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ABSTRACT

Tin halide perovskites are among the candidates for replacing lead-based ones for less toxicity and comparable optical properties. However,
stability remains a challenge due to the easier oxidation of Sn*" than Pb*". Here, for the first time, we applied the ligand-assisted reprecipita-
tion method to synthesize CH(NH,),Snl; (FASnI;) orthorhombic perovskite nanocrystals with an average diameter of 7.7 nm and a photolu-
minescence emission at 825+ 2nm (1.5eV). The influence of synthesis parameters, including precursor solvent, precipitation media,
temperature, and time on optical properties of nanocrystals, was studied. By incorporating SnF,, the stability of the nanocrystals was
improved, and the oxidation from FASnI; to FA,Snls was significantly delayed, which was quantitively demonstrated and confirmed by
observing the characteristic diffraction peaks of the perovskite phase using x-ray diffraction at various exposure time to air. The addition of
SnF, is optimized to be 6%. The FASnI; nanocrystals stayed stable for at least 265 days under N, storage at room temperature and relative

humidity of 20%.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125100

Lead halide perovskite nanocrystals (NCs) have emerged as a
promising member of nanostructure materials for applications in solar
cells,' light-emitting diodes,” photodetectors,3 and solid-state lasers.”
Possessing tunable optical and electrical properties, they exhibit bright
exciton triplet states,” narrow-band superfluorescence,”” defect toler-
ance, enhanced phase stability, and a photoluminescence (PL) quantum
yield as high as 100%.”%” However, potential leakage of Pb into the
environment after long deployment could hinder the commercialization
of perovskite technology. Thus, strong research efforts have been carried
out to synthesize lead-free perovskite materials that retain optoelectronic
properties like their lead counterparts. So far, several ions have been
employed to replace Pb>" in perovskite structures, such as Bi’*, Sb>*,
Sn>*, and Ge?*, etc.'O Among them, only Sn and Ge can form the
traditional perovskite structure because they both fulfill the ion size
(Rpy+ = 1.19A, Rgpr = 118A, and Rger = 0.73 A), coordination,
and charge balance prerequisites (electron configuration of ns’np?)."”
Similar properties and crystalline structures are expected for these Pb-
free candidates. Ge-based perovskites have rarely been experimentally
investigated for solar cells due to poor chemical stability of Ge** as

compared to Sn**, and the limited solubility in polar solvents.'® Sn-
based perovskites are thus expected to be more promising to be stable
Pb-free perovskites. Additionally, they show wider range of bandgaps
(1.2 to 3.69 eV) allowing for a better coverage of the solar spectrum,'”
lower exciton binding energies (~18meV),'” and high carrier
mobility."*

Compared with methylammonium (MA) and Cs perovskite ana-
logs, the pristine FASnI; has established itself as a bright alternative
due to its attractive features, such as better thermodynamic, moisture,
and air stability. Specifically, FASnI; shows higher formation energy of
Sn vacancy, better tolerance for O, than MASnI;, and higher thermo-
dynamic stability of the corresponding oxidized product FA,Snls over
MA,Snl,, which make Sn®>" in FASnI; less likely to be oxidized.'™"”
Unlike CsSnl; perovskite, whose phase changes with temperature and
yellow non-perovskite phase is more stable at room temperature
(RT),”””" the FASnI; maintains a stable perovskite phase over a broad
temperature range up to 200 °C.”” Thus, the FASnI;-based perovskite
solar cells have shown improved reproducibility. Until now, the most
efficient Sn-based perovskite solar cells have used the FASnI; thin-film

Appl. Phys. Rev. 10, 011404 (2023); doi: 10.1063/5.0125100
Published under an exclusive license by AIP Publishing

10, 011404-1



Applied Physics Reviews ARTICLE

as an absorber (power conversion efficiency, PCE > 12%).'*”

Although several structures have been well studied in the A-Sn-X
perovskite series, only a few are in the form of colloidal NCs. The first
colloidal synthesis of Pb-free perovskite nanocrystals of CsSnX; was
reported in 2016 followed by hollow nanocages CsSnBr; in 2017.°*
MASnBr; I, (x=0, 1, 2, and 3) NCs as light-harvesting material for
photovoltaic solar cells were proposed in 2018 and yielded a maximum
PCE of 0.321%.°° However, to date, all the Sn-based perovskite
research is based on the hot-injection method, which requires a higher
reaction temperature limiting cost-effective mass production. The
ligand-assisted reprecipitation (LARP) approach, which can be carried
out at RT, has not been used for Sn-based perovskite NCs synthesis,
and thus, a detailed understanding of the interplay of different synthe-
sis parameters is needed.

