoluminescence (PL) spectra, photoluminescence quantum
yield (PLQY), and UV—vis absorption spectra. As depicted in
Figure 2a, it was observed that, in comparison to unpassivated
perovskites, the PL intensity of passivated perovskites exhibited
an initial increase, followed by a subsequent decrease with
increasing concentrations of the SPE passivating agent. At a
concentration of 20 mg/mL of the SPE passivating agent, the
PL intensity of the perovskites reaches its maximum, showing a
28% increase compared to unpassivated perovskites, accom-
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Figure 3. (3, b) TEM images of the QDs and QDs-520, respectively. (c, d) HRTEM images of the QDs and QDs-S20, respectively.

panied by a slight shift toward higher wavelengths. The
substantial enhancement in PL intensity postpassivation is
attributed to the SPE passivating agent enhancing the crystal
structure of the perovskites and suppressing nonradiative
recombination, thereby enhancing their optical properties.
However, it is noteworthy that an excess of SPE leads to a
decline in PL intensity, attributable to the surplus passivating
agent exerting an adverse effect on the photon transmission
process within the perovskites. Furthermore, the pale yellow
color of the SPE solution can absorb transmitted photons,
thereby further diminishing the PL intensity.

Figure 2b presents the PLQY results of perovskites before
and after SPE passivation. The PLQY of the unpassivated
perovskites is 81.53%, which increases to 94.57% after SPE
passivation. This enhancement in PLQY is consistent with the
trend observed in PL intensity, suggesting that the optimal
passivation effect is achieved at a 20 mg/mL concentration of
SPE. Beyond this concentration, a precipitous decline in PLQY
is observed, suggesting that the color of the passivating agent
exerts a more substantial influence on the PLQY value at
higher concentrations.

As illustrated in Figure 2c, the absorption spectra of the
perovskites were examined before and after SPE passivation.
The position of the absorption peak remains relatively constant
at approximately 506 nm, indicating that the SPE passivating
agent effectively passivates crystal defects without altering the
overall crystal structure.”

Urbach energy (Eu) is a common tool used to evaluate the
degree of disorder in perovskites.”” ™" In this study, Eu was
calculated from the perovskite absorption data (Figure S3a—
¢),”® and the results are shown in Figure S3f, for comparing
structural disorder in perovskites. A comparison of unpassi-
vated perovskites and perovskites passivated with SPE reveals
an initial decrease in the amount of Eu, followed by a slight
increase. The Eu of unpassivated perovskites is 19.98 meV,
while at an SPE concentration of 20 mg/mlL, it decreases to
16.86 meV, representing a reduction of 3.12 meV. This
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reduction indicates that the SPE passivating agent enhances
the crystalline arrangement and structural integrity of the
perovskites. However, at concentrations exceeding 20 mg/mL,
the Eu value slightly increases, though it remains lower than
that of unpassivated QDs. Collectively, these observations
suggest that the incorporation of SPE leads to a reduction in
defect density within perovskites, in comparison to unpassi-
vated QDs, thereby enhancing their optoelectronic perform-
ance.

Time-resolved photoluminescence (TRPL) data were
analyzed through the implementation of a biexponential eq
1, thereby yielding the calculation of the average carrier
lifetime (7,,) in accordance with eq 2. Within the framework
of this model, 7, and 7, denote the fast and slow decay
lifetimes, respectively, thereby reflecting the radiative and
nonradiative recombination processes. A, and A, represent the
relative amplitudes of these decay components. As demon-
strated in Figure 2d and Table S1, the average carrier lifetime
(tue) of the perovskites exhibited an increase from 48.01 ns
(QDs) to 239.21 ns (QDs-S20) as the SPE concentration
increased, while 7,,, decreased from 239.21 ns (QDs-S20) to
158.93 ns (QDs-S30) as the SPE concentration continued to
increase. The findings suggest that the interaction between
SPE and perovskites initially enhances the average carrier
lifetime by effectively passivating defects in the perovskite
material. This, in turn, reduces nonradiative recombination and
improves the crystal structure. Conversely, an excess of SPE
has been shown to exert a contradictory effect, which can likely
be attributed to overloading.*” This outcome aligns with the
previously discussed findings, thereby further demonstrating
the superior ability of SPE molecules to effectively passivate
perovskites.

