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ABSTRACT: Improving the photostability of highly luminescent
Mn?>* doped all-inorganic halide perovskite nanocrystals (NCs) is
challenging because their excellent optical performances are
determined by the stable structure and low defect/trap states. The
optical properties of Mn** doped CsPbCl; (Mn**:CsPbCl,) NCs with
various Mn>* doping concentrations under ultraviolet (UV) illumina-
tion were studied to unravel their photodegradation by using
photoluminescence (PL) spectroscopy at room temperature. The PL
intensities of band-edge excitons and Mn** ions in the Mn**:CsPbCl,
NC films significantly decreased due to formation of nonradiative
defects/traps in NCs with increasing illumination times. It was
surprisingly found that the single- and multiexponential decay times
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(1.81—1.15 ms) of Mn*" emissions ranging from 595 to 640 nm observed in the doped NC films with low and high Mn/Pb
ratios were almost not varied with increasing UV illumination times. However, the blue-shift of Mn?* emission was observed in
high Mn** doping concentration NCs under illumination, which might result from the diffusion of Mn?* ions to the surface of
doped NCs. Further, the surface passivation of Mn>*:CsPbCly NCs by using a Cs,PbCl shell was found to effectively suppress

the photodegradation of Mn>*:CsPbCly; NCs and enhance the PL stability of Mn?".

1. INTRODUCTION

The metal halide perovskite nanocrystals (NCs) with tunable
photoluminescence (PL) wavelengths and high PL quantum
yields (QYs) have shown practical applications in solar cells,
light-emitting diodes (LEDs), and lasers.'™"® A new kind of
nanophosphor successfully achieved by doping manganese ions
(Mn*") into perovskites such as CsPbCly NCs in 2016 provide
a bright orange—red Mn** emission around 586—600 nm.'*"
It is known that the broad orange emissions of Mn*" doped
CsPbCl; (Mn**:CsPbCl;) NCs are attributed to the Mn** *T,
— YA, d—d transition by energy transfer from excitons in the
CsPbCly host to Mn?* dopants."*™° Further, the emission
wavelengths of Mn>* in CsPbCl; NCs can be tuned from 580
to 620 nm by changing the Mn>" doping concentration from
low to high, which is attributed to formation of Mn**—Mn?*
dimers or defects at higher Mn>* doping level.'*~'%**** The
highly luminescent yellow—red emitting phosphors have been
used for fabricating white light-emitting devices with a UV
lamp excitation of 365 nm or a blue GaN chip.30_33 Therefore,
it is necessary to understand the UV light-induced degradation
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of luminescence in Mn**:CsPbCl; NCs in ambient air to
improve their photostability.

The stability of lead halide perovskites is not very high, and
they are chemically unstable when they are exposed to light
and heat because of the low formation energies.”*~*' The light
illumination-induced degradation was attributed to decom-
position of methylammonium lead halide perovskite.””~*'
Recently, the light-induced degradation of CsPbBr; NCs under
high-power LED illumination was also studied, and the PL
reduction was related to oxygen-induced degradation and
increased surface trap states due to growth of NCs.*” Further
the spectroscopic and structural studies verified that light
illumination led to detachment of the capping agent, collapse
of the CsPbl; NC surface, and aggregation of surface Pb
atoms.”® Therefore, the light-induced structural variation
would result in formation of defects/trap states in NCs,
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seriously degrading the optoelectronic properties and perform-
ances of perovskite NCs and their related devices.

The improved and extended luminescent properties of
CsPbCl; NCs have been demonstrated by doping metal and
rare earth ions such as Mn, Ni, Cd, Yb, and so on into CsPbCl,
NC host."*"'*~> Especially considerable improvement in
exciton emissions and optical stabilities in CsPbCl; NCs was
considered to result from doping-enhanced short-range
structural order and effective surface passivation of NCs.*’ >
The high structural and optical stabilities were also observed in
Mn?* doped CsPbBr; and CsPbl; NCs.>>** The rational metal
doping has been considered to be a useful strategy for
improving the PL quantum yields and photostabilities of
perovskite NCs and related devices.”> >’ It is noteworthy that
efficient Mn?* luminescence has been observed from
CsPbCl,_Br, NCs of varied size and composition.”'* In
particular, it is surprisingly found that the Mn®" emissions in
the doped NCs with low dopant concentration in solution
exhibited nearly size-independent and single-exgonential decay
lifetimes of up to 1.8 ms at room temperature. 358 Therefore,
studying the optical properties of Mn*":CsPbCl; NCs under
ultraviolet (UV) light illumination will help one better
understand the variation and control in optical stability of
doped NCs.