Additionally, compared to the lead counterpart, Sn-based perov-
skites are rather unstable in the presence of air. It is mainly ascribed to
the easy oxidation process (Sn*" — Sn*"), even though the preparation
and fabrication processes are performed under carefully controlled con-
ditions in a glovebox with only a few parts per million (ppm) level of
water and oxygen (<10 ppm). The oxidation in the perovskite leads to
collapse of the crystal structure, higher carrier densities due to introduc-
tion of two extra electrons, and short diffusion lengths because of the
resulting high trap density.”””” Adding SnF, into a precursor solution
has been highlighted as the effective approach in Sn-perovskite thin-
films to suppress the oxidation of Sn*", prevent moisture ingress, and
reduce the trap state as well as Sn vacancy concentrations.'*** Such
improvement is attributed to F~ ions because they form a stronger
interaction with Sn*", being a strong electron-withdrawing element
group.”” The FASnI; film treated with SnF, showed longer photolumi-
nescence (PL) lifetime than that of the film without SnF,, indicating the
suppression of oxidation of Sn*".*’ It was observed that carrier densities
in FAy,5MAg,sSnl; reduced from 10%° to 10" cm™> upon the addition
of SnF, possibly due to the increase in the formation energy of Sn
vacancies.”””" Despite adding SnF, to promote Sn-perovskite stability
commonly practiced in FASnI; bulk materials, it has not gained success
in colloidal NCs synthesis. It is likely due to practical limitations, such as
the insolubility of SnF, in nonpolar solvents which are used in the hot-
injection method.” This leaves a clear need to explore the LARP
approach, through which SnF, can be dissolved in the polar precursor
solvent, making it possible to understand the impact of SnF, on NCs
structure and stability.

Herein, we synthesized FASnl; orthorhombic perovskite NCs
using the LARP method at RT for the first time. We presented a com-
prehensive study of the synthesis parameters that influence NCs for-
mation and their optical properties. The synthesized FASnI; NCs with
co-ligands oleic acid (OA) and oleylamine (OLA) showed an average
size of 7.7nm and a stable PL emission at 825+ 2nm (1.5eV). We
present a thorough investigation of the structural transformation from
FASnlI; to FA,Snls upon exposure to air and the impact of SnF, on
the stability of NCs stored under N, and ambient environments over
extended periods. To identify the amount of SnF, needed to slow
down the oxidation of Sn*" and explore the potential unwanted effects
of excess SnF,, a varied amount of SnF, (3.5% to 15%) was examined.
NCs with SnF, stayed stable over 265 days under N, storage at RT and
relative humidity (RH) of 20%. We optimized the optical properties by
varying the precursor solvent, precipitation media, synthesis tempera-
ture, and reaction time. Additionally, the conventional LARP method
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was compared with the split-ligand reprecipitation (SLRP) method
under the same synthesis condition. The NCs prepared by the LARP
approach exhibited better PL performance, improved crystallinity, uni-
form size distribution, and well-defined shape. Moreover, with LARP,
a vastly reduced organic ligand concentration was used during synthe-
sis compared to SLRP. The reduced amount of ligand will be beneficial
to allow better charge transport through the accompanying layers in a
solar cell structure.

Generally, Pb-based perovskite NCs via the LARP approach can
be synthesized with precursor molarity of 0.03-0.6 M.” * Here, the
molarity of formamidinium iodide (FAI) and Snl, was varied from 0.4
to 0.7, 0.8, 1, 1.3, 1.6, and 1.8mol/L in N, N-dimethylformamide
(DMEF), and the amount of ligands was adjusted accordingly to keep
the volume ratio of 0.075 (OLA):1.5(0OA):1(DMF). We observed that
when the molarity < 0.7 M, the FASnI; NCs did not crystalize as read-
ily as the Pb-based perovskite. When 0.7 M < molarity < 1.3 M, the PL
spectra of FASnI; blueshifted as the precursor concentration decreased,
and the PL emission became broader, indicating the formation of NCs
with non-uniform size distribution. The maximum PL intensity was
observed for 1.3 M. While for molarity > 1.3 M, the growth of perov-
skite NCs was not favored as reflected from the same PL peak position
but lower intensity [Figs. 1(a) and S1].7° We determined the concentra-
tion of the precursor solution to be the key determinant of Sn-based
perovskite NCs formation. Thus, the optimized precursor molarity of
1.3 M was employed for all other synthesis conditions.

