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ABSTRACT:CsPb} perovskite quantum dots (QDs) are md
unstable over time as compared to other perovskite QDs, o
ligand loss and phase transformation. The strong red emissio
fresh CsPRIQDs gradually declines to a weak emission from
QDs, which PLQY dropped by 93% after a 20 day staralhye;there
is no emission fromphase CsPbIThe present study demonstrated
facile surface treatment method, where a saléytamine (S-OLA)g
complex was utilized to passivate the defect-rich surface of the
QDs and then self-assembly to form a matrix outside thg @BBb
protected the QDs from environmental moisture and solar irradiggon
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initial value of 52.3% of the fresh QDs. Furthermore, there Was
signi cant increase in the colloidal stability of the ¢§His. Above

80% of the original PLQY of the treated QDs was reserved after a 20 day storage and the black phase could be maintained for
months before transforming to the yellow phase. The introduction of S-OLA induced the recovery of the lost photoluminescenc
the nonluminous aged CsPQDs with time to 95% of that of the fresh QDs. Furthermore, the photoluminescence was maintained
for one month. The increase in the stability and photoluminescence are critical for realizing high-performance perovskite-QD-b
devices. Therefore, this work paves the way for increasing the performance of perovskite-based devices in the near future.
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ead halide perovskites (ARbX = methylammonium transport layers has also contributed to the increase in the

(MA), formamidinium (FA), or cesium (Cs) and X =,Cl  power conversion eiency of perovskite solar c&ffs.
Br, or I or a combination thereof) are widely utilized in Initially, organometallic halide perovskites were developed
photovoltaic and optoelectronic applications owing to theifor photovoltaic applications (e.g., MAPK2009). However,
outstanding optical and etéwl properties. They are all-inorganic halide perovskites have attractedcaigni
inexpensive substances with tunable baridbays,light- research interest in recent times owing to their higher
absorption eciencies, low exciton binding energies (e.g., 16tabilities as compared to those of organometallic halide
meV for MAPLY, high photoluminescence quantum yieldsperovskites. All-inorganic cesium halides (CsftiX the
(PLQYs) of up to 10096, and high charge-carrier mobilities form of colloidal quantum dots (QDs) exhibit excellent PLQYs
of tens of cAV ® s 1° These perovskites have been recentlyof greater than 90%:” Cesium lead iodide (CsBbis the
applied as ecient emissive layers in light-emitting diodesmost su[tab!e ca_mdldate among thellnorganllc hahdc_—z peroyskltes
(LEDs)® @ light-absorbing layers in solar effsand for application in photovoltaic devices owing to its optimal
photodetectors, *® and active Ims in gas sensdrs® bandgap (1.73 eV). The deep red emission (6810 nm)
They have also been utilized in memory d&Viteand for ~ Tom CsPhi is also promising for display applications and
photocatalysfs. The research on perovskite solar cells ha%ohd.-state lighting. The application of warm-white LEDs in
advanced rapidly in the past decade. A substantial increase' %9 applications and red LED in horticultural lighting is
been achieved in the power conversiarieacy from 3.8%,
with an active area of 0.24¢2009) to 23.7% with large-area Received: December 24, 2020 (Phdtonics
devices (>1 cfjp and modules (10 dn?® There has been Published:July 2, 2021 4 @
marked growth in the external quantum emission of lead-halide 1
perovskite LEDs to greater than 20% with multicolor from
green to red’ *° The exible perovskite LEDs were atsb
made in 201#’ The intensive research on electron and hole
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important and requires extensive studies. Howeverz CsPbl EXPERIMENTAL SECTION

undergoes rapid phase transitiomhich is attributed to the Chemicals.Cesium carbonate ({00,, 99.9% (wi
S . . L, 99.9% (with trace
strong ionic bond of Csvith the [PbX%']* octahedron. The metals)), lead(ll) iodide (Phl 99.999%), oleic acid (OA,