I(t) = A1eXP(_t/T1) + AzeXP(_t/Tz) (1)

Tave = (AITIZ + A2T22)/(A171 + A,1,) (2)
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Figure 4. (3, b) XRD and FTIR spectra of QDs and QDS-S20, respectively. (c, d) XPS spectra of Br 3d and Pb 4, respectively.

2.2. Structural Properties of CsPbBr;. As illustrated in
Figure 3a, transmission electron microscopy (TEM) images of
perovskites lacking SPE passivation reveal the presence of
numerous defects and incomplete crystal structures. It is
evident that the core synthesis of the perovskite quantum dots
(QDs) is incomplete, exhibiting numerous defects, and the
corners of the cubic structure are rounded. In contrast, the
perovskites that have undergone SPE passivation (Figure 3b)
demonstrate an enhanced QD morphology, marked by sharp
corners and uniform surfaces, resulting in a well-defined cubic
structure. This observation suggests that the P=0O group in
SPE coordinates with uncoordinated Pb**, thereby enhancing
the crystal structure and reducing defects.

Figure 3c,d presents high-resolution TEM (HRTEM)
images of QDs and QDs-S20, respectively, both displaying
well-defined lattice fringes. The lattice fringes of QDs-S20 are
more distinct, with interplanar spacings of 2.62 and 4.33 A,
corresponding to the (310) and (110) planes, respectively.

Figures S4 and S5 display the elemental mapping of
unpassivated QDs and SPE-passivated QDs, respectively,
providing valuable insights into the structural and composi-
tional characteristics of these nanostructures. In the
unpassivated QDs, the elements Pb, Cs, Br, and O are
identifiable but manifest weak and uneven signals, indicating
the presence of crystal defects. In contrast, the SPE-passivated
QDs-S20 exhibit stronger and more uniform signals for Pb, Cs,
Br, and O, with the P element displaying a distribution trend
analogous to those of the other elements. This outcome
demonstrates that SPE passivates the perovskite defects
uniformly, thereby leading to a more stable structure.

X-ray diffraction (XRD) is a pivotal technique for analyzing
the crystal structure and phase composition of materials. The
structural changes of CsPbBr; crystals before and after SPE
passivation were investigated through XRD characterization.
As illustrated in Figure 4a, the characteristic peaks of the
CsPbBr; crystal at the (110) and (310) crystallographic planes
remain unaltered following SPE passivation, thereby aligning
with the observed lattice spacing in Figure 3c,d. This
observation suggests that the SPE passivation agent does not
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induce alterations in the crystal structure of CsPbBr;.
However, the intensity of the characteristic peaks at the
(110) and (310) planes undergoes a substantial increase
following SPE passivation. This observation suggests that SPE
does not modify the crystal structure of CsPbBry; rather, it
enhances its crystallinity. This observation is consistent with
the results obtained from absorption spectroscopy.

Figure 4b presents the Fourier-transform infrared (FTIR)
results for the perovskite materials before and after passivation.
A comparison of the spectra for unpassivated CsPbBr; and the
passivated samples reveals a significant enhancement of the
characteristic peak of the P—=O bond at 1021 cm™ after
passivation. This observation suggests a robust interaction
between the P—=O group and the perovskite. In contrast,
unpassivated CsPbBr; displays a characteristic peak at 1053
cm™!, attributed to the carboxyl group (C=O0) ligand.
Collectively, these observations suggest that SPE enhances
the chemical interactions within the perovskite material.