The LARP synthesis of FASnI; NCs was accomplished by dis-
solving FAI, Snl, in “good” solvent with OA and OLA, followed by
injecting the mixture into a vigorously stirred poor solvent. To dimin-
ish the formation of the SnI,~-DMF intermediate phase and possible
oxidation, the precursor solution was freshly prepared.”” A dark
brown colloidal solution formed immediately after injecting the pre-
cursor solution into the poor solvent, indicating the formation of the
perovskite. The co-ligands controlled the crystal size down to the
nanoscale and enabled the dispersion of NCs in nonpolar solvent
through surface functionalization (Fig. S2). In this method, the extrac-
tion process depends on the miscibility between the solvents, which
significantly decides the degree of supersaturation and formation of
NCs.” Therefore, we studied the influence of good and poor solvents
followed by the effects of other synthesis parameters.

Generally, perovskite materials are soluble in a polar aprotic sol-
vent.'””” Encouraged by the previous experiment, we compared DMF,
dimethylsulfoxide (DMSO), y-butyrolactone (GBL), and 1-methyl-2-
pyrrolidone (NMP) as precursor solvents, respectively. As shown in
Fig. 1(b), perovskite precursors dissolved fastest in DMF than GBL,
NMP, and DMSO sequentially. After perovskite materials were fully
dissolved, a clear yellow solution formed in DMF, DMSO, and NMP,
but opaque solution in GBL. After introducing the ligands, the precur-
sor solutions in DMSO and GBL appeared to be stratified possibly
related to poor miscibility between OA and solvents [Figs. 1(b) and
S3]. As demonstrated in Fig. 1(c), the PL maxima of the NCs synthe-
sized in DMF and NMP was at 823 nm. The PL intensity was the high-
est when preparing NCs in DMF. However, we observed a redshift of
the PL spectra for GBL as the precursor solvent and no PL emission
for DMSO around the PL maxima observed for other solvents. This
can be related to the different solvent affinity to precursor ions. If the
solvent strongly coordinated with the ions, the interaction of ions
among each other would be hindered, and the formation of stable
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FIG. 1. (a) Normalized PL spectra of FASnl; NCs synthesized from the precursor solution of different concentrations. (b) Precursor solutions prepared in DMF, DMSO, GBL,
and NMP from the left to the right, each shown in three different stages. (c) Comparison of the PL spectra of colloidal FASnl; NCs in toluene synthesized from DMF, NMP,
GBL, and DMSO as precursor solvents. The inset shows photos of colloidal solutions in ambient light. (d) Digital photograph of FASnl; NCs synthesized in different “poor” sol-
vents: chlorobenzene (CB), chloroform (CF), p-xylene, hexane, methyl acetate (MeOAc), octane, and diethyl ether (DE) from the left to the right and (e) their corresponding
XRD patterns. For the NCs prepared in hexane and octane, the crude solution was collected with a small amount of precursor solution (<130 ul in octane, and <50 ul in hex-
ane) to avoid non-fluorescent yellow precipitate formation. The histograms on the bottom of the graph refer to the theoretical XRD spectra of FASnI3. (f) Comparison of the PL
spectra of colloidal FASnl; NCs synthesized from different poor solvents with DMF as the precursor solvent.

intermediate phase would be promoted. Thus, the desired perovskite
structure may not form. Based on the experience of Pb-based perov-
skite, these four solvents are expected to exhibit increasing coordinat-
ing ability: GBL < NMP < DMF < DMSO." In our case, the stable
intermediate adduct Snl,- 3DMSO forms prior to the perovskite for-
mation, which retards the crystallization process during the precipita-
tion in toluene.”” Conversely, the low affinity of GBL to Sn and I ions
promoted fast crystallization and crystal growth, which coincided with
the redshift of the PL emission. To prove it, we compared DMF with