In this work, the optical properties of Mn>*:CsPbCl; NCs
with various Mn®* doping concentrations under UV illumina-
tion are studied to unravel their photodegradation processes
using photoluminescence (PL) spectroscopy at room temper-
ature. The reduction in PL intensities of band-edge excitons
and Mn** ions was observed in the Mn**:CsPbCl, NCs due to
formation of nonradiative defects/traps with increasing
illumination times. The almost unchanged single- and
multiexponential decay times of Mn®" emissions ranging 595
to 640 nm observed in the doped NC films with low and high
Mn/Pb ratios were found with increasing UV illumination
times. It is worth noting that we observed the blue-shift of
Mn®" emission wavelength in high Mn®>* concentration doped
NC films due to the diffusion of Mn®* ions to the surface of
doped NCs. Further a Cs,PbCl; shell was used to enhance the
PL stability of Mn®" ions in Mn**:CsPbCly NCs.

2. EXPERIMENTAL SECTION

2.1. Materials. Cesium carbonate (Cs,CO;, 99.99%, Alfa
Aesar), manganese chloride (MnCl,, 99.99%, Alfa Aesar), lead
chloride (PbCl,, 99.999%, Alfa Aesar), 1-octadecene (ODE,
90%, Alfa Aesar), trioctylphosphine (TOP, 90%, Aldrich),
oleylamine (OLA, 70%, Aldrich), oleic acid (OA, 90%,
Aldrich), and hexane (98%, Beijing Chemical Works) were
purchased. All reagents were used without further purification.

2.2. Preparation of Cesium Oleate Solution. The
Cs,CO; (0.68 mmol) was mixed with OA (0.65 mL) and ODE
(10 mL), loaded into a S0 mL three neck round-bottom flask,
and degassed under vacuum at 110 °C for 30 min. Then the
mixed solution was heated up to 150 °C for at least 15 min
under the protection of argon, until a clear solution was
obtained.

2.3. Synthesis of Mn?*:CsPbCl; NCs. The Mn*":CsPbCl,
NCs were synthesized by modifying a prior report.””>"
Typically, MnCl, (0.2 mmol) and PbCl, (0.2 mmol) were
loaded together along with ODE (5 mL), OA (1.2 mL), OLA
(1.2 mL), and TOP (1 mL) in a SO mL three neck round-
bottom flask. After being stirred and degassed under vacuum at
110 °C for 30 min, the reaction mixture was heated up to 190

°C under argon flow. Then, the hot cesium oleate solution
(0.25 mL) was swiftly injected and stirred for 15 s at that
temperature. The solution was cooled in an ice-water bath to
quench the reaction.

The Mn doped CsPbCl; NCs with varied dopant
concentrations were prepared by varying the molar feed ratio
of PbCl,/MnCl, and keeping the total molar amount of Pb**
and Mn** unchanged. The Mn doped CsPbCl; NCs with
various particle sizes were prepared by controlling the reaction
temperature as well as the amounts of OA and OLA. For the
small (4.36 + 0.23 nm), medium (8.82 + 0.71 nm), and large
(15.11 + 1.52 nm) NCs, the reaction temperatures were 170,
190, and 210 °C, respectively, and were accompanied by an
increase in the amounts of OA and OLA.

2.4. Synthesis of Mn?*:CsPbCl,/Cs,PbCls Core/Shell
NCs. After the as-prepared Mn**:CsPbCl; NCs were immersed
in ice-water bath, ZnCl, (1.15 mmol) was loaded together with
the as-prepared Mn**:CsPbCl; NC solution. After being stirred
under vacuum at 50 °C for 25 min, the solution was heated up
to 75 °C under argon flow. Then, the hot cesium oleate
solution (1 mL) was swiftly injected and stirred for 1 min. The
solution was cooled in an ice-water bath to quench the
reaction. The produced Mn**:CsPbCl,/Cs,PbCl core/shell
NCs were centrifuged at 5000 rpm for 7 min, and the final
precipitate was dispersed in hexane.

