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Abstract

Halide perovskites have attracted great attention for optoelectronic applications owing to
their high photoluminescence quantum yield (PLQY), tunable bandgap, and simple
processing. However, poor stability and defect-induced nonradiative recombination hinder
their practical use in perovskite light-emitting diodes (PeLEDs). Here, we demonstrate a
synergistic strategy combining tin (Sn) doping and dopamine hydrochloride (DH)
incorporation via a ligand-assisted reprecipitation (LARP) process to achieve stable
perovskite films under ambient conditions. Coordination between the amine and carbonyl
groups in DH and metal ions effectively suppresses Sn?* oxidation and Pb° formation,
leading to controlled surface defect densities and enhanced crystallinity. The optimized
Sn:DH perovskite showed an improved average photoluminescence (PL) lifetime and
retained 63% PLQY after 144 h, which is close to the initial value of 65%. PelLEDs
fabricated with Sn:DH films exhibit a maximum luminance of 9,522 cd m, approximately
twice that of the pristine devices, and an extended operational T, of 123 min. This dual-
additive-assisted approach offers a simple and scalable pathway to produce defect-stable
perovskite emitters with improved durability and optoelectronic performance for next-
generation PeLED technologies.
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INTRODUCTION

Halide perovskites are promising materials for various optoelectronic applications due to their high
photoluminescence quantum yield (PLQY), narrow full width at half maximum (FWHM), low turn-on
voltage, tunable bandgap, and long carrier lifetime and mobility"*. These properties have attracted much
attention for their application in devices such as photovoltaics®”), detectors'®'”, light-emitting diodes
(LEDs)""*, and lasers"*'\. Perovskite LEDs (PeLEDs) based on organometal halide perovskites were first
demonstrated in 2014 using room-temperature solution processing"®’. Since then, considerable efforts have
been devoted to achieving highly efficient and highly stable PeLEDs using various synthesis methods,
including the hot-injection method for quantum-dot perovskites'”” and spin coating for perovskite
nanocrystal thin films"*. More recently, PeLEDs employing core-shell structures and organic additives have
achieved external quantum efficiencies close to the theoretical limit"?. In addition, thermal evaporation,
which is commonly used for depositing electron transport layers and electrodes, has also been explored for
perovskite film fabrication”*?. However, these synthesis approaches generally require processing under a
nitrogen atmosphere or high-vacuum conditions, demanding significantly greater effort compared to
processes carried out under ambient conditions.

To realize facile synthesis without the need for a nitrogen atmosphere or vacuum environment, the ligand-
assisted reprecipitation (LARP) process has been widely employed. In a typical LARP process, CsPbX, (X =
Cl, Br, I) perovskite nanocrystals are synthesized by dissolving CsX and PbX, precursors together with
organic ligands in a good solvent such as N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO),
followed by injecting this precursor solution into a poor solvent such as toluene or ethyl acetate to induce
rapid nucleation and crystallization”***. Although this method offers advantages in terms of simplicity,
room-temperature processing, and scalability, the resulting films often suffer from reduced crystallinity,
lower device efficiency, and poor stability due to degradation triggered by ambient oxygen and moisture.

To overcome these limitations, previous studies have sought to enhance the stability of halide perovskites

25-28

through metal-ion doping and ligand engineering”***. The incorporation of lead (Pb) in halide perovskites
ensures excellent defect tolerance; however, the reduction of Pb*" to metallic Pb® introduces deep trap states
and promotes nonradiative recombination, while the inherent toxicity of Pb also poses challenges for
commercialization'”. To address these issues, researchers have explored reducing the Pb content and
introducing alternative cations. Tin-based perovskites have been investigated as promising candidates for
improved environmental compatibility, yet the facile oxidation of Sn** and associated redox instability often

[30,31

result in severe efficiency losses”**'. Recently, dopamine hydrochloride (DH) has been employed in Sn-based
perovskite solar cells to suppress Sn** oxidation, enhance interfacial adhesion, and facilitate efficient hole
extraction”. However, its application in colloidal perovskite synthesis and PeLED emitters remains largely

unexplored.