Goldschmidt tolerance factor and _the octahedral factor @f:nnical grade, 90%), OLA (technical grade, 70%), 1-

CsPbj are 0.893 and 0.47, respectively, and these values gtgadecene (ODE, technical grade, 90%), butylamine (BTA,

borderlin€* Marronnier et al. investigated the phase transitioyg 504), octylamine (OTA, 99%), dodecylamine (DDA, 98%),

pathway of CsPpi° The results revealed that cooling resultsand sodium sufle (NaS) were purchased from Millipor-

in the transformation of the cubiphase to the orthorhombic  eSigma, Missouri, U.S.A. Methyl acetate (MeOAc, anhydrous,
phase, while heating results in the reverse transformationdg%) was purchased from Alfa Aesar (Thermo Fisher

the phase. Swarnkar et al. reported that nanosCalebj Scientic), Massachusetts, U.S.A. All the chemicals were

QDs, which are capped by organic ligands, are stable at losed as purchased without further pation.

temperature$. The use of nanosized organometal halide Synthesis and Puri cation of the CsPbk QDs.Initially,

perovskites is bermal for size adjustment. This not only 326 mg of G£0; was loaded into a 100 mL three-nexsk

ensures tunable bandgaps, but also facilitates surface treatrwéifit 16 mL of ODE and 1 mL of OA. The solution was dried

that increases the stability of the perov€kifewever, the ~ for 1 hat 120C and then heated to 150 until the complete

capping ligands can easily desorb from the QD surface becd@astion of the entire {0, with OA. This solution was kept

of their dynamic nature and the ionic nature of QDs. Ligan#) Stock and preheated before use.

loss generates directly exposed atoms and traps at the surfagdibsequently, 30 mL of ODE, 520 mg of BbhL of OA,

of QDs>®3° This induces a rapid decrease in the luminescer@d 3 mL of OLA were loaded into a 100 mL three-meék

emission and the stability. The sensitivity of C&Fb8 to The ask waslled with N, and the contents were stirred

temperature, radiation, and humidity is higher than that ¢f"der a constant,Now at 120°C. The temperature of the

CsPbBy QDs. The CsPBIQDs that exhibit strong red solution was increased to 16(after the complete dissolution

emission gradually lose their luminescence within a shocﬂ Pbl. Thereafter, 2.4 mL of the prepared preheated Cs-
eate solution was rapidly injected into the solution, and the

. . . . . [e]
dur_atlt_)n and_ do not emit any light under UV irradiéfion. reaction mixture was cooled in an ice bath after a 5 s reaction.
This is attributed to the ligand loss and the phas

. : . : . eOAc (60 mL) was added to the reaction mixture, which was
transformation. Various strategies, such as A-site doping, s centrifuged at 8000 rpm for 10 min. Subsequently, the
site doping, and ligand modulation, have been developed ’

. . 2 A ﬁPecipitate was dispersed in 120 mL of hexane and centrifuged
stabilize the cubic phase of CsonaQDs.. Wasim et al. ~ 5gain to remove the unreacted Bbdl the aggregates. The as-
successfully doped Csfbith 4.8% Mn via a postsynthesis gynthesized CsRID solution was marked as a fresh sample.

method to achieve the long-term stability (one month) of therhe fresh sample that was stored under ambient conditions for
black perovskite phdseThe B-site exchange induces the 2q days was marked as the aged sample.

blue-shift of the optical spectra due to the perovskite lattice Surface Treatment. The surface treatment involved the
contractiori? The surface treatment methods, which havejissolution of 39 mg of p&into 10 mL of hexane and 100
limited impact on the perovskite structures, have beesf OLA in a 20 mL vial. This solution was stirred overnight.
developed to passivate the surface and decrease the phdiee use of short-chain amines to assist the loadifiganf S
luminescence (PL) loss of CsPBhere have been studies on the surfaces of the QDs was also examined. Decantation was
the use of phosphine and phosphonic acid derivativegerformed to obtain 0.05 M S-OLA (C18), S-DDA (C12), and
including trioctylphosphine (TO® trioctylphosphine bis- S-OTA (C8) in the hexane solution. The S-amine solution (20,
(2,2,4-trimethylpentyl)phosphonic 4éidnd a (TOP) Pbl, 40, 60, 80, and 100L) was added to 2 mL of the as-
complex?® to passivate the surface of CsPis; thus, the  Synthesized CsRHDDs. The mixture was kept undisturbed
colloidal stability of CsRbRDs can be increased. The for 1 day and centrifuged to obtain thel products, that is,