2.5. Characterization. Ultraviolet—visible (UV) absorp-
tion spectra were recorded on a Shimadzu UV-2700
spectrophotometer. Steady-state and time-resolved PL spectra
were collected using a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer, with a continuous 450 W xenon lamp as
excitation source for PL spectra and a N-305 Nano LED and
xenon flash tube as excitation source for PL decay measure-
ment of exciton and Mn?*, respectively. PL QYs were recorded
via an Otsuka QE-2000. Transmission electron microscopy
(TEM) was taken on a JEOL-JEM-2100 microscope. X-ray
diffraction (XRD) patterns carried out in Rigaku D/max-2500
diffractometer with Cu Ka radiation (4 = 1.54 A) as the
incident radiation. Mn-doping concentration was determined
using inductively coupled plasma mass spectrometry (ICP-MS,
PerkinElmer Nexion350-X). The UV illumination light came
from a lamp (6 mW, ZF-7, Shanghai Jiapeng Technology). For
UV illumination measurement, thin NC solid films were
prepared via spin-coating the purified NC solution on silicon
wafer substrates. The thicknesses of Mn**:CsPbCl; and
Mn?**:CsPbCl,/Cs,PbCl;, NC films were estimated to be 12—
32 and 30—62 nm, respectively, by an optical thickness meter
(OPTM-ALl, Otsuka Electronics).

3. RESULTS AND DISCUSSION

The luminescence properties of the colloidal Mn>*:CsPbCl,
NCs in solution and in solid films under 365 nm UV lamp
illumination were evaluated in detail to understand their
photostability. Figure 1a shows the absorption and PL spectra
of Mn*":CsPbCly NCs in hexane at various illumination times
at room temperature. The initial PL QY of the Mn** doped
CsPbCly; NCs without UV illumination is 61.1% =+ 4.5%. The
exciton absorption band is peaked at 400 nm. The PL peak
wavelengths of band-edge excitons and Mn** ions for colloidal
Mn?**:CsPbCl; NCs are 403 nm with a full width at half-
maximum (fwhm) of 11 nm (83 meV) and 600 nm with a
fwhm of 85 nm (291 meV), respectively, consistent with the
observation in previous reports.'”'> No clear change in
absorption spectra is observed after long-time illumination;
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Figure 1. Absorption (dot lines) and PL spectra (solid lines) of
Mn”:CstCl3 NCs with a Mn/Pb molar ratio of 2/1 in hexane (a),
digital photos of the NC solution in a cuvette (b), and band-edge PL
and Mn** emission decay curves (c, d) under various UV illumination
times.

however, both the PL intensities from band-edge excitons and
Mn®" ions significantly decrease and are apparently quenched
after 25 h illumination time. It is noted that the band-edge
exciton PL has a peak red-shift of 8 nm while the Mn** ion
emission does not have any peak red-shift. Figure 1b shows the
digital photos of a Mn**":CsPbCl; NC sample at different
illumination times. The Mn*":CsPbCl; NC solution initially
has a strong yellow color, and it turns very dark after 25 h.
Figure 1c and d shows the PL decay curves of band-edge
excitons and Mn®" ions in Mn**:CsPbCl; NC sample. The
average PL lifetimes were estimated using eq 1,”

z,‘ Aiﬁl'-i2
2 AT (1)

where A; and 7; are the weights and time components of the
exponential function used to fit the PL decay curves. The initial
PL decay time of band-edge excitons is 4.31 + 0.0S ns. It
becomes slightly longer to 8.28 =+ 0.11 ns with increasing
illumination time and then turns shorter to 2.80 + 0.03 ns. On
the other hand, the PL decay time of Mn?* ions initially is kept
a constant, which is 1.81 + 0.02 ms, within S h illumination
time, and then it turns shorter to 0.77 + 0.07 ms after 25 h
illumination. The reduction in the PL intensity for band-edge
excitons and Mn** ions is attributed to formation of defects/
traps in the doped NCs.” The observation of red-shift in
band-edge PL and shortening of Mn®>" PL lifetimes also
demonstrate the a(ggregation or growth of NCs after long UV
illumination.****" The TEM images of the Mn*":CsPbCl,
NCs without/with 25 h illumination time were measured as
shown in Figure Sla and b. The sample has quite uniform NCs
with average size of ~8.82 + 0.71 nm before illumination,
while it has aggregated NCs in the size range of 20 nm after 25
h illumination. To avoid the complex photodegradation
mechanism of colloidal Mn**:CsPbCl; NC solution due to
the growth of NCs, the Mn>":CsPbCl; NC films on silica
substrates are used to study their photostability.

