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ABSTRACT: Due to the toxicity of lead, searching for a lead-free halide perovskite
semiconducting material with comparable optical and electronic properties is of great interest.
Rare-earth based halide perovskite represents a promising class of materials for this purpose. In
this work, we demonstrate the solution phase synthesis of single-crystalline CsEuCls nanocrystals
with a uniform size distribution centered around 15 nm. The CsEuCls nanocrystals have
photoluminescence emission centered at 435 nm, with a full width at half maximum (FWHM) of
19 nm. Furthermore, CsEuCl; nanocrystals can be embedded in a polymer matrix which provides
enhanced stability under continuous laser irradiation. Lead-free rare earth cesium europium halide

perovskite nanocrystals represent a promising candidate to replace lead halide perovskites.

KEYWORDS: rare earth; nanocrystals; blue emission; lead-free halide perovskites

Lead-based halide perovskites APbX3 (A= CH3NH3, CH(NH>),; X = Cl, Br, I) have emerged
as a promising class of semiconducting materials for optoelectronic applications because of their
long carrier diffusion length, high absorption coefficient, and bright photoluminescence property,
especially the wide band-gap tunability and high defect tolerance.!* Lead halide perovskites are
comparable in optoelectronic performance to conventional semiconductor technology, yet, they
can be synthesized via solution-based methods, making their fabrication versatile and low-cost.
However, the toxicity of lead and the poor stability against moisture/heat in metal halide
perovskites are two main challenges that need to be addressed.’ Recently, the stability of the lead
halide perovskite has been improved by replacing the organic A site cation with an inorganic cation

such as Cs* or Rb*, leading to an all inorganic halide perovskite.



Compared to the bulk counterpart, halide perovskite nanocrystals have shown improved
optical properties due to larger exciton binding energy, stronger excitonic absorption, and thus,
higher photoluminescence quantum yield at room temperature.” Many efforts have been devoted
to synthesizing different lead halide perovskite nanostructures.®!! However, the toxicity of lead is
still an on-going concern for various applications such as photovoltaics and color-tunable light

emitting diodes (LEDs).

To develop the lead-free halide perovskites with comparable optoelectronic performance is
desired. Tin (Sn), with a similar valence configuration and ionic radius, was the first candidate to
replace Pb.!? However, the tin-based halide perovskites degrade fast in ambient air due to the ease
of oxidation of tin from Sn** into Sn**.!>1* Direct synthesis of Sn** halide perovskites nanocrystals
also present poor performance.' Double perovskite (A2MM**X¢) and layer perovskite (AsM>*,Xo)
are another two types of lead-free halide perovskites. However, the double perovskite Cs2AgBiXe
(X=Cl, Br) nanocrystals presented weak photoluminescence due to their indirect band gap nature.
16.17 In addition, lead free Cs3BiBro and Cs3SbyBry perovskite nanocrystals exhibited strong
photoluminescence (4.5%-46% quantum efficiency) while with broad full width at half maximum
(FWHM) of 40-50 nm.'®2° Therefore, lead-free perovskites with strong photoluminescence and
narrow FWHM are needed to develop for better optoelectronic applications, such as high

resolution and vivid display.

Rare earth halide perovskites, for example europium halide perovskite and ytterbium halide
perovskite, are considered as promising lead-free perovskite candidates due to their luminescence
properties reported previously.?!”>* The hybrid europium halide perovskite (C4HoNH3)2Euls bulk
crystal and the all inorganic CsEuBr; bulk crystal have shown strong blue emission with narrow

FWHM of 25-35 nm, indicating that europium halide perovskites are potentially exciting new



materials for light emission.?"> 2> However, the europium halide perovskites bulk crystals
synthesized via solid-state methods have limitations in controlling their uniformity and
morphology. Colloidal synthesis of rare earth halide perovskite could potentially provide improved
uniformity and tunable morphology. Lately, there are studies on the synthesis of Eu** doped CsBr
nanocrystals and CsEuBr3 nanocrystals, however, pure phase cesium europium halide perovskite
still challenges. 2*2°The low solubility of the rare earth precursors and potential oxidation of low-

valence rare earth ions make such a method challenging.