Im, which produced high eiency perovskite QD-based treated-80, and fresh-treated-100 samples. The surface treat-

LEDs’® The application of 2,2-iminodibenzoic acid -or ment reactions were conducted on both the fresh and aged

i ; les.
graphene to stabilize the cubic phase of Os&bhlso been samp o . - .
explored. However, these organic compounds are hazardougr:.‘”‘rac'[e”z?t'on' The LélttraVIc(leetVI_SIble\zub(/UV V's{) aE'
Therefore, a facile surface treatment using sodiute, sul sorption speclra were obtained using Spectropno-

C . . tometry (Varian Inc. (Agilent Technologies, Inc.), California,
which is more ecofriendly than phosphine-based compoun S.A)). The uorescence spectra were obtained via
was developed in the present study to increase the PL intens@/ e : :

. . ) orescence spectrophotometry (Varian Inc. (Agilent Tech-
and colloidal stability of CsPRIDs. The treatment involved P b y (Var (Agi

O : : . . nologies, Inc.), California, U.S.A.). The structure of the
the combination oS which was dissociated from3yavith resulting QDs was analyzed via X-rapation (XRD) and

oleylamine (OLA) in hexane or toluene (marked as S-OLA}ansmission electron microscopy (TEM). The presence of S
The CsPhj QDs were synthesized using the hot-injectionyas determined using X-ray photoelectron spectroscopy (XPS)
method and treated with drent amounts of S-OLA. S-OLA and energy_dispersive X_ray Spectroscopy (EDS) PL ||fet|me
acted as an etchant and removed the nonradiative defects\gfls measured by FluoTime 300. Picosecond-pulse laser head
the surfaces of the CsPQDs. Furthermore, it passivated the (LDH-P-C-405B, PicoQuant) was used to excite the samples
surfaces of the CsPRIDs, thereby ensuring protection from with a laser of 405 nm wavelength. Photon counting detector
humidity and solar irradiation. When the nonemissive agé®MA Hybrid 07) and time-correlated single photon counting
CsPbji QDs were treated with S-OLA, their PL emission wagTCSPC) module (PicoHarp, PicoQuant) were used to detect
gradually recovered and maintained for a month. the PL decay and calculate the PL lifetime of samples. PLQY of

1980 https://doi.org/10.1021/acsphotonics.0c01952
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perovskite QDs solutions was measured using a JAS@D solution, it was adsorbed on the surface of the QDs,
FP8500 spectraorometer that was equipped with a 100 mminducing an initial decrease in PL; however, the peak position
integrating sphere (ILF-835). The PLQY values wergvas still maintained at 693 nm. Under the etchaw ef S-
calculated by Jasco SpectraManager Il software. OLA, the surface cesium catior’sa@d iodide anions vere
likely to dissolve into solution. Meanwhile, a quantity of S-