The luminescence properties of Mn**:CsPbCl; NCs with
various sizes under UV illumination are studied. The NC
samples with exciton PL peaks at 390, 403, and 406 nm are
called NC390, 403, and 406, respectively, and they were
synthesized with the same Mn/Pb ratio of 2/1 by varying

T
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reaction temperature and ligand amount. The Mn** doped NC
samples have average NC sizes of 4.36 + 0.23, 8.82 + 0.71, and
15.11 + 1.52 nm, respectively, as shown in Figure Slc and d.
The Mn®" ion emissions in these doped NCs are at ~600 nm,
meaning that the PL is from isolated Mn** ions due to low
dopant concentration.'*'>**7** The PL spectra of
Mn*":CsPbCly; NC films for NC390, 403, and 406 samples
under UV illumination for various times are shown in Figure
2a and b and Figure S2a. It is observed that the PL intensities
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Figure 2. PL spectra and Mn?' emission decay curves of
Mn*":CsPbCl; NC films for NC390 (a, c) and 403 (b, d) under
UV lamp illumination at various times.

of band-edge excitons and Mn”* ions clearly decrease with
increasing illumination time, indicating the photoinduced
degradation of the doped NCs due to the formation of
nonradiative defects/traps in the NC hosts. The exciton PL for
the smallest NC390 slightly shifts to the long wavelength,
perhaps due to aggregation of NCs, while it is kept a constant
for the larger-sized NC403 and 406, perhaps meaning that the
NC sizes do not have a clear change, in agreement with the
TEM images before and after 120 h illumination as seen in
Figure S3a and b. The XRD patterns of NC406 after being
illuminated for different times are shown in Figure S3c; the
diffraction patterns are basically unchanged, which proves that
the main lattice structure of the NCs is retained during
illumination. The Mn?* emission decay curves of
Mn?**:CsPbCl; NC films for NC390, 403, and 406 under UV
lamp illumination at various times are shown in Figure 2¢ and
d and Figure S2b. In contrast to significantly reduced lifetimes
of band-edge excitons as seen in Figure S4, no change in Mn*"
emission decay curves is clearly observed for NC390, 403, and
406.

Figure 3 shows the PL intensities and lifetimes of band-edge
excitons and Mn** ions in the Mn**:CsPbCl, NC films as a
function of illumination time. The decrease in PL intensities of
band-edge excitons and Mn®' ions for these doped NCs is
significant under UV illumination for the first 15 h and then
becomes slow, and the PL intensity almost is quenched after
illumination of 120 h. The PL lifetimes of band-edge excitons
for three doped NC samples slightly increase after 15 h
illumination and then gradually decrease with increasing
illumination time. As seen in Figure 3c, the reduction trend
of band-edge PL lifetimes is quite different from that of their
PL intensities, suggesting that the band-edge PL may originate
not only from exciton recombination but also from other kinds
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Figure 3. PL intensities and lifetimes of band-edge excitons (a, c) and
Mn?* ions (b, d) in the Mn**:CsPbCl; NC films as a function of
illumination time. The PL intensities are normalized for their initial
samples without UV illumination.

of recombination centers.”’ Further, it is surprisingly found
that the PL lifetimes of Mn>" ions for NC390, 403, and 406
without UV illumination are 1.68 #+ 0.01, 1.45 + 0.04, and 1.40
+ 0.01 ms, respectively; the PL lifetimes have a slight increase
within the first 15 h and then almost remain constant, even
after being illuminated for a long time of 120 h. It has been
reported that the PL lifetimes of Mn** ions in Mn>*:CsPbCl,
NCs are significantly varied when their sizes grow due to heat-
induced structural change around Mn?* ions.”® The illumina-
tion effect on the size of doped NCs is very weak here because
of the low power (6 mW) of the UV36S lamp used in this
experiment. This indicates that the local environment of Mn**
ions is not changed too much, attributed to relatively stable
Mn—ClI bonds and no efficient energy transfer between Mn**
ions and newly formed defects/traps in the NC hosts.®>