In this work, we demonstrate the synthesis of highly stable perovskite emitters by incorporating DH as an
additive into the LARP precursor solution, in combination with Sn doping. DH effectively mitigates defects
arising from Pb° formation and suppresses Sn** oxidation, thereby improving crystallization and enhancing
photoluminescence properties. [Figure 1A] illustrates the incorporation of DH and the doping of Sn. When
dopamine and Sn are introduced simultaneously, the incorporation of Sn into the perovskite is facilitated,
while DH can also interact more extensively with the perovskite, leading to enhanced optical stability. As a
result, the improved perovskite showed a PLQY of 63% after 144 h under ambient conditions. Furthermore,
PeLEDs based on Sn:DH perovskite films exhibited an operational lifetime approximately twice that of
pristine PeLEDs.
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Figure 1. (A) Scheme of DH and Sn passivating the surface of CsPbBr,, (B) The synthesis process of Sn:DH. DH: Dopamine hydrochloride;
DMF: N,N-dimethylformamide; OA: oleic acid; OLA: oleylamine.

EXPERIMENTAL

Synthesis and purification of perovskite solutions

PbBr, powder (147 mg, 0.4 mmol), CsBr powder (85 mg, 0.4 mmol), oleic acid (OA, 1 mL), and oleylamine
(OLA, 0.5 mL) were added to 10 mL of DMF or DMF/DMSO (mixed solvent) and stirred for 40 min at
room-temperature. For Sn-doped CsPbBr, synthesis, PbBr, was partially substituted with SnBr, at the desired
ratio. To induce quantum dot formation, 1 mL of the precursor solution was injected dropwise into 10 mL of
toluene under vigorous stirring. For DH introduction, 0.1 mL of DH solution (0.2 M in DMF) was injected
following precursor addition. After stirring, the resulting mixture was centrifuged for 5 min at 9,000 rpm.
The supernatant was discarded, and the precipitate was dispersed in hexane. The CsPbBr, product was
collected by centrifuging the dispersion for 5 min at 3,000 rpm.

Device fabrication

Indium tin oxide (ITO)-patterned substrates were washed by sonication with deionized water, acetone, and
isopropyl alcohol (IPA) for 20 min each, and the remaining solvent was dried with nitrogen gas. After
washing, ultraviolet (UV)/ozone treatment was conducted for 10 min. [2-(9H-Carbazol-9-
yl)ethyl]phosphonic acid (2PACz) solution [0.4 mg/mL in chlorobenzene (CB)] was deposited by spin-
coating at 8,000 rpm for 30 s, followed by annealing at 120 °C for 30 min. The perovskite solution was spin-
coated on the 2PACz layer at 2,000 rpm for 40 s under a nitrogen atmosphere. The substrates were
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Figure 2. Crystallization analysis of CsPbBr3 and Sn:DH as fresh and after 24 h. The TEM images of as-prepared (A) CsPbBr,, and (C)
Sn:DH, and after 24 h (B) CsPbBr,, and (D) Sn:DH. The size distribution of (E) CsPbBr,, and (F) Sn:DH after 24 h; (G) XRD patterns of
fresh and 24 h later CsPbBr, and Sn:DH. TEM: Transmission electron microscopy; DH: dopamine hydrochloride; XRD: X-ray diffraction.

transported to the thermal evaporator, and 2,2°,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBIi) (40 nm), LiF (1 nm), and Al (100 nm) were deposited successively by thermal evaporation.

Details of the materials and characterization are provided in the Supplementary Materials.

RESULTS AND DISCUSSION

To synthesize perovskite with superior stability, DH treatment and Sn doping were performed during the
LARP synthesis process. The -OH functional groups of DH were oxidized to form =O groups, facilitating
polydopamine formation, and DH solution was injected after precursor injection. Sn doping was achieved by
adding SnBr, to the precursor solution, as illustrated in [Figure 1B]. While an appropriate amount of Sn
doping enhances exciton recombination, excessive Sn content leads to defect formation due to Sn**
oxidation, resulting in degraded optical properties™. Previous studies on perovskite solar cells have shown
that amine-containing cations effectively suppress Sn** oxidation"”>**, Similarly, the incorporation of DH,
which contains amine groups, together with Sn doping, effectively prevents the deterioration of optical
characteristics, enabling improved performance even with Sn doping.