RESULTS AND DISCUSSION OLA was strongly anchored on the surface via the interatomic
The experiment was performed under ambient conditions (3Ateraction of S and exposed Pb to form SPhonds’
°C and 80% relative humidity), and all the samples were storgtlerefore, a blue-shift was witnessed and the PL was recovered
under the ambient conditions without inert gas protectionafter the completion of the passivatléigure S)L This new
The CsPhj QDs were synthesized using the hot-injectionligand layer helped to remove surface trap defects and
method. Subsequently, they were washed with methyl acetgi@tected the CsPpQDs from impact of humidity because
separated from the crude solution via centrifugation, anst the lower solubility of PbS compared tg. Pbl

dispersed in hexane to form the fresh gsPbs. During Figure 1presents the evolution in the optical properties of
stirring NaS in hexane along with oleylamine, the oleylaminghe CsPh|QDs after the treatment. The absorption curves of
was transferred to tzhe oleylammonium fOfEH"@HJ)’ the fresh-treated samples were identical to those of the fresh
then interacted with’Sas an ion pair (HsNHs™ S°). samplesRigure &). The intensity of the PL of the treated

Di erent quantities of the S-OLA solution (20, 40, 60, 80, andamples gradually increased then decreased as the volume of S-

100 L) were added to 2 mL each of the fresh QDs. Theg| A increased from 0 to 100 with the maximum value was
passivation treatment of the surfaces of the QDs happened,@s-hed at 60 L (Figure b). Consistently, the PLQY
illustrated inScheme .1When S-OLA was introduced to the witnessed an increase from 52.3% in initial to 82igase(

) ) _ 1d) with the addition of 60L of S-OLA then decreased to
Sche_me_l. Schematic IIIl_Jstratlon of the Mechanism of the 7904 and 74.9% when the volume of S-OLA surpasded 60
Passivation Treatment with S-OLA on the CsfQD This indicated that the presence of exéedsv@red the PL
Surfaces emission from the QDs. The increase in the PL intensity with
the increase in the volume of S-OLA accompanied the blue-
. shift of the PL peak that was attributed to the passivaditin e

‘o (Figure t). The passivation of trap states can blue-shift the PL
rap peak because the spontaneous radiative recombination
between them can red-shift the emission peak compared
with that from the band edge transiffon.

Short-chain amines (C12 and C8) were also utilized as
ligands to assist the loadingZfd® the surfaces of the QDs.
The e ects of the addition of DDA (C12) and octylamine
(C8) were similar to those of the addition of OLA (C18)
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Figure 1.(a) Absorption spectra, (b) PL spectra, (¢) PL wavelength peaks, and (d) PLQY of the frg@bEsRehted with derent amounts
of S-OLA after 1 day.
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Figure 2.(a) Photos of the aged CsPQDs with di erent amounts of S-OLA under daylight (top) and UV light (wavelength = 365 nm; bottom).
(b) PL spectra of the aged CsRBDs with dierent amount of S-OLA.
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Figure 3.(a) XRD patterns and (b) time-resolved PL spectra of the fresh, fresh-tredted GOLA), aged, and aged-treated [88-OLA)
CsPb} QDs.

(Figure SR This observation cormed that the passivation transformed from black to bright red and exhibited strong red
ability of 3 on the surfaces of the QDs decreased the surfa@mission under UV lighEigure a) after the addition of S-
defects; thus, the nonradiative recombination was al$dLA. The PL intensity of the aged QDs was recovered to 59%
decreased. Therefore, there was an increase in the PL intensftythe initial intensity of the fresh CsPQIDs after the
of the fresh-treated QDs. According to the absorption spectaaldition of 20 L of S-OLA. The PL intensity of the aged QDs
of the aged and aged-treated G¥BDk shown irfrigure S3 continued to increase with the increase in the volume of S-
S-OLA treatment did not @ct the bandgap of aged samples.OLA and reached 95% of the initial intensity of the fresh QDs
Furthermore, the PL spectra of OLA and S-OLA samplesith the addition of 80L of S-OLA. The PL peaks of the aged
shown inFigure S4ndicated that S-OLA treatment is more QDs were red-shifted by 4 nm as compared to those of the
e ective than OLA treatment. fresh QDs. However, the PL peak of the sample that was
The fresh CsPhIQD solution gradually turned dark after treated with 80 L of S-OLA exhibited a blue-shift of
prolonged storage. Thelorescence emission was steadilyapproximately 3 nm (inset lefjure B) after the treatment,
quenched over 20 days (aged QDs); subsequently, vthich was consistent with the previous refjorts.
underwent decay. The PLQY of the aged QD solutions, Figure & shows the evolution of the XRD patterns of both
indicated by the black solid lind=igure B, dropped to 3.5%, the fresh and aged CsRBDs before and after the treatment.
indicated by the black dotted line figure B. The The two primary peaks at T4aBd 28.8in the XRD patterns
uorescence of the aged CgRID solutions was recovered corresponded to the (100) and (200) planes of bulk
after the introduction of S-OLA. The aged QD solutiongperovskites. The XRD patterns for the fresh and fresh-treated