the binary solvent mixture 4(DMF):1(DMSO), and 4(DMF):1(GBL).
The NCs formed in pure DMF kept the highest PL emission, and the
GBL incorporation led to a decrease in the PL intensity (Fig. S4).
However, for the precursor solvent containing DMSO, a strong PL
quenching effect was observed with a broader, blueshifted emission.
This result confirmed that the strong solvent affinity to the precursor
ions could inhibit the formation of desired perovskites. Not introduc-
ing highly coordinating and complexing solvents is critical for synthe-
sizing Sn-based perovskite NCs.
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Next, we investigated the influence of various poor solvents on
the formation and optical properties of the NCs. Generally, poor sol-
vents are nonpolar solvents with low polarity and weak coordination
ability,‘s’38 such as aromatics, halogenated alkanes, ethers, carboxylic
acids, alkyl alcohols, and esters.”® They must be miscible with the pre-
cursor solvent and insoluble with the perovskite material. We selected
toluene, chlorobenzene, chloroform, p-xylene, hexane, methyl acetate
(MeOAc), octane, and diethyl ether (DE) as the precipitation media.
Except for MeOAG, all other poor solvents supported the formation of
NCs colloidal after a proper amount of precursor solution was injected
[Fig. 1(d)]. Their crystalline structures were confirmed by x-ray dif-
fraction (XRD) and compared with the theoretical diffraction patterns
of space group Amm?2 [Fig. 1(e)]. However, hexane and octane could
only precipitate a smaller amount of perovskite precursor material
(=130 ulin octane, and =50 ul in hexane). If more precursor solution
was injected, the precipitation process would stop, resulting in the
immediate formation of a non-fluorescent yellow precipitate changing
from dark brown perovskite phase (Fig. S5). This can be related to the
immiscibility of the alkanes with DMFE.” The best precipitation
medium was toluene by means of the highest PL emission in the col-
loidal solution [Fig. 1(f)]. P-xylene, hexane, and octane produced NCs
with the same PL peak at 823 nm. Although chlorobenzene, chloro-
form, and DE also supported the formation of NCs, the as-synthesized
NCs exhibited low PL intensity and poor colloidal stability,
which slowly precipitated. This is ascribed to the larger particle size
(Duve = 12.8 £ 2.8 nm) as reflected in the redshifted maximum emis-
sion at 829 nm [Fig. 1(f), right panel, Fig. S6]. Here, the experimental
results strongly suggest that the polarity difference between the poor
solvent and DMF determines the degree of supersaturation.
Specifically, adding a small volume of precursor solution containing
polar DMF (relative polarity: 0.386) into nonpolar toluene (0.099),
p-xylene (0.074), hexane (0.009), and octane, a higher degree of super-
saturation is attained, which triggers the nucleation burst and growth
concurrently. Whereas the degree of supersaturation in slightly “polar”
chloroform (0.259), chlorobenzene (0.188), and diethyl ether (0.117)
might be below a threshold limit to promote the growth of perovskite
nanocrystal. So, the low PL intensity and large particle size of NCs syn-
thesized from chlorobenzene, diethyl ether, and chloroform are closely
correlated with the polarity of the solvent mixture (precursor and poor
solvent) and, therefore, lower degree of supersaturation. The best pho-
toluminescence quantum yield (PLQY, max 0.09%) was achieved
using DMF and toluene with 6% SnF,, which is comparable with the
highest PLQY (0.14%) of CsSnX; NCs using the hot-injection
approach.”* The low PLQY is attributed to the low defect formation
energy and nonradiative defect in Sn-based perovskites. The detailed
data of the PL spectra [peak position, full width at half maximum
(FWHM), and PLQY] acquired using different synthesis parameters
are summarized in Table S1.

Other effects, including synthesis temperature and time on the
formation of NCs, were studied and are discussed in the supplemen-
tary material with toluene and DMF as the poor and precursor sol-
vents, respectively. They caused a negligible change in the PL spectra
except for 0°C, which showed reduced PL intensity (Fig. S7). Thus,
for convenience, all the syntheses were carried out at RT with vigorous
stirring for less than 1 min.

As reported in the previous studies, splitting ligands, such as add-
ing OA separately into the poor solvent, can induce a polar nucleation

scitation.org/journal/are

environment for NCs for improved stabilization and precipitation.""**

Thus, we compared the SLRP method with the conventional LARP
approach under the same synthesis condition. For the SLRP approach,
the amount of OA in toluene was optimized until a maximum PL
emission was reached. The NCs synthesized via the SLRP method
crystallized into the orthorhombic structure (Amm?2 space group) and
exhibited similar PL peak but much lower intensity [Figs. 2(a) and
2(b)]. The transmission electron microscopy (TEM) images of the
NCs via SLRP showed both spherical and orthorhombic shapes with
an average diameter of 7.1 = 1.8 nm [Figs. 2(c) and 2(d)]. Apparently,
the SLRP approach was not beneficial in producing NCs with better
optical properties or crystalline structure than the LARP method.
Moreover, a larger amount of OA was used during the SLRP synthesis
compared to the LARP process, which could be problematic for charge
transport in NCs thin-film manufacture.