In order to further investigate the interaction between SPE
and the perovskite molecules, X-ray photoelectron spectros-
copy (XPS) was conducted on the perovskites before and after
passivation (see Figures 4c,d, and S6). Following the
passivation process, a shift in the binding energies of Br
3d;/, and Br 3d;,, in QDs-S20 was observed, with an increase
from 68.63 to 69.04 eV and from 67.54 to 67.90 eV,
respectively. A similar trend is observed in the binding energies
of Pb 4f;, and Pb 4f,, in QDs-S20, which increase from
142.41 to 142.79 eV and from 137.58 to 137.94 eV,
respectively. These shifts are indicative of enhanced
interactions between SPE and the perovskite material.
Specifically, the hydroxyl groups, which are formed through
the hydrolysis of the ethoxy groups present in the SPE
molecule, interact with the Br ions, thereby stabilizing the
perovskite structure. Additionally, the binding energies of O 1s
increase from 532.20 to 532.4S eV. The peak area of QDs-S20
is 1.22-fold that of QDs. The peak position of O 1s has
undergone a shift, accompanied by an increase in the area of
the peak. This indicates a change in the oxygen composition of
QDs-S20, suggesting the presence of both C=0O and P=0
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Figure 5. (a, b) Thermal stability test results of QDs and QDS-S20. (c) Relative humidity stability test results.

Figure 6. Air stability images of perovskites and passivated perovskites.

bonds in QD-S20 after passivation. The interaction between
P=0 and Pb** in QDs-20 has been shown to form a more
stable coordination bond, thereby enhancing the binding
energy of Pb*". This process has been demonstrated to reduce
the crystal defects of QD-S20 and improve its crystallinity.

2.3. Stability of CsPbBr;. Despite the excellent optoelec-
tronic properties of perovskite QDs, their inherent instability
significantly restricts their practical applications.*' This study
explores the alterations in PL intensity of perovskites prior to
and following passivation in thermal, humidity, and air
environments to assess the stability of the CsPbBr; materials.

As illustrated in Figure 5a,b, the thermal stability PL spectra
of QDs and QDs-S20 reveal a notable difference. QDs-S20
demonstrates a minimal change in PL intensity after heating at
80 °C for 10 min, maintaining 45% of its initial intensity. In
contrast, unpassivated QDs demonstrate a substantial decline,
reaching only 12% of their initial PL intensity under identical
conditions. Moreover, prior to heating, QDs-S20 exhibited a
28% higher PL intensity compared to QDs (Figure 2a),
suggesting that the SPE passivation agent not only enhances
the optical properties but also improves the thermal stability of
CsPbBr; materials.

Figure Sc presents the humidity stability test results for QDs
and QDs-S20. The perovskite solutions were drop-cast onto
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single-crystal silicon substrates, and after solvent evaporation,
the remaining solid perovskites were tested under controlled
humidity conditions. At 43% relative humidity (RH), both
QDs and QDs-S20 show minimal changes in PL spectra,
indicating negligible impact on perovskite stability. However,
at 75% RH, QDs-S20 demonstrates nearly unchanged PL
intensity, suggesting good humidity stability, whereas un-
passivated QDs exhibit a 25% reduction in PL intensity from
the initial value. At 84% RH, both QDs and QDs-S20 show
reduced PL intensity, but the decrease is less pronounced in
QDs-S20, with PL intensity decreasing to 86% of its initial
value compared to 71% for QDs. This underscores the superior
humidity stability of QDs-S20, attributed to the high chemical
stability of the main chain carbon—oxygen—silicon bonds in
the SPE molecule, the nonpolar nature of the alkyl side groups
providing hydrophobicity, and the overall nonpolar character-
istics of the molecule.

Figure 6 illustrates the air stability test results of the
perovskites before and after passivation. Initially, there is no
significant difference in fluorescence intensity between the two
samples, indicating comparable fluorescence properties of the
synthesized QDs.

However, by the fourth day, both samples began to exhibit
fluorescence quenching, albeit at different rates. Specifically,
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QDs-S20 showcases a more gradual quenching process in
comparison to QDs. As time progresses, the fluorescence
quenching process continues in both samples, with QDs
completely losing fluorescence by the twentieth day, while
QDs-S20 retains strong fluorescence by the thirtieth day. This
outcome demonstrates that passivation significantly enhances
the air stability of CsPbBr; perovskites. The SPE passivation
agent interacts with surface traps, vacancies, and dangling
bonds on the QDs, thereby reducing nonradiative recombina-
tion. Furthermore, the hydrophobic properties imparted by
SPE contribute to the enhancement of air stability.