To elucidate the performance enhancement mechanism in Sn-doped and DH-treated perovskites (Sn:DH),
transmission electron microscopy (TEM) analysis was conducted on the synthesized materials [Figure 2].
Immediately after synthesis [Figure 2A and CJ, black dots attributed to Pb° clusters were observed in both
pristine and Sn:DH perovskites. However, after 24 h under ambient conditions [Figure 2B and D], Pb°
formation was significantly suppressed in the Sn:DH sample. This indicates that DH-perovskite interactions,
which require approximately 24 h for complete dispersion and coordination within the solution, effectively
inhibit surface defects and Pb° formation.

Further insights into the individual contributions of Sn and DH were obtained from TEM analysis of
perovskites treated separately [Supplementary Figure 1]. DH-treated perovskites showed effective Pb°
suppression immediately after synthesis and after 24 h [Supplementary Figure 1A and B], although slight
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decomposition was observed over time. In contrast, Sn-treated perovskites exhibited rapid decomposition
due to Sn oxidation [Supplementary Figure 1C and D]. These results demonstrate that DH treatment is
primarily responsible for suppressing agglomeration and decomposition.

The particle size distributions of pristine and Sn:DH perovskites were analyzed after 24 h [Figure 2E and F]
and immediately after synthesis [Supplementary Figure 2A and B]. The average particle size of pristine
perovskites increased from 10.5 nm to 11.6 nm, consistent with defect-induced decomposition and
agglomeration over time. In contrast, the average size of Sn:DH perovskites decreased from 12.2 nmto 11.6
nm, indicating that Sn ions and DH effectively passivate uncoordinated Pb’" defects and suppress
degradation. To determine the Sn content in the Sn:DH sample, transmission electron microscope-energy
dispersive X-ray spectroscopy (TEM-EDS) mapping was performed, as shown in [Supplementary Figure 3].
The results confirmed that Sn was incorporated into the perovskite at approximately 10% relative to Pb, as
shown in Supplementary Table 1.

To evaluate the effects of Sn doping and DH treatment on perovskite crystallinity, X-ray diffraction (XRD)
patterns were measured [Figure 2G]. Both the CsPbBr, and Sn:DH samples exhibited diffraction peaks
consistent with JCPDS No. 54-0752, confirming that the cubic CsPbBr, phase was maintained both
immediately after synthesis and after 24 h. Notably, no additional diffraction peaks were observed during this
period. The crystallite size, lattice strain, and d-spacing were calculated using the Scherrer equation,
Williamson-Hall plot, and Bragg’s law, respectively, as summarized in Supplementary Table 2. The changes
in the calculated crystallite size were inconsistent with the size variations observed in the TEM images, which
can be attributed to the broadened FWHM caused by inadequate defect suppression in CsPbBr.. In contrast,
for Sn:DH, the crystallinity stabilizes after 24 h, resulting in a narrowed FWHM. These results confirm that
neither Sn doping nor DH treatment induces phase impurities or secondary phases, maintaining the
structural integrity of the perovskite crystal lattice".