The major challenge for the stability of Sn-based perovskite is
easier oxidation of Sn*" to Sn** than that of Pb** to Pb*" during syn-
thesis, storage, or after exposure in air. The low redox potential of
Sn*"/Sn*" = 0.15V compared to 1.67 V of Pb>*/Pb*" is responsible
for this.”® The formation of Sn** leads to the p-type self-doping in
perovskites, which generates numerous Sn vacancies with increased
background carrier (hole) density leading to rapid carrier recombina-
tion.'® Therefore, suppressing Sn>" oxidation is critical for achieving
better device efficiency. In bulk Sn-based perovskites, one way to mini-
mize oxidation is by using excessive SnX, (X = Cl, L, F, etc.).”’ ** SnF,
is the most common additive, which serves as an excessive Sn source
for Sn vacancy, and provides a reducing environment (a more negative
potential).”® Thus, we incorporated SnF, into the precursor and inves-
tigated its effects on the stability of FASnI; NCs.

FAL Snl,, and SnF, powders were dissolved in DMF in molar
ratios of 1:1:x, respectively, where x= 0%, 3.5%, 6%, 11%, 15%
*+ 0.5%. SnF, is insoluble in nonpolar solvent and shows low solubility
in polar solvent, but it was readily dissolved if mixed together with
FAI and Snl,. The precursor solution without SnF, changed from yel-
low to light orange within 3 h in the glovebox, while the precursor
solution containing SnF, remained yellow overnight or longer. This
suggested improved stability of the precursor solution with the addi-
tion of SnF, and motivated us to investigate whether the stability of
NCs thin-films could be enhanced as well.

Figure 3(a) confirmed that FASnI; NCs with and without SnF,
all crystallized into orthorhombic structure (Amm?2 space group), and
the presence of strong peaks associated with FASnI; perovskite sug-
gested good crystallinity. No unreacted FAIL Snl,, SnF,, or decomposi-
tion products, such as SnO,, were detected in the XRD spectra.
Incorporating SnF, into FASnl; did not lead to any new or character-
istic SnF, peaks or peak shifts in the respective XRD spectra. This may
suggest that (a) F~ did not replace I" in perovskite structure due to
the large ionic radii difference between F (1.33 A)and I (22 A) and
(b) no fluoride crystalline phase exist in the NCs.

To elucidate the role of SnF,, SnF,-free and SnF,-containing
FASnI; NCs films were structurally analyzed by successive XRD scans
at various exposure times (30 to 105 min) to ambient air (25 °C, RH of
~55%). The XRD spectra in Fig. 3(b) confirmed the trend of gradual
oxidation from FASnI; to FA,Snlg. The SnF,-free and SnF,-contain-
ing samples all exhibited single phase orthorhombic structure for at
least 30 min exposure. When the exposure time was longer than
30 min, the NCs film with 0% and 3.5% SnF, underwent faster, by
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approximately a factor of 2, and significant oxidation to FA,Snl; as
reflected from the appearance of a new peak at 12.4 °. For the NCs
containing > 6% SnF,, the orthorhombic phase dominated for much
longer time in air. We barely observed the oxidation occurring to the
NCs with 15% SnF, as shown in the XRD spectra taken even after
80 min exposure to air. The results confirmed that the addition of
SnF, significantly delayed the oxidation of Sn**, which is quantitively
demonstrated in Fig. 3(c). Less FA,Snls-related peaks were observed
in the XRD spectra within the same scan period as more SnF, was
introduced. Thus, incorporation of SnF, allows significant time to
form the NCs thin-film and accompanying charge transport layers
without degradation.

Second, we tested the stability of the NCs themselves in the col-
loidal solution. For this test, a portion of the stock solution, which was
synthesized on day 1 and stored in the glovebox at RT and RH of 20%,
was taken to form the NC film in the glovebox before each XRD scan
carried out on different days (details in the supplementary material).
The XRD of SnF,-containing NCs barely showed deviation from
the characteristic FASnl; after 265 days of storage (Fig. S8). However,
the SnF,-free NCs started to degrade before 20 days as evident from
the diminishing peak intensities and appearance of a new peak at
25.8° of Snl,. The incorporation of SnF, improved the stability of
FASnlI; NCs, making it possible to store the colloidal NCs under N,
without degradation for several months. Additionally, the NCs con-
taining 3.5% SnF, prepared via SLRP also stayed stable for >150 days
of storage under N, (Fig. S9).