In this work, we demonstrate the solution phase synthesis of cesium europium halide
perovskite nanocrystals and have studied their unique optical properties. Furthermore, we
embedded these CsEuClz nanocrystals in a poly(methyl methacrylate) matrix and tested their
stability under continuous laser irradiation. This work offers a promising alternative to lead-based
halide perovskites including promising optical performance, enhanced stability and decreased

toxicity.

Before we synthesized the CsEuX3 nanocrystals, we found that the required precursors such
as EuCly, are difficult to dissolve in non-polar solvents. Adding the traditional surfactant ligands
such as oleic acid (OlAc), oleylamine (OlAm), and trioctylphosphine (TOP), used in lead-halide
perovskite synthesis, negligibly increases the solubility of the rare earth precursors. Moreover,
Eu?" can be oxidized into Eu** with direct exposure to air. Eu?>" also has a strong tendency to bind

with solvent molecules present,’® impeding the formation of perovskite.

To overcome these issues, we used EuCls as an initial precursor and firstly reduced Eu** to
Eu?" using oleylamine as a reagent. This reducing protocol was demonstrated by previous study

of synthesis of EuSe and EuS nanocrystals?”> 2® Cesium oleate was then injected into a non-



coordinating solvent, such as octadecene, along with the first-step obtained Eu?" precursor in the
presence of OlAc and TOP at 250 °C (Fig. 1a). After 45 min the reaction was quenched using an
ice-water bath. The obtained solution was transferred to an Argon glovebox. More experimental
details can be found in the supplementary information (SI). The crystal structure of these
nanocrystals was confirmed by XRD. A sample of the as synthesized product was loaded into a
capillary tube for measuring in-solution XRD. The resulting XRD matched well with the standard
pattern of CsEuCl; (tetragonal, PAmm, PDF#01-084-0484, a=b=5.59 A, c=5.62 A) (Fig. 1b, ¢). It
is difficult to distinguish the tetragonal and cubic (Pm-3m, PDF#01-075-1838, a=b=c=5.62 A)
phases due to the peak broadening of the small size of nanocrystals and the minor difference of
XRD patterns of these two phases. The lattice constants of (100), (110) and (111) crystal planes

are 5.59 A, 3.95 A and 3.23 A, respectively, based on the tetragonal phase.
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Figure 1 (a) Schematic of CsEuClz nanocrystal synthesis. (b) Scheme of extended unit cell of

CsEuCls. (¢) XRD pattern of CsEuCls; nanocrystals (top) and standard XRD pattern of CsEuCl;

(bottom). X-ray wavelength A = 0.775 A



Transmission Electron Microscopy (TEM) characterization was carried out to study the
morphology, phase and composition of the nanocrystals. TEM image shows that the obtained
nanocrystals are around 15 nm in diameter (Fig. 2a). Low magnification TEM images further
confirm the homogeneous size distribution of the nanocrystals (Fig. S1). The phase of the
nanocrystals was further characterized by Selected Area Electron Diffraction (SAED). Due to the
weak signal from the individual single nanocrystal, we selected a large area with multiple
nanocrystals and took the electron diffraction image. The diffraction pattern presents several rings
rather than individual dots, resulting from the different orientations of nanocrystals. The clear
diffraction rings from the (110), (200), (211) and (220) crystal planes of the CsEuCl; tetragonal
phase were observed, which is consistent with the XRD result (Fig. 2b). From High Resolution
TEM (HR-TEM) and the corresponding Fast Fourier Transform (FFT), it is clear that the
nanocrystals are single-crystalline (Fig. 2¢ and Fig. S2). The FFT and XRD both confirm a lattice
constant of 0.56 nm, consistent with the lattice spacing of (100) plane of CsEuCls. Energy
Dispersive Spectroscopy (EDS) mapping demonstrates uniform distribution of Cs, Eu and Cl in
the nanocrystals, and EDS quantification reveals a composition ratio of 18.4:20.2:61.4, close to

the expected 1:1:3 perovskite ratio (Fig. 2d, Fig. S3 and Table S1).
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Figure 2 (a) Representative TEM image, (b) SAED pattern, (c) HRTEM and corresponding FFT

(inset) and (d) EDS mapping of CsEuCl3 nanocrystals.