To verify the incorporation of Sn and DH into the perovskite lattice, Fourier transform infrared (FT-IR)
spectroscopy and X-ray photoelectron spectroscopy (XPS) analyses were performed [Figure 3].
Representative FT-IR spectra are shown in [Figure 3A], with key regions magnified for detailed comparison.
The N-H stretching vibrations, highlighted in yellow in [Figure 3B], exhibited significantly enhanced
intensity in both DH-treated and Sn:DH perovskites compared to the pristine sample. This confirms
successful coordination of amine groups from DH with the perovskite surface. Notably, the Sn:DH sample
showed even stronger N-H signals than the DH-only sample, suggesting enhanced Sn-N coordination within
the perovskite lattice*’. We calculated the integrated peak areas associated with the N-H stretching
vibrations in the four perovskite samples. The integrated areas for CsPbBr,, DH, Sn, and Sn:DH were 65.39,
73.34, 67.88, and 77.49, respectively. The increased integrated peak area indicates a greater contribution of
DH to the perovskites. As shown in [Supplementary Figure 4], the normalized FT-IR spectra exhibit an
increased peak intensity attributed to N-H stretching vibrations upon the incorporation of Sn or DH. A
more pronounced increase in intensity was observed when Sn and DH were simultaneously introduced
because the simultaneous injection of Sn and DH showed a synergistic effect when incorporated into
perovskites. DH treatment led to increased peak intensities in the yellow-shaded region of [Figure 3B] and
the cyan-shaded region of [Figure 3C]. The C=C stretching peak in the violet-marked region of [Figure 3D]
was also enhanced™. These spectral changes collectively demonstrate that the benzene ring and functional
groups of DH are effectively incorporated into the perovskite structure. Furthermore, the enhanced peak
intensities observed in the Sn:DH system compared to DH-only treatment confirm that mixed Pb/Sn
perovskites provide a more favorable environment for DH incorporation than pure Pb-based perovskites.
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Figure 3. Chemical analysis depending on Sn doping and DH injection. (A) FT-IR spectra of CsPbBr;, Sn, DH, and Sn:DH. Magnified FT-IR
spectra showing (B) C-H, N-H, (C) C-H, and (D) C=C, C-Br; (E and F) Pb 4f XPS spectra of perovskites with/without Sn, DH, and both.
DH: Dopamine hydrochloride; FT-IR: Fourier transform infrared; XPS: X-ray photoelectron spectroscopy.

The Pb 4f XPS spectra as a function of Sn doping and DH treatment are shown in [Figure 3E and F]. For the
pristine perovskite [Figure 3E], Pb°-related peaks were observed at 141.6 eV and 136.8 eV, corresponding to
a Pb° fraction of 44.7%"%. DH treatment alone shifted these peaks to 141.1 eV and 136.2 eV, reducing the Pb°
content to 18.2%, indicating effective suppression of metallic Pb formation. Similarly, Sn doping [Figure 3F]
resulted in Pb° peaks at 142.0 eV and 137.2 eV, with a reduced Pb° fraction of 39.3% compared to the pristine
sample. The Sn:DH perovskite exhibited the lowest Pb° peaks at 141.5 eV and 136.6 eV, with only 15.4% Pb°
content. These results are consistent with the TEM observations, confirming that the synergistic Sn:DH
treatment most effectively suppresses metallic Pb® formation. For stoichiometric analysis, XPS spectra of the
remaining constituent elements in each perovskite sample were also collected, as shown in [Supplementary
Figure 5], and the calculated elemental compositions are summarized in Supplementary Table 3.
Comparison of the TEM-EDS and XPS results indicates that the overall Sn content within the perovskite is
approximately 10%, whereas the Sn concentration at the surface is substantially higher. These findings
indicate that not all of the introduced Sn is incorporated into the perovskite lattice; rather, only
approximately half of the added Sn is successfully doped into the lattice. This suppression can be attributed
to Lewis acid-base interactions between the C=0 groups of DH and uncoordinated Pb** ions, as well as
between Sn** ions and DH amine groups, which collectively stabilize the perovskite lattice. Given that the
Sn:DH perovskite demonstrated the highest structural quality among all samples, subsequent comparative
analyses focused primarily on pristine versus Sn:DH perovskites.

To investigate the optical properties of pristine and Sn:DH perovskites, ultraviolet-visible (UV-vis)
absorption and photoluminescence (PL) spectra were measured immediately after synthesis and after 24 h
[Figure 4A and B, Supplementary Figure 6A and B]. The optimized Sn concentration was determined by PL
spectra under different doping conditions, as shown in [Supplementary Figure 7]. No additional absorption
features indicative of secondary phases were observed upon Sn:DH incorporation or after the 24 h
stabilization period, confirming that the additive treatments did not induce phase impurities. The apparent
optical bandgaps were estimated from Tauc plots for a direct allowed transition as shown in [Supplementary
Figure 8]. The extracted values were 2.495 eV for pristine CsPbBr,, 2.477 eV for CsPbBr, after 24 h, 2.470 eV
for Sn:DH, and 2.461 eV for Sn:DH after 24 h. Thus, Sn:DH treatment produced a modest reduction in the
apparent optical bandgap of 25 meV relative to the as-prepared CsPbBr,, whereas the 24 h changes were