1982 https://doi.org/10.1021/acsphotonics.0c01952
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Figure 4.(a) TEM images (50 nm scale bar) and (b) HRTEM images (5 nm scale bar) of the fresh, fresh-treated, aged, aged-@PBated CsPbl
(c) EDS mapping of the fresh-treated GsRbis.

samples were similar. This indicated thati® not exert any The Fourier transform infrared (FTIR) spectrum of four
signi cant eect on the crystal structure of the CsgElDs. kinds of samples are exhibiteBigure S6The OLA and OA

The magnication of the peaks at 14add 28.8in the XRD exist as oleate and oleylammonium for perovskite QD ligands
patterns of the fresh-treated samples revealed a slight peak it is presented by signals at 1646 and 1638 cm
toward lower angles. This might be attributed to therespectivefy:>*> These signals were exhibited on fresh QDs.
compressive internal stresses or the lattice difafitre. After aging, the peak of COé@nd NH;" is reduced and a new
XRD spectra ifrigure SSshowed that all the fresh-treated peak at 1710 crhthat corresponded to QO stretching of
samples remained in the cubiphase. Distinct PbS peaks COOH. This means during storage, the removal of ligands
were observed in the XRD patterns of the fresh-treated-80 anccurred along with the transformation from oleate species to
fresh-treated-100 QDs. This might have resulted in th®A that weakens the ligand shell protection. The©C
decrease in the PL intensity with the increase in the volunstretching of OA conmed the occurrence of ligand exchange.
of S-OLA beyond 60L. Prolonged aging resulted in the The absence of the @ stretching and the presence of the
appearance of new peaks in the XRD patterns of the aged QBtsong N H peak in the FTIR spectra of the aged treated
Furthermore, the two primary peaks at’ #h8 28.8in the samples suggested that OA was replaced by the S-OLA
XRD patterns shifted toward higher angles. This indicated tlhtemplex after the treatment. Bodnarchuk et al. reported that
occurrence of phase transformation. The new pealtse presence of excess OA accelerated the decrease in the
disappeared after the addition of S-OLA, while the intensitiesiorescence quantum yield during storage. Therefore, the

of the two primary peaks increased. replacement of the undesirable oleate group with S-OLA
The time-resolved PL decay curves weéted by facilitated the increase in the stability of the QDs. On the other
triexponential decay functionsl@j = Ae?* + Ae? 2 + hand, we can see that the intensity of strong shafp C

Age '/ = The average PL lifetime was calculategsy(A; ? stretching of the long alkyl chain of ligand at 28000 cm*

+ A3+ A3 DI(A L+ A, + Ay ). The time-resolved PL in the aged QDs reduced compared to that of the fresh QDs.
increased from 61.6 ns for the fresh G€MD$ to 68.1 ns for  This is because of the removal of ligands during storage. These
fresh-treated-60 QDs due to the suppression of nonradiatipeaks become stronger after passivation thatsdsinding
surface defect&igure B andTable S). This result further  of more ligands to the QD surface.

con rmed the passivationeet of S-OLA on the surface of The TEM images of the fresh and fresh-treated QDs
CsPhb} QDs. Furthermore, the PL lifetime of aged QDs alsandicated the presence of cubic particles with average sizes of
showed an increase after treatment, from 5.1 ns to 53.5 nis.2 and 14.3 nm, respectivéligre 4), which was in line