The CsEuCls nanocrystals show a strong excitonic absorption at around 350 nm. The optical
band gap was estimated to be 3.09 eV from the absorption Tauc plot (Fig. 3a). The monodispersed
colloidal nanocrystals show a blue emission centered at 435 nm with a narrow full width at half
maximum (FWHM) of 19 nm (Fig. 3b). Photoluminescence excitation (PLE) measurement was
conducted at 435 nm emission wavelength and the spectrum is consistent with the absorption
spectrum, which confirms the light emission is originated from the absorption of nanocrystals. The
photoluminescence quantum yield (PLQY) of colloidal nanocrystals was calculated to be 2%+0.3%
at room temperature. To determine the photogenerated carrier’s lifetime of CsEuCls nanocrystals,
the time-resolved PL (TRPL) was conducted at the wavelength of 435 nm at room temperature.
Referring to previous studies of lead-based and bismuth-based halide perovskite nanocrystals,

TRPL decay curve usually gives the sum of non-radiative and radiative recombination rates.® %



The TRPL decay curve of CsEuCls nanocrystals was fitted to a biexponential decay function with
a short-lived non-radiative component of 4.4 ns and a long-lived radiative component of 30.9 ns
(Fig. 3¢). Power dependent TRPL spectra was also measured at 435 nm for CsEuCls nanocrystals.
The lifetime increases as the power density of the laser increases, which may indicate that free
carriers contribute to the emission (Fig. S4). The PL quenching and lifetime shortening by
comparing PL and TRPL on only CsEuCls nanocrystals thin film and introduction of an electron
transporting layer (phenyl-Ce1-butyric acid methyl ester, PCBM) on top of CsEuCls nanocrystals
thin film further suggest that the presence of free carriers contribution as the emission mechanisms,

although we may not exclude the contribution from the 4f°5d*-4f transition from Eu?* (Fig. S5

and Fig. S6).
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Figure 3 (a) Optical absorption and Tauc plot (inset) of absorption measurements of CsEuCl;
nanocrystals. Assuming direct transition, we derive a band gap of 3.09 eV. (b) Photoluminescence
(red) and photoluminescence excitation (blue) spectra collected at 435 nm. The inset picture shows
the CsEuCls nanocrystals under 365 nm UV lamp. (c) Time-resolved photoluminescence spectrum

measures the decay of photoluminescence at 435 nm.



Surface treatment has been extensively applied to improve the PLQY in halide perovskite
nanocrystals.” %32 1-butyl-1-methylpyridinium chloride was used to synthesize lead-free
antimony halide perovskite, which has strong photoluminescence.*® Inspired by those studies, we
applied 1-butyl-1-methylpyridinium chloride to passivate the CsEuCls; nanocrystals. The PLQY of
CsEuCls nanocrystals can be increased to 5.7%+0.3% and the PL peak position remain identical
after surface treatment (Fig. S7). We compared TRPL measurements for as synthesized
nanocrystals (~2.0% PLQY) and surface treated nanocrystals (~5.7% PLQY), it is clearly observed
the PL kinetics of passivated nanocrystals is slower than the non-passivated nanocrystals (Fig. S8).
The surface chemistry and passivation of the semiconductor nanocrystals would have a great
influence on their carrier lifetime; if the surface of nanocrystals well passivated, reduced surface
defects will give rise to the increased carrier lifetimes. Likely, in our case, the ionic ligand acts as
a chlorine source to substitute the chloride vacancy in the nanocrystal surface to reduce the surface
defects, thereby increasing the PLQY (Fig. S9). This is further confirmed by ligand-concentration
dependent PLQY measurements. As the ligand concentration increases from 0.01 pumol/mL to 1
pmol/mL, the PLQY also increases (Fig. S10). This could be due to an increase in surface
passivation from chlorine ions. Ionic ligands with shorter carbon chain would be easier to release
chlorine source to substitute chloride vacancy and have stronger interaction with CsEuCl;
nanocrystals, which will be expected to further increase PLQY. Besides, according to the recent
study on improving PLQY of CsPbBrs nanocrystals,** other ligands with “Cl-equivalent” effect,
which play a role similar to chlorine ions and form strong interaction with europium ions, may

also further improve the PLQY.