limited to 18 meV for pristine CsPbBr, and 9 meV for Sn:DH. The red-shift and PL-intensity loss observed
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Figure 4. Optical properties of CsPbBr; (pristine) and Sn:DH. (A) UV-vis absorption spectra and (B) PL spectra of Sn:DH as-prepared and
after 24 h. (C) TRPL curves of pristine and Sn:DH. (D) Time-dependent PLQY of pristine and Sn:DH over 144 h. DH: Dopamine
hydrochloride; PL: photoluminescence; TRPL: time-resolved PL; PLQY: photoluminescence quantum yield; UV-vis: ultraviolet-visible.

for the pristine sample after 24 h are therefore more conservatively attributed to the evolution of the local
electronic/defect environment and the associated increase in non-radiative recombination, rather than being
assigned solely to metallic Pb formation. In contrast, the Sn:DH sample maintained a nearly unchanged PL
peak position of 514 nm and FWHM of 20 nm after 24 h, while exhibiting an increase in PLQY from 65% to
73%. This behavior indicates that dual-additive treatment suppresses the formation of non-radiative
recombination pathways during the initial stabilization period. Key optical parameters, including PL peak
position, FWHM, and initial PLQY, are summarized in Supplementary Table 4.

Time-resolved PL (TRPL) measurements further elucidated the recombination dynamics [Figure 4C]. The
average PL lifetime increased from 5.74 ns to 10.75 ns upon Sn:DH treatment, indicating effective
suppression of defect-mediated nonradiative recombination. To assess the individual contributions of each
additive, TRPL spectra of Sn-only and DH-only treated perovskites were also measured [Supplementary
Figure 9]. The DH-treated perovskite showed a slightly reduced lifetime of 5.61 ns, while the Sn-treated
perovskite exhibited an extended lifetime of 8.41 ns. The Sn:DH system demonstrated the longest lifetime,
confirming a synergistic effect between the two additives. The average PL lifetimes for all four perovskite
systems are summarized in Supplementary Table 5.

For comparison, well-passivated CsPbBr, of approximately 7-15 nm commonly exhibits a peak position of
505-517 nm, a narrow FWHM of 17-19 nm, and PLQYs approaching unity. CsPbBr, of approximately 11 nm

has also been reported to exhibit PLQY values above 80% with an emission linewidth of approximately 18
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nm©**! Although these studies provide useful optical properties, direct comparison should be made
cautiously because the present samples have different synthesis conditions, particle morphology, and
film/colloidal environments. Nanocrystals observed by TEM in the present research range from 10.5 to
12.2 nm; the observed spectral behavior is assigned to quantum-confinement effects!*'/.

To identify long-term photostability, the evolution of PLQY was monitored from immediately after synthesis
up to 144 h under ambient conditions [Figure 4D]. Initially, the pristine perovskite exhibited slightly higher
PLQY (67%) than the Sn:DH perovskite (65%). However, after 24 h, the pristine PLQY decreased to 57%, and
only 6% after 144 h, reflecting poor intrinsic stability. In contrast, the Sn:DH perovskite showed an increase
to 73% PLQY after 24 h, attributed to gradual DH dispersion and surface passivation in the colloidal
solution. Remarkably, the Sn:DH perovskite retained 63% of its PLQY, demonstrating exceptional stability
conferred by the additive treatment. The time-dependent PLQY evolution for Sn-only and DH-only treated
perovskites is shown in [Supplementary Figure 10]. The Sn-treated perovskite exhibited the highest initial
PLQY (70%) but experienced rapid degradation after 72 h due to Sn** oxidation-induced instability. The DH-
treated sample displayed stabilization behavior similar to Sn:DH, with a temporary PLQY increase during the
initial stabilization phase, although its absolute PLQY remained lower than that of Sn:DH after 144 h.