The PL spectra and Mn>" emission decay curves of
Mn**:CsPbCl; NC films with Mn/Pb molar ratios of 1/1, 3/
1, and 5/1 under UV illumination at various times are shown
in Figure 4. The Mn®** doping concentrations and PL QYs of
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Figure 4. PL spectra and Mn?* emission decay curves of
Mn?*:CsPbCl; NC films with Mn/Pb molar ratios of 1/1 (a, d), 3/
1 (b, e), and 5/1 (c, f) under UV illumination at various times.

these Mn?*:CsPCl; NCs are summarized in Tables S1 and S2.
For the Mn?* doped NC film with a Mn/Pb molar ratio of 1/1,
its PL intensities for band-edge excitons and Mn*" ions (PL
peak at 595 nm) decrease significantly with increasing UV
illumination time. The Mn** PL peak does not have a clear
shift, while its PL decay curve shows a perfect single-
exponential decay that is almost not related to illumination
time. For the Mn?* doped NC film with a Mn/Pb molar ratio
of 3/1, its PL intensities for band-edge excitons and Mn** ions
(PL peak at 610 nm) reduce significantly with increasing UV
illumination time, and its Mn®" PL peak has a small blue-shift
of several nanometers. The red-shift of Mn?* ions from 595 to
620 nm is related to formation of Mn>*—Mn?" pairs due to the
increased Mn doping concentration. 232463765 11 addition, its
PL decay curve is not single-exponential initially and seems to
become smogle -exponential with increasing illumination
time.”>***~% For the Mn** doped NC film with a Mn/Pb
molar ratio of 5/1, its PL intensities for band-edge exciton and
Mn*" ions with an emission of 640 nm decrease obviously with
increasing UV illumination time, and its Mn** PL peak has a
large blue-shift of >15 nm. In addition, its decay curve is a
multiexponential initially and becomes slightly slow with
increasing illumination time.

Figure S shows the PL intensities, peak wavelengths, and
lifetimes of Mn* ions in CsPbCl; NCs with various Mn/Pb
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Figure 5. PL intensities of Mn>* ions (a) and band-edge exciton (b),
PL peak wavelengths (c), and PL lifetimes (d) of Mn** in
Mn2+:CstCI3 NCs with various Mn/Pb ratios as a function of UV
illumination times. The inset in (b) shows an enlarged PL intensity
dependence on the illumination time.

ratios as a function of UV illumination times. For comparison,
the illumination time dependence of band-edge PL intensities
is shown in Figure Sb. As seen in Figure Sa, it is observed that
the PL intensities of Mn*" ions in the doped NCs significantly
decrease with increasing illumination times. For the initial 15
h, the reduction of PL intensities is rapid and becomes
gradually slower with increasing illumination time to 120 h. In
particular, the PL intensities of Mn** ions in doped NCs with
high Mn/Pb ratios of 3/1 and 5/1 show a relatively slow
reduction, compared with those of the other two NC samples
with low Mn/Pb ratios of 1/1 and 2/1, meaning that the
Mn*":CsPbCly; NCs with high Mn doping concentration are
more stable. As seen in Figure Sb, for the doped NCs with low
Mn/Pb ratios of 1/1 and 2/1, the PL intensities of Mn*" ions
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with emissions of 595 and 600 nm clearly decrease with
illumination time while those of Mn*" ions with emissions of
610 and 640 nm increase within the initial 3 h, which is clearly
seen in the inset of Figure Sb, and then gradually decrease until
120 h. As seen in Figure Sc, for the doped NCs with low Mn/
Pb ratios of 1/1 and 2/1, thre Mn** PL peaks at 595 and 600
nm almost do not change with illumination time. The PL peaks
of Mn*" ions at 610 and 640 nm in doped NC films with high
Mn/Pb ratio of 3/1 and S/1 have a clear blue-shift with
increasing illumination times, compared to the negligible shift
for those NCs with low Mn** doping concentration. For
example, the Mn®" ion emission in doped NCs with the highest
Mn/Pb ratio of S/1 shifts to 620 nm from the initial 640 nm
after 120 h illumination. It is noted that the blue-shift of Mn**
emission within the first 15 h is significant. As seen in Figure
5d, it is observed that the doped NCs with high dopant
concentration exhibit a significantly reduced Mn*" PL lifetime
with increasing Mn/Pb ratio from 3/1 to 5/1. However, the
illumination effects on PL lifetimes of Mn** doped NCs is not
significant, even for the high-concentration Mn*" doped NCs.
For all the NC films, the Mn?* emissions exhibit a slight rise in
PL lifetimes before the first 5 h and do not show a clear change
with continually increasing illumination times. For the high
Mn** doping concentration Mn**:CsPbCly; QDs with Mn/Pb
ratios of 3/1 and 5/1, the observed blue-shift of Mn?**
emissions after illumination suggests that Mn*" ions in the
NCs diftuse out of doped NCs, resulting in a reduction in
numbers of Mn**—Mn*" pairs, which should in turn enhance
the PL intensities and lifetimes of band-edge excitons and
Mn?* ions. As seen in Figure 5b, the enhancement of band-
edge exciton PL is clearly observed due to reduced energy
transfer from CsPbCl; NC host to Mn>* ions. However, the
enhancement of Mn** emissions, especially the increase in
Mn** PL lifetimes, is not clearly found. It is known that the
Mn?* PL QYs and lifetimes in CsPbCly; NCs with increasing
Mn?>* doping concentration are reduced due to the increased
Mn**—Mn?* pairs and poor crystallinity.'”'>** The diffusion
of Mn?* ions in the solid films from inside NCs to the outside
NCs does not clearly change the environment around Mn?*
ions, because the Mn*" emission decay does not exhibit an
obvious change with increasing illumination times, as seen in
Figures 4d—f and Sd.