Rare earth ions can also act as a color center when doped into solid matrices, a topic which

has been extensively investigated for optoelectronics, photonics, sensors and biomedical



applications.®® Solid matrices doped with rare earth ions typically show large Stokes shift and long
photoluminescence lifetime. Rare earths doping into solid matrices can be readily achieved via
solid state or solution phase methods.*® 37 To distinguish the non-perovskites structure of Eu**
doped CsCl with the synthesized CsEuCls perovskites, we successfully synthesized Eu** doped
CsCl nanocrystals. These Eu?" doped CsCl nanocrystals are around 50 nm in diameter (Fig. S11a).
The doped CsCl structure is confirmed by XRD (Fig. S11b). HRTEM shows a lattice constant of
0.41 nm, which is consistent with the lattice spacing of the (100) plane of CsCl (Fig. S11c¢). The
corresponding Fast Fourier Transform (FFT) from high-resolution TEM reveals the single-
crystalline nature of the CsCl nanocrystals. Furthermore, EDS mapping clearly shows that Eu is
homogeneously distributed in the nanocrystals, and EDS quantification indicates a doping level of
around 1.3% (Fig. S12, S13 and Table S2). The doping percentage of Eu reported here is with

respect to the total number of atoms, i.e. Cs, Eu and CI.

Unlike CsEuCls perovskite, Eu** doped CsCl nanocrystals show PL emission centered at 445
nm with a FWHM of 30 nm (Fig. S14a). This emission originates from the 4{°5d'-4f’ transition
of Eu*" instead of the band edge,® leading to a larger FWHM when compared to the emission of
CsEuCls. Eu?" doped CsCl nanocrystals show a longer PL lifetime of 178 ns compared to the
lifetime of CsEuCls nanocrystals (Fig. S14b). This is consistent with previous research of Eu**
doped halide or oxide matrices which have long PL lifetime in the range of hundreds of

38,39 while the short lifetime of CsEuCls nanocrystals may

nanoseconds to a few microseconds
indicate that the free carriers could contribute to the emission. Power-dependent TRPL was

measured at 445 nm for Eu?>" doped CsCl nanocrystals. The PL decay curve shows negligible

dependence on the excitation laser power density, affirming the origin of PL emission from an
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orbital transition within the europium instead of photogenerated free carriers. This is very different

from CsEuCls; nanocrystals, and it suggests different emission mechanism. (Fig. S15).

The CsEuCl; nanocrystals in toluene are stable for several months in inert atmosphere.
However, when we drop-casted nanocrystals on a glass substrate and exposed them to air for
several hours, additional red emissions from orbital transition of the Eu** (peaks at 593 nm, 615
nm, 650 nm and 698 nm, Fig. S16) would be observed due to the decomposition/oxidization of
nanocrystals caused by moisture/oxygen. To protect the as-synthesized CsEuCls nanocrystals from
oxygen and moisture in the air, the nanocrystals were embedded into a PMMA polymer matrix.
The PMMA matrix causes lower contrast in the TEM images due to lack of diffraction (Fig. S17),
however it offers important protection to the nanocrystals against moisture and oxygen. The
encapsulated nanocrystals show a blue emission centered at 436 nm with a FWHM of 35 nm. The
distribution of nanoparticle size would affect the FWHM of PL spectrum.*’ The PL spectra became
broader after embedding CsEuCls nanocrystals into PMMA likely due to the aggregation of
nanocrystals in PMMA matrix during the solvent evaporation process on the glass substrate. The
shoulder in PL spectrum become greatly weaken in comparison with the unencapsulated
nanocrystals may result from the passivation of PMMA. Previous study reported that PMMA could
passivate the defects caused by the dangling bonds localized at the perovskite surface.*! *> The
encapsulated nanocrystals show long optical stability under continuous laser irradiation with a
power density of 4W/cm?. The PL peak position and intensity changed negligibly during 380-min
of irradiation measurements on the encapsulated nanocrystals (Fig. 4). Furthermore, there was no