To investigate the electroluminescent performance of perovskite films with different additives, PeLEDs with
the structure ITO/2PACz/perovskite/ TPBi/LiF/Al were fabricated using pristine and Sn:DH perovskites
[Figure 5A, inset]. As shown in the current density-voltage curves in [Figure 5A], the Sn:DH-based device
exhibited a lower current density than the CsPbBr, device at voltages below their respective turn-on voltages
of 3.2 V and 3.6 V. This result indicates that the incorporation of the additives effectively suppresses leakage
current, consistent with improved film quality and reduced defect states. The luminance-voltage (L-V)
characteristics [Figure 5B] demonstrate a substantial enhancement, with the pristine device reaching a
maximum luminance of 4,032 cd m? compared to 9,522 c¢d m™ for the Sn:DH PeLED - a more than twofold
increase. The inset photograph shows bright green emission from the Sn:DH device.

The emission color purity was assessed using Commission Internationale de l'¢clairage (CIE) 1931
chromaticity coordinates [Figure 5C]. The Sn:DH device exhibited coordinates of (0.11, 0.78), slightly
broader than the pristine device (0.12, 0.77), with both emissions closely matching the Rec. 2020 green
standard. To further elucidate the electrical characteristics, we measured the current efficiency (CE) and
external quantum efficiency (EQE), as shown in [Supplementary Figure 11A and B]. The CsPbBr,-based
device exhibited a current efficiency of 2.21 cd A" and an EQE of 0.62%, whereas the Sn:DH-based device
achieved a current efficiency of 8.15 cd A" and an EQE of 2.29%. Furthermore, the electroluminescence (EL)
spectra of CsPbBr, and Sn:DH measured at 4 V [Supplementary Figure 11C] displayed a trend consistent

with the PL spectra.

To assess operational stability, we measured the time required for the initial luminance of 100 cd m™ to
decrease to half its value, as shown in [Figure 5D]. The pristine device exhibited a lifetime of 57 min, while
the Sn:DH device showed 123 min, confirming that defect control through the dual-additive treatment plays
a crucial role in enhancing stability. The discrepancy arises from additional degradation pathways in
operating devices, including interfacial reactions at TPBi/perovskite and 2PACz/perovskite interfaces, and
Joule heating'*>*’!. To ensure confidence in operational stability, the performance of eight devices was
measured as shown in [Supplementary Figure 12]. Key electrical parameters are summarized in
Supplementary Table 6.
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Figure 5. Electrical properties of pristine and Sn:DH-based PeLED. (A) Current density-voltage characteristics of two devices. Inset shows
the PeLED structure; (B) Luminance-voltage characteristics of pristine and Sn:DH, with an inset image of the Sn:DH-based PeLED; (C) CIE
diagram showing the green emission of the two PeLEDs; (D) Operational stability at 100 cd m2 until the luminance decreased to 50% of
its initial value. DH: Dopamine hydrochloride; PeLEDs: perovskite light-emitting diodes; CIE: Commission Internationale de I'éclairage.

CONCLUSION

In summary, we developed a facile dual-additive strategy combining Sn doping and DH treatment during
LARP synthesis to simultaneously enhance the stability and efficiency of PeLEDs. The synergistic Lewis acid-
base interactions between DH functional groups (amine and carbonyl) and metal ions (Pb**, Sn*) effectively
suppressed Pb° formation and Sn** oxidation, yielding perovskite films with controlled surface defects and
superior structural integrity. The optimized Sn:DH perovskite demonstrated exceptional optical stability,
retaining a PLQY of 63% after 144 h, with a reduction of only 2%.

When incorporated into PeLEDs, the Sn:DH films achieved a maximum luminance of 9,522 ¢cd m? and more
than doubled the operational lifetime (T, = 123 min at 100 cd m™) compared to pristine devices, while
maintaining emission color purity aligned with Rec. 2020 green standard. This simple, scalable solution-
processing approach addresses critical stability challenges in perovskite emitters, paving the way for
environmentally robust, high-performance PeLEDs suitable for next-generation display applications.
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