Figure 4(a) shows the normalized PL emission of FASnI; NCs
with and without SnF,. The SnF,-free NCs showed PL emission at
823 nm with a FWHM of 49 nm. While adding SnF,, a slight continu-
ous redshift to 825nm (3.5% and 6% SnF, NCs) and 832nm (11%
and 15% SnF, NCs) was observed. The PL redshift with SnF, has pre-
viously been observed in the Sn-perovskite thin-film.'**” In our case,
the likely reason for the PL spectral redshift of NCs with SnF, is their
slightly larger crystal size due to the addition of F~ as evidenced by the
average diameter of 12.8nm for NCs-11% SnF, obtained by TEM
imaging (Fig. S10), which is larger than 7.7 nm of NCs-6% SnF, [Fig.
4(b)]. Additionally, facile precipitation was observed within 1 h in
NCs with excess (11% and 15%) SnF, (Figs. S11 and S12). The PL
emission of FASnI; NCs was not affected by less SnF, content, but the
higher concentration of SnF, (>6%) led to a drop in the PL intensity
and the corresponding PLQY (Table S1). Therefore, we conclude that
the FASnI; containing 6% SnF, was optimal in terms of improving the
stability of FASnI; NCs without sacrificing PL emission and colloidal
stability. Figure S13 shows the optimal UV-Vis and PL of FASnI;-6%
SnF, NCs synthesized under optimized conditions, and the bandgap
was determined from the Tauc plot as 1.53 eV (810 nm).

The individual NCs of FASnI;-6%SnF, showed an average size of
7.7 = 1.1nm [Figs. 4(b) and 4(c)]. Interestingly, the monodispersed
NCs prepared via the LARP method exhibited better defined ortho-
rhombic structure and more uniform size distribution than NCs
through the SLRP approach [Figs. 2(c) and 2(d)]. The slightly bigger
size of NCs from LARP could be attributed to the reduced ligand
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FIG. 3. (a) Comparison of the XRD patterns of freshly made SnF,-free and SnF,-containing NCs thin-film samples. (b) XRD patterns of SnF,-free and Sn-containing FASnl3
NCs films as a function of the exposure time to air. FA,Snlg peaks are labeled as *. (c) Phase distribution based on the XRD analysis of the FASnl; NCs samples with and

without SnF; as a function of the exposure time to the ambient air.

environment during synthesis. The higher PL intensity, improved influence of various synthesis parameters on the resulting optical and
crystallinity, and less ligands in the colloidal NCs synthesized using structural properties. Highly crystalline and stable colloidal NCs
the LARP method made it more practical than that synthesized via resulted when using 1.3 M precursor solution in DMF and toluene as
SLRP. a precipitation medium. Temperature (<80°C) and reaction time

In summary, we successfully applied the LARP approach to syn- (<10 min) showed no significant effect on the optical properties of
thesize orthorhombic FASnlI; perovskite NCs and evaluated the FASnI; NCs. The LARP approach was proven to be more suitable

Appl. Phys. Rev. 10, 011404 (2023); doi: 10.1063/5.0125100 10, 011404-6
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FIG. 4. (a) PL spectra of SnF,-free and SnF,-containing FASnI; perovskite NCs. (b) and (c) TEM image and the size distribution histograms of FASnI3-6%SnF, nanocrystals.
The inset in the bottom right corner is a zoomed-in image with a scale bar of 10 nm. The TEM images and size distribution were based on >100 particles of FASnl; NCs.

than the SLRP method for producing NCs of better PL performance
NCs and crystallinity. The optimal NCs exhibited stable PL emission
maximum at 825+ 2nm and an average diameter of 7.7 = 1.1 nm.
The stability of NCs in air was significantly improved by incorporating
SnF, into the precursor solution. The SnF, did not change the crystal
structure but significantly delayed the oxidation of Sn*" in the air.
Additionally, the NCs containing SnF, were found to be stable for
over 265 days under an inert storage with RH of 20% at RT. However,
SnF,-free NCs showed significant decomposition after 20 days.
Moreover, the incorporation of SnF, up to 6% improved stability with-
out making adverse changes in the optical properties suitable for solar
cell application.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional XRD and charac-
terization data.
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