emission detected from the Eu’* transitions. PMMA can thus effectively protect the nanocrystals.
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Figure 4 (a) Photoluminescence spectra of measurement before and after 380-min of continuous
irradiation by laser on CsEuCl; nanocrystals embedded in PMMA. The inset picture shows the
CsEuCl; nanocrystals-PMMA thin films under 365 nm UV lamp. (b) Emission peak position and

integrated intensity during 380-min of continuous irradiation by laser.

In summary, a colloidal solution phase synthetic approach has been developed to obtain
single-crystalline CsEuCl; nanocrystals with uniform size distribution centered around 15 nm.
Optical studies determined that the CsEuCls nanocrystals exhibit a sharp emission peak at 435 nm
with narrow FWHM of 19 nm, which is one of unique property in lead-free perovskite in
comparison with other reported lead-free perovskites with broad emission FWHM. Such narrow
emission can improve the color purity and saturation, and increase the resolution of imaging, which
is conductive to generate a more vivid and sharper image in display applications. Furthermore,
these CsEuCls nanocrystals embedded in a polymer matrix are stable under continuous irradiation
by laser, presenting good stability towards moisture, oxygen and radiation. Such good stability

makes them more promising to the practical application. This work illustrates that CsEuCls
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nanocrystals are a promising candidate to replace lead halide perovskites. The synthetic methods

reported here can potentially be applied to other rare earth halide perovskites.
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Experimental details:

Chemicals:

Cs2C03 (99.9%, Aldrich), EuCls (99.99%, Alfa Aesar), 1-octadecene (ODE, 90%,
Aldrich), oleic acid (OlAc, 90%, Aldrich), octanoic acid (OctAc, 99%, Aldrich),
oleylamine (OlAm, Aldrich, 70%), trioctylphosphine (TOP, 97%, Aldrich ), 1-butyl-1-
methylpyridinium chloride (>98%, TCI), phenyl-Cg;-butyric acid methyl ester (PCBM,
Sigma-Aldrich), poly(methyl methacrylate) (PMMA, average My ~350,000, Sigma-
Aldrich), hexane (anhydrous, 95%, Sigma-Aldrich), toluene (anhydrous, 99.8%,
Sigma-Aldrich). All chemicals were used as received without further purification.

Preparation of Cs-oleate solution:

0.2 g Cs2CO;3 and 0.7 mL OlAc were loaded into a 3-neck flask and dissolved in 7.5
mL ODE. The flask was degassed and dried under vacuum at 120 °C for 40 min, and
then heated under N2 to 150 °C until all Cs2COs reacted with OlAc.

Preparation of Eu** precursor:

1 mmol EuClz and 5 mL OlAm were loaded into a 3-neck flask and degassed under
vacuum for 60 mins at 120 °C. The temperature was then raised to 300 °C under N and
kept for 40 mins to reduce the europium precursor. The obtained Eu®" precursor was
cooled down to room temperature and then transferred to the glove box for further use.

Synthesis of CsEuCls nanocrystals:

For a standard reaction, 5 mL ODE, 0.25 mL OlAc and 0.5 mL TOP were loaded into
a 3-neck flask and degassed under vacuum for 60 mins at 120 °C. Then 2 mL of Eu?*
precursor was injected under N> and temperature was raised to 250 °C and kept for 25
mins. 1 mL of Cs-oleate solution was swiftly injected. After 45 minutes, the reaction
was quenched by cooling the flask in an ice-water bath. 6 ml of hexane was added into
the obtained crude solution and the nanocrystals were isolated by centrifugation at 8000
rpm for 5 mins and washed once with hexane. The obtained precipitated nanocrystals
were re-dispersed in hexane or toluene and centrifuged at 4000 rpm for 1 min. The
supernatant was kept while the aggregated nanocrystals were discarded.