To understand the origin of the blue-shift in Mn?* PL, the
PL decay curves of Mn*" ions in CsPbCl; NC solution and
films with various Mn/Pb ratios at different emission
wavelengths were measured. The PL decay curves of Mn*"
ions in CsPbCl; NC films with various Mn/Pb ratios of 1/1, 2/
1,3/1, and 5/1 at different emission wavelengths are shown in
Figure 6. Figure S5 shows the PL decay curves of Mn®* ions in
CsPbCl; NCs in hexane with various Mn/Pb ratios of 1/1, 2/
1, 3/1, and 5/1 at different emission wavelengths. As seen in
Figure 6a and b, Mn*" ions in the CsPbCl; NC films with low
Mn/Pb ratios of 1/1 and 2/1 exhibit the same single-
exponential PL decay at different emission wavelengths, having
the same PL lifetime of 1.41 + 0.02 and 1.50 + 0.03 ms,
respectively, which are slightly shorter than 1.81 + 0.01 and
1.76 + 0.01 ms of those in hexane (Figure SSa and b). The
same single-exponential PL decays of Mn®' ions in the
CsPbCl; NC solution at different emission wavelengths were
observed in previous reports. ”'>**>® This indicates that the
environment around the Mn”* ion in the doped NCs with
different sizes is the same. As seen in Figure 6¢ and d, the Mn?*
ions in the CsPbCl; NC films with high Mn/Pb ratios of 3/1
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Figure 6. PL decay curves of Mn** ions in Mn**:CsPbCl; NCs with
various Mn/Pb ratios of 1/1 (a), 2/1 (b), 3/1 (c), and 5/1 (d) by