These findings collectively indicate that SPE passivation not
only enhances the optical and thermal properties of CsPbBr;
perovskites but also significantly improves their stability under
thermal, humid, and air conditions. This advancement renders
SPE-passivated perovskites more viable for practical applica-
tions.

3. CONCLUSIONS

We successfully synthesized a symmetrical silane passivating
agent containing phosphorus—oxygen double bonds. This
ionizer has been shown to enhance the optical performance
and stability of perovskite QDs. The passivated QDs manifest a
substantial enhancement in the PL intensity, PLQY, and
average lifetime. Furthermore, passivation enhances the
thermal, humidity, and air stabilities of perovskite materials.
These findings suggest that the use of phosphorus-containing
silane passivators is a promising strategy for enhancing the
performance and stability of perovskite-based optoelectronic
devices.

4. EXPERIMENTAL SECTION

4.1. Materials. PbBr, (99.999%), 1,1,3,3-tetramethyldisi-
loxane (98%), chlorobenzene (99%), oleic acid (OA, 85%),
and oleylamine (OAm, 80—90%) were purchased from
Macklin. CsBr (99.9%) and DAPP (95%) were purchased
from Aladdin. Chloroplatinic acid hexahydrate (99.9%) was
obtained from Bidepharm. N,N-Dimethylformamide (DMF,
99.5%), dimethyl sulfoxide (DMSO, 99.5%), ethyl acetate
(99.5%), and hexane (99.5%) were purchased from Sinopharm
Chemical Reagent. All of the reagents were used without
further purification.

4.2. Synthesis of SPE Passivator. To prepare the SPE
passivator, 0.74 mL of 1,1,3,3-tetramethyldisiloxane, 1.4 mL of
DAPP, and 0.01 g of chloroplatinic acid hexahydrate were
added to a 10 mL round-bottom flask. The mixture was stirred
in an ice—water bath under a nitrogen atmosphere for 1 h.
Following this, an additional 1 mL of 1,1,3,3-tetramethyldisi-
loxane was added in two separate portions, and the reaction
was continued under the same conditions for another hour.
After completion of the reaction, 30 mL of hexane was
introduced into the reaction mixture, which was stirred at
room temperature for 30 min and allowed to stand for 2 h. The
mixture was then centrifuged at 8000 rpm for 3 min. The
supernatant was subjected to reduced-pressure distillation at
20 °C. The final product, a pale yellow liquid, was identified as
the SPE passivator.

4.3. Synthesis of CsPbBr; Quantum Dots. To
synthesize the CsPbBr; perovskite QDs, 0.2 mmol of PbBr,,
0.2 mmol of CsBr, 3.5 mL of DMF, 1.5 mL of DMSO, 0.25 mL
of OAm, and 0.5 mL of OA were combined in a 20 mL sample
vial and stirred at room temperature for 24 h to form the
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precursor solution. Subsequently, 5 mL of chlorobenzene was
introduced into the reactor, and the stirring rate was elevated
to a high-speed vortex setting. Then, 0.2 mL of the precursor
solution was added to the reactor, and stirring continued
vigorously for 20 s. The mixture was centrifuged at 8000 rpm
for 3 min, and the precipitate was collected to yield the
CsPbBr; QDs, referred to as QDs.

4.4. Synthesis of SPE-Passivated Perovskites. During
the preparation of the precursor solution, the other raw
materials remained unchanged, while the SPE passivator was
used at concentrations of 5, 10, 20, and 30 mg/mL. The
subsequent steps followed the same procedure as those for the
synthesis of QDs. The resulting QDs were labeled as QDs-SS,
QDs-S10, QDs-S20, and QDs-S30, respectively.

4.5. Characterization. This work employs characterization
methods, including PL spectra, UV—vis absorption spectra,
PLQY, TRPL, TEM, scanning electron microscopy, energy-
dispersive spectrometry, XRD, FTIR, XPS, NMR, thermal
stability test, humidity stability test, and air stability test. The
detailed information about the above characterization is
presented in the Supporting Information.
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