Synthesis of Eu?* doped CsCl nanocrystals:

For a standard reaction, 5 mL ODE and 1 mL OctAc were loaded into a 3-neck flask
and degassed under vacuum for 60 mins at 120 °C. Then 1 mL of Eu** precursor was
injected under N> and temperature was raised to 200 °C and kept for 15 mins. 0.5 mL
of Cs-oleate solution was swiftly injected. After 5 minutes, the reaction was quenched
by cooling the flask in an ice-water bath. The nanocrystals were isolated by
centrifugation of the obtained crude solution at 8000 rpm for 5 mins and washed once
with hexane or toluene. The obtained precipitated nanocrystals were re-dispersed in
hexane or toluene.
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Surface treatment:

Anhydrous toluene (5 mL), 1-butyl-1-methylpyridinium chloride (0.05 mmol), OlAc
(0.5 mL) and OIAm (0.5 mL) were added to a scintillation vial within an argon inert
atmosphere glovebox. The solution was stirred at 100 <C on a hot plate within the
glovebox until the complete dissolution of the 1-butyl-1-methylpyridinium chloride.
The resulting concentrated stock solution is stored in a glovebox to limit the water
content of the solution over time. Then the stock solution was diluted to different
concentration for further surface treatment. The cleaned CsSEuCls nanocrystals solution
was then mixed with the above solution and was stirred at 100 <C hot plate for 1.5 hours.

Preparation of CsEuClsz nanocrystals thin film, and PCBM thin film on top of
CsEuCls nanocrystals thin film:

The CsEuCl3 nanocrystals was spin-coated on a glass substrate at 3000 rpm for 60s.
Then a 10mg/mL PCBM solution in chloroform was spin-coated at 3000 rpm on top of
the perovskite layer.

CsEuCls nanocrystals embedded in matrix:

PMMA was well dissolved in toluene. Then, CsEuCl; nanocrystals solution was added
into this PMMA solution. Sonication was applied to create a homogeneous solution.
The obtained solution was spin-coated to achieve a transparent thin film.

Characterization:

Micro-X-ray diffraction (0XRD) data of CsEuCl; nanocrystals was collected using an
incident X-ray energy of 16 keV (A = 0.775 A) with exposure time of 4 min at the
Beamline of 10.3.2 at the Advanced Light Source. A Bruker APEX2 CCD detector was
used, and the obtained XRD pattern was calibrated using a-Al.O3 powder. Powder X-
ray diffraction (XRD) pattern of Eu** doped CsCl nanocrystals was measured on a
Bruker AXS D8 Advance diffractometer with a Cu Ka source (X-ray wavelength of
1.54 A). The transmission electron microscopy (TEM) images were taken on a Hitachi
H7650 at an accelerating voltage of 120 kV. High-resolution TEM (HRTEM) images
were taken with a FEI Tecnai TEM at an accelerating voltage of 200 kV. The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping images were recorded using
an FEI Titan microscope operated at 80 kV. This instrument was equipped with an FEI
Super-X Quad windowless detector that is based on silicon drift technology. Elemental
quantification data was analyzed using the Bruker Esprit EDS analysis package, which
has been calibrated against mineral standards for quantitative accuracy.

Absorption spectra were collected using a Shimudzu UV-2600 PC UV-VIS-IR scanning
spectrophotometer equipped with a Shimadzu ISR-3100 integrating sphere. Solution
Photoluminescent (PL) and Time-Resolved PL (TRPL) spectra were measured using a
PicoQuant Fluotime 300, equipped with a PMA 175 detector and a LDH-P-C-405 diode
laser with an excitation wavelength of 407.1 nm. Photoluminescent PL Excitation (PLE)
were measured using a PicoQuant FluoTime 300 Fluorimeter. The sample was excited
using a Xenon lamp and the emission at 435 nm was collected using a monochrometer
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with a bandpass filter to block excitation scatter. For the nanocrystals embedded in
PMMA, the thin film sample was excited by a continuous-wave solid state laser at 375
nm (Coherent OBIS 375LX) with a laser filter (bandpass, 375 nm/6 nm).
Photoluminescence quantum yield (PLQY) was measured in a photoluminescence
system coupled with an integration sphere. The excitation at 375 nm was focused onto
the sample and then the spectra were taken by the grating-based spectrograph
(Princeton Instrument, SP-23001) with the acquisition time of 1s for each measurement.
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Figure S2 More HRTEM images and corresponding FFT of CsEuClz nanocrystals.
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Figure S3 EDS spectrum of CsEuCl; nanocrystals.