monitoring different emission wavelengths.
g g

and 5/1 show a multiexponential PL decay at different
emission wavelengths, having quite different PL lifetimes,
which are strongly dependent on the monitored wavelength.
For example, the PL lifetimes of Mn?* ions in the NC film with
high Mn/Pb ratios of 3/1 and 5/1 dramatically decrease to
1.42 + 0.02 and 0.63 + 0.04 ms from 1.55 + 0.03 and 1.20 +
0.05 ms, respectively, at their PL peak wavelengths when the
monitored emission wavelength is changed from 550 to 650
nm for the doped NCs with Mn/Pb ratios of 3/1 and from 550
to 730 nm for the doped NCs with a Mn/Pb ratio of 5/1, as
shown in Figure 6¢ and d. Meanwhile, those in hexane are only
reduced to 1.64 + 0.01 and 1.04 + 0.04 ms from 1.69 + 0.02
and 1.29 + 0.01 ms, as seen in Figure SSc and d. The PL
lifetimes of Mn** emissions are 1.68 + 0.01 and 1.13 + 0.02
ms (in hexane) and 1.54 + 0.04 and 1.01 + 0.06 ms (in films)
at their peak wavelengths at 610 and 642 nm (in hexane) and
608 and 636 nm (in films), respectively, for CsPbCl; NCs with
high Mn/Pb ratios of 3/1 and 5/1. Compared with the Mn?*
doped CsPbCl; NCs in hexane, the significant reduction in the
PL lifetimes of NCs in films is probably because that the local
environment of Mn®" ions in NCs is changed during the film
preparation by spin-coating. The wide distribution of PL
lifetimes in NC films observed at different emission wave-
lengths as shown in Figure 6d is not attributed to energy
transfer from small NCs to large ones because there is no
spectral overlapping between the Mn’' emission and NC
absorption.” This is attributed to the size distribution of the
doped NCs with high Mn®" doping concentration. The
corresponding TEM images of Mn*":CsPbCl; NCs with
Mn/Pb ratios of 5/1 are shown in Figure S6a. The average
size of the NCs is 8.38 + 1.93 nm, which shows a large size
distribution from 4.12 to 13.61 nm, as seen in Figure S6b. The
small- and large-sized NCs may have different numbers of
Mn**—Mn** pairs and defect/trap states, perhaps resulting in a
significant difference in PL lifetimes of Mn?* ions in NC films
when the monitored Mn>" emission wavelength is varied. The
true origin is unknown. Therefore, the reduction in PL lifetime
of Mn?* ions indicates the naked Mn?>*:CsPbCl; NCs are not
stable in size and structure during film preparation.

Further, to improve the photostability of the doped NCs, the
Mn?**:CsPbCl; NCs were coated with a Cs,PbCly shell by
following a previous method.® The TEM images and XRD
patterns of Mn?>*:CsPbCl; and Mn**:CsPbCl,/Cs,PbCl, core/
shell NCs with Mn/Pb ratios of 2/1 are shown in Figure S7.
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After coating the shell, the size of the NCs increases from 7.92
to 9.06 nm, indicating that the thickness of shell is 0.57 nm,
and two new diffraction peaks at 13.4 and 27.0° are found,
corresponding to (110) and (220) directions of Cs,PbClg
structure (JCPDS: 76-1530), which demonstrates that the
Cs,PbClg shell is successfully coated on the surface of the
Mn**:CsPbCl; core. The absorption and PL spectra of
Mn?**:CsPbCl; and Mn>*:CsPbCl,/Cs,PbCls core/shell NCs
with various Mn/Pb ratios in hexane are shown in Figure S8.
The observation of a sharp absorption band near 350 nm
confirms the successful coating of a Cs,PbClg shell on the
Mn?*:CsPbCl; core NCs.*® Figure 7 shows the PL spectra and
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Figure 7. PL spectra of Mn?*:CsPbCl;/Cs,PbCl, core/shell NCs with
Mn/Pb ratios of 2/1 (a) and 3/1 (b) and the corresponding Mn** PL
decay curves (c, d) under various illumination times.

decay curves of Mn**:CsPbCly/Cs,PbCls core/shell NCs
under various illumination times. Only two Mn>":CsPbCl,
NC films with Mn/Pb ratios of 2/1 and 3/1 as an example are
provided to show relatively long and stable PL lifetimes of
Mn?* ions. As seen in Figure 7a and b, the relatively small
reduction in PL intensities of band-edge excitons and Mn?*
ions is observed, compared with those of doped NCs without a
shell as seen in Figure 5. It is clearly noted that the
Mn?**:CsPbCl,/Cs,PbCly core/shell NCs with Mn/Pb ratios
of 2/1 and 3/1 still have Mn>* PL bands at 600 and 610 nm,
respectively, while they do not show any blue-shift in Mn>* PL
after a long illumination time. However, the blue-shift of the
Mn?** PL band in Mn>*:CsPbCl;/Cs,PbCls core/shell NCs
with the highest Mn/Pb ratio of 5/1 is also found as shown in
Figure S9a, indicating that Mn*" ions still escape from the
doped NCs under illumination, perhaps due to unsuccessful
shell coating. As seen in Figures 7c and d and S9b, the PL
lifetimes of Mn** ions are 1.75 + 0.02, 1.66 + 0.03, and 1.01 +
0.07 ms, respectively, for Mn>*:CsPbCl;/Cs,PbClg core/shell
NCs with Mn/Pb ratios of 2/1, 3/1, and 5/1 under various
illumination times. On the other hand, the PL decay curves of
Mn** ions in Mn**:CsPbCl,/Cs,PbCl core/shell NCs in
solutions and films with various Mn/Pb ratios at different
emission wavelengths were also measured, as shown in Figures
S10 and S11, respectively. The PL lifetimes of Mn*" ions in
CsPbCl;/Cs,PbClg core/shell NC films with various Mn/Pb
ratios of 1/1, 2/1, 3/1, and §/1 at different emission
wavelengths have a slight reduction, compared with the
core/shell NCs in solution. The PL lifetimes of Mn?**
emissions at their peak wavelengths are 1.80 + 0.02, 1.79 +