This is because of the suppression of abundant nonradiativiéh the blue-shift in PL resultsA well-dened cubic
combination centers formed during aging. structure with a lattice spacing of 0.62 nm was observed in the
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Figure 5.High-resolution XPS spectra of Cs 3d, | 3d, Pb 4f, and S 2f of the fresh and fresh-treafdasCsPbl

Figure 6.(a) Colloidal solutions of the fresh and fresh-treated-60 QDs under daylight and UV light. (b) Stability of the PL intensity over time. (c
Normalized XRD patterns after the storage of the fresh and fresh-treated-60 @Dentatirdes.

high-resolution (HR) TEM images of both the fresh and fresh- The aged QDs became larger after prolonged storage, and
treated QDs Rigure ). The sizes of the QDs slightly their corners became rounded. This was attributed to the loss
decreased after the passivation treatment, therebyingn of the Ilg.ands from the surface of Fhe QDs that resulted in

h | of diative def ¢ h ; Th aggregation and phase transformation. The sizes of the aged
the removal o nana |at|ye € e_CtS rom t € sur ace._ €3hd regenerated QDs were 21.6 nm (lattice spacing = 0.617
results were consistent with the increase in the full width @m) and 20.4 nm (lattice spacing = 0.63 nm), respectively.
half-maximum (fwhm) of the XRD peaks from 0.81 to 0.85.Marronnier et al. reported that when thehase with the
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Pn8m space group transformed to thghase with thBbnm Moreover, this passivation could protect the surface of QDs
space group, the decrease in the lattice constants corresponidech humidity because of extremely low solubility of PbS
to the decrease in the lattice spacirkhis indicated the compared to Pht® Thus, the PL loss was successfully
occurrence of phase transformation during aging. The decreddgbited. Furthermore, with passivation, the lifetime reduced
in the size of the QDs after the treatment with S-OLAfrom 68.1 to 51.3 ns after aging while a remarkable decrease
corresponded to the blue-shift in the PL position. Thidrom 61.6 to 5.1 ns was observed in fresh Q&g S)L
observation was consistent with that in a previous repoityithout passivation, the native ligand easily desorb from the
where the size of the perovskite decreased under vigorausface leaving the surface trap states as nonradiative defects
stirring in the presence of ligatid$>® The spacing between resulting in degradation of the optical properties of colloidal.
the QDs not only became more uniform but also increasefind without the protection of the ligand shell, the moisture
after the treatment with ®LA. This indicated the absorption easily comes in contact with QDs, causing phase transition.
of new ligands on the surfaces of the QDs. The results of the

EDS mapping of the fresh-treated Gs®Bls (Figure 4) CONCLUSIONS

elucidated the interaction between S-OLA and the surfacest{e signicant impact of the ligands and the surface defects on

the QDs. 5 was evenly distributed with Pb in the CsPbl the PL emission from CsPIDs was investigated in the

crystals. This indicated that the strongity between S-OLA  present study. A facile surface passivation treatment using S-

and Pb resulted in the binding of S-OLA with Pb on thepLA was conducted to eliminate the surface defects of the

surfaces of the QDs. Size distribution histograms of freshspby QDs, thereby increasing the PLQY of the QDs from

fresh-treated-60, aged, aged-treated-80; QéPbare shown 52 39 to 82.4%. The treatment wastéve for both the fresh

in Figure S6 _ and aged samples, and it increased the PL emission lifetime
XPS analysis was conducted using the fresh and fresh-tregi@fout disrupting the crystal structure. The suppression of the

QDs to elucidate the bond and valence states of the elemefiifinescence quenchingep time in a highly humid

in the CsPRIQDs before and after passivatiogure Shows  environment indicated the adequate passivation of the surfaces

the high-resolution XPS spectra of Cs 3d, | 3d, Pb 4f, and S @pthe QDs. The S-OLA ligands werecéively anchored to

that were calibrated with C 1s. The Pb 4f and | 3d peakghe CsPhj QDs via PbS bonds after the passivation.

shifted to higher binding energies in the XPS spectra of thherefore, the ligand loss and the agglomeration of the QDs

fresh-treated CsRHDDs as compared to those in the XPS ere prevented; the CsPHDD solution can retain its

spectra of the fresh QDs after the incorporati0n2 of S yorescent phase for more than three months.