Table S1 EDS measured atomic ratio of CsEuClz nanocrystals.

Stoichiometric atomic % Measured atomic %

Cs 20 18.4
Eu 20 20.2
Cl 60 61.4
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Figure S4 Power dependent time-resolved photoluminescence spectra measured at a
wavelength of 435 nm for CsEuCls nanocrystals.
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Figure S5 Photoluminescence spectra of CsEuCls nanocrystals thin film, and phenyl-
Ce1-butyric acid methyl ester (PCBM) thin film on top of CsEuCl; nanocrystals thin
film. These two samples were measured at the same power of laser.

S7



o CsEuCl, NCs thin film
10000 : PCBM/CsEUCI, NCs thin film
Sample (thin film) 71 (nS) [ o (ns)

] CsEuCl, NCs 6.5 |24.2
§*1 000'5 PCBM/CSEuCl; NCs | 2.1 [14.7
) ]
C -
[0} iF
Qo 14
=
- 1004 #
o 11

i
104 R

m R R D &

1@ [ [ @@

41 @

1 I I I
0 50 100 150 200
Time (ns)

Figure S6 Time-resolved photoluminescence spectra measured at a wavelength of 435
nm for CsEuClz nanocrystals thin film, and phenyl-Csi-butyric acid methyl ester
(PCBM) thin film on top of CsEuCl; nanocrystals thin film.

= After ST
wn
C
9
IS
= |
o
Before ST
400 450 500 550 600 650 700

Wavelength (nm)

Figure S7 Photoluminescence spectra of CsEuCls nanocrystals before and after surface
treatment (ST) with 1-butyl-1-methylpyridinium chloride.
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Figure S8 Time resolved photoluminescence spectra of CsEuCls nanocrystals before
and after surface treatment (ST) with 1-butyl-1-methylpyridinium chloride.

Cl

Figure S9 Schematic representation of mechanism of surface treatment with 1-butyl-
I-methylpyridinium chloride. 1-butyl-1-methylpyridinium chloride acts as a chlorine
source to substitute the chloride vacancy in the nanocrystal surface.
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Figure S10 The photoluminescence quantum efficiency yield (PLQY) changes as the
1-butyl-1-methylpyridinium chloride concentration increases.
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Figure S11 (a) Representative TEM image, (b) XRD pattern, (¢) HRTEM and

corresponding FFT (inset) of Eu** doped CsClnanocrystals. X-ray wavelength A, = 1.54
A.

Figure S12 EDS mapping of Eu** doped CsCl nanocrystals.
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Figure S13 EDS spectrum of Eu?" doped CsCl nanocrystals.

Table S2 EDS measured atomic ratio of Eu?" doped CsCl nanocrystals.

Measured atomic %

Cs 41.0
Eu 1.3
Cl 57.7
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Figure S14 (a) Optical absorption and photoluminescence spectra of Eu** doped CsCl
nanocrystals. (b) Time-resolved photoluminescence spectra measured at wavelength of
445 nm. The data was fitted using a bi-exponential decay function.
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Figure S15 Power dependent time-resolved photoluminescence spectra measured at a
wavelength of 445 nm for Eu®" doped CsCl nanocrystals.
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Figure S16 Photoluminescence spectra CsEuCls single crystal, precursors of EuCl and

EuCls.

Figure S17 TEM image of the CsEuCls nanocrystals embedded in PMMA.
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