0.01, 1.76 + 0.01, and 1.18 + 0.05 ms for NC solution and
1.62 + 0.01, 1.69 + 0.01, 1.60 = 0.04, and 0.93 + 0.06 ms for
NC films, respectively. The Mn**:CsPbCl,/Cs,PbCl, core/
shell NCs clearly show much more significantly increased Mn**
lifetimes than those in the naked ones, indicating that the
Cs,PbCl, shell effectively improves the photostability of Mn**
doped CsPbCl; NCs.

Upon the illumination effect, the UV light-induced
degradation of luminescence in Mn*":CsPbCl; NCs can be
explained by the formation of nonradiative defects/traps due to
the photo-oxidation of the doped NCs. The light-induced
degradation in CsPbBr; NCs under high-power LED
illumination was related to oxygen-induced degradation and
increased surface trap states due to growth of NCs.*” The light-
induced degradation in yellow-emitting K,SiFs:Mn** phos-
phors was attributed to photo-oxidation of Mn** to Mn** and
formation of nonradiative defects/traps in NCs.”” Recently, the
light-induced photophysical variation in organic metal halide
perovskites in the presence of oxygen was explained by light-
induced ion migration.41 Also recently, the oxygen-induced
performance degradation of Mn®' emission including PL
intensity and lifetime was observed in Mn?*:CsPbCl; NCs.**
The significant reduction in PL lifetimes of Mn** ions was
considered to be related to absorbed oxygen on the NC
surface. In our experiment, the illumination-induced defect/
traps in CsPbCl; host reduces the energy transfer from NC
host to Mn?" ions, only quenching the Mn** PL intensity. The
PL lifetime of Mn®" ions is unchanged because no efficient
energy transfer occurs between Mn®* ions and illumination-
induced defect/traps in the NC hosts. Therefore, the Cs,PbClg
shell significantly suppresses the UV light-induced degradation
of luminescence in Mn?*:CsPbCl; NCs.

4. CONCLUSIONS

In summary, the UV illumination effects on optical properties
of Mn?*:CsPbCl; core and Mn**:CsPbCl,/Cs,PbCl, core/shell
NCs have been studied by steady-state and time-resolved PL
spectroscopy. The UV illumination resulted in the formation of
an amount of defect/trap states, degrading the PL properties of
Mn*":CsPbCly NCs by reducing PL intensities and lifetimes of
band-edge excitons and by reducing PL intensities of Mn**
ions but not by reducing PL lifetimes of Mn** ions. The
unchanged single-exponential decay times of Mn>" emissions
in the doped NCs with low Mn/Pb ratios under various UV
illumination times indicated that the local environment around
Mn?** ions is relative stable. The observation of Mn?* emission
blue-shift in high Mn?* doping concentration NCs under
illumination suggested the diffusion of Mn*" ions out of doped
NCs. The Cs,PbClg shell effectively passivated Mn*":CsPbCl,
NCs, suppressed the UV light-induced degradation of
Mn?>*:CsPbCl; NCs, and enhanced Mn** PL. In addition, the
XRD patterns and TEM images clarified that there was no
clear structural change and aggregated Pb atoms in illuminated
Mn>*:CsPbCly; NCs. Therefore, the metal doping and shell
coating can effectively suppress photo-oxidation of
Mn*":CsPbCly NCs and the diffusion of Mn** out of doped
NCs, further improving their photostability.
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