However, no peak shift was observed for Cs 3d. The peaks in

the Pb 4f spectrum that corresponded to the affd 4f), ASSOCIATED CONTENT

oxidation states of Pb shifted from 137.9 to 138.3 eV and 142.8 Supporting Information

to 143.1 eV, respectively. This shift could be caused by thee 5ypporting Information is available free of charge at

formation of stronger ionic bonding betweéh & $ °° . - -
The peaks in the | 3d spectrum that corresponded toghe 3d https://pubs.acs.org/doi/10.1021/acsphotonics.0c01952

and 3d,, oxidation states of | shifted from 618.7 to 618.9 eV Figures showing the evolution in the PL intensity of the
and 630 to 630.3 eV, respectively. These shifts were ascribed to CSPbi QDs following the treatment with 60 of S-

the adjustment in the chemical bonding betwedraft | OLA, the PL intensities of the fresh perovskite QDs with
owing to the incorporation of SThe presence of the S 2p di erent amine-assistetl &eatments, the absorption
peak at 158.8 eV was detected in the treated sample. This Spectra of the aged and aged-treated 3Pk} and
suggested the formation of thé®B bond that was consistent the XRD patterns of the fresh CgRIDs with dierent

with the results of EDS mapping. amounts of S-OLAPOR

The fresh and fresh-treated CsBI solution was stored
in air, and the variation in the relative PL intensity with time  AUTHOR INFORMATION
was recorded. Thus, the stability of the colloidal {£33BklI Corresponding Authors

was determined. The PL intensity of the fresh_QD solution guyet Van Le Institute of Research and Development, Duy
decreased by 30% after 1 day; subsequently, it decreased t05, University, Da Nang 550000, Vietramgid.org/

20% and 5% of the initial intensity after 7 and 15 days, 0000-0002-4313-301&mail:levanquyet@dtu.edu.vn
respectivelyHigure 6). New dgfects were formed owing to Sang Hyun Ahn School of Chemical Engineering and
the loss of the OLA and OA ligands from the surfaces of the  paterials Science Chung-Ang University, Seoul 06974

QDs. The PL intensity of the treated CsRi)s decreased to Republic of Korea;orcid.org/0000-0001-8906-5908

92% of the intensity of the fresh QDs after 7 days, before gmail:shahn@cau.ac.kr

leveling o at approximately 80% of the initial intensity. Atotal g4 Young Kim Department of Materials Science and

of 30 days of storage under the ambient conditions induced the Engineering, Institute of Green Manufacturing Technology,

transformation of the fresh CsRDDs to the yellow phase; Korea University, Seongbuk-gu, Seoul 02841, Republic of
however, the fresh-treated QDs remained in the black phase kqrea: orcid.org/0000-0002-0685-7991

(Figure @) with only a 20% decrease in their PL intensity Email:sooyoungkim@Kkorea.ac.kr

(Figure 8). The black phase of fresh-treated QDs was stable

for more than three months before transforming to yellovhuthors

nonperovskite phase. These results indicated that the S-OLAKIim Anh Huynh School of Chemical Engineering and
complex was ectively absorbed on the surfaces of the QDs, Materials Science, Chung-Ang University, Seoul 06974,
unlike that for OLA/OA, owing to the strongnéity between Republic of Korea

S and Pb. This suppressed not only the ligand loss from theSa-Rang Bae Department of Materials Science and
surfaces of the QDs but also the formation of new defects. Engineering, Institute of Green Manufacturing Technology,
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