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Cesium lead halide perovskite nanocrystals (NCs) have attracted extensive attention for photoelectric
device application due to their excellent optoelectronic properties. However, the toxicity of lead has
hindered their commercialization. Consequently, lead free cesium metal halide NCs have been
developed, but these materials suffer from low photoluminescence quantum yield (PLQY) and poor
stability. Here, a new class of lead-free non-perovskite blue-emitting cesium bromine (CsBr) and cesium
iodine (Csl) halide NCs are realized by zinc doping. High PLQYs of 79.05% and 78.95% are achieved by
CsBr:Zn and Csl:Zn NCs, respectively, attributed to the improved local structural order and reduced
strain between the lattices of the NCs after storing under ambient conditions for 20 to 30 days.
Moreover, zinc doped cesium halide NCs show excellent air stability for at least 50 days. Our results for
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Introduction

Recently, cesium lead halide (CsPbX;, X = Cl, Br, I) nanocrystals
(NCs) have attracted extensive research interest in devices such
as solar cells, light-emitting diodes (LEDs),*® and photode-
tectors®* and in laser'>"® applications due to their superior
photonic and electronic properties. Among these NCs, the
perovskite lattice structure is commonly taken and contributes
to their excellent optoelectronic properties. Although this new
class of NCs based on halide perovskites are potential candi-
dates for next generation lighting and display materials,
scientists are still striving to improve their emission efficiency
and air stability and, more importantly, reduce their toxicity.
Currently, research progress on blue-emitting perovskite halide
NCs is lagging behind that of green and red emitting perovskite
halide NCs due to instability and low PLQY.*" In particular,
the replacement of the Pb cation in blue-emitting perovskite
NCs to lower toxicity has sacrificed their PLQY significantly."”
Hence, developing non-toxic lead-free blue-emitting NCs with
high PLQY becomes an important task.'s>*

Several low toxic metal cations have been used to fully or
partially replace Pb in halide perovskite NCs, such as manga-
nese (Mn),>>** nickel (Ni),***” copper (Cu),**?° tin (Sn),*'*
europium (Eu),”” bismuth (Bi)***' and zinc (Zn).**** Mn was
used to partially replace Pb to prepare less toxic
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CsPby 73Mn, ,,Cl; NCs with dual-color emission and greatly
enhanced the PLQY of CsPbCl; from 5% to 54%.* Violet-
emitting perovskite NCs with high PLQY of 96.5% were
successfully synthesized by doping 11.9% molar ratio of Ni into
CsPbCl; NCs.? Cs3Cu,ls NCs with a PLQY of 87% were prepared
to fabricate high efficiency deep blue LEDs.*® Furthermore, Sn
was used to prepared CsSnX; NCs. However, only a low PLQY
below 1% and poor air stability was found due to the fact that
Sn** can be easily oxidized into Sn**.** The ionic radii of Eu**
and Pb”>" are similar, so Eu has great potential to replace Pb.
Blue-emitting CsEuCl; NCs with a PLQY of 5.7% was synthe-
sized.*” Bi was also introduced into perovskite NCs to prepare
Cs;Bi,Bry NCs, which exhibit a blue emission with a PLQY of
4.5%.%® Environmental friendly Zn was also used to replace Pb
to prepare lead free halide NCs. Recently, blue-emitting Cu
doped Cs,ZnBr, NCs were prepared with a PLQY of 65.3%.** As
a result, the replacement of Pb cation in blue-emitting halide
perovskite NCs with a satisfactory PLQY continues to be an
important task for researchers.

Besides halide perovskite NCs, the replacement of Pb in
cesium lead halide NCs can sometimes lead to non-perovskite
lattice structures, existing as doped cesium halide NCs, which
are rarely studied. Cesium halides (CsX, X = Cl, Br, I) are wide
bandgap materials used for scintillators due to their ability to
absorb high-energy X-ray and turn into ultraviolet emission for
X-ray detection.” In the commercially used CsX bulk crystals, Tl
and Na doping are commonly applied to improve the emission
performance of scintillators. However, their optical properties
on the nanoscale have been rarely investigated up to date.**"** By
introducing intermediate trap states via doping, Yang et al.
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reported the blue-emitting Eu*>* doped CsBr NCs with a PLQY of
32.8%." Nevertheless, rare earth element Eu is limited due to its
scarcity and high cost. Based on these preliminary results, more
efforts are urgently required to study CsX NCs owing to their
great potential in blue emission and non-toxic applications.

In this work, a new class of lead-free blue-emitting cesium
halide NCs is developed by introducing Zn as doping cation into
the lattice of CsBr and Csl. The zinc doped cesium halide
(CsBr:Zn and CsI:Zn) NCs synthesized via modified hot injec-
tion method are found to exhibit a cubic structure, instead of
perovskite structure. Furthermore, we observe the self-growing
process of CsBr:Zn NCs with gradually improved local struc-
ture order and reduced strain when precipitating the particles
and re-dispersing them in a clean solvent for 30 days. As
a result, significantly high PLQY of 79.05% and 78.95% are
measured for CsBr:Zn and CsI:Zn NCs, respectively. To the best
of our knowledge, the high PLQY of these NCs materials
prepared in our work are comparable with the best of
CsPb(Br;_,Cl,); perovskite quantum dots,*® carbon dots,*
commercial Cd-based quantum dots** and other lead-free
halide NCs in blue-emitting region (Table S1t). The demon-
stration of zinc doped cesium halide NCs via modified hot
injection method has introduced a new class of lead-free blue-
emitting cesium metal halide NCs for future lighting and
display applications.

Experimental
Chemicals

Cesium carbonate (Cs,CO;, 99% metals basis), octadecene
(ODE, technical grade, 90%), oleic acid (OA, 85%), oleylamine
(OLAM, 80-90%), and hexane (analytical grade) were purchased
from Aladdin. Zinc bromide (ZnBr,, 99.9% metals basis) and
zinc iodide (Znl,, analytical grade, 98%) were purchased from
Macklin. Silica gel (ET-821 A and B) used for LED package was
purchased from IED Technologies Co. Ltd. All chemicals were
used without further purification.

Preparation of cesium oleate as a cesium precursor

Cs,CO; (0.540 g, 1.6574 mmol), ODE (20 mL) and OA (1.9 mL)
were loaded into a 50 mL 3-neck round bottom flask, dried for
30 minutes at 120 °C, and then kept at 100 °C under N, until all
Cs,COj; reacted with OA.

Synthesis of zinc doped cesium halide nanocrystals

ODE (30 mL), OA (0.36 mL), OLAM (3 mL) and ZnBr, (0.540 g,
2.3979 mmol) were added to a 100 mL 3-neck round bottom
flask and kept at 120 °C under N, until all ZnBr, was completely
dissolved. Then the reaction was kept at 160 °C under N, for 10
minutes and cesium oleate solution (4.5 mL, prepared as
described above) was quickly injected. 2 minutes later, the
reaction mixture was cooled by ice-water bath with continuous
stirring for 1 minute. The ice-water cooled crude solution was
purified via a high speed centrifuged (at 8000 rpm for 5
minutes). After centrifugation, the supernatant was discarded
and the particles were re-dispersed in hexane. For the synthesis
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of other zinc doped cesium halide NCs, ZnBr, was simply
replaced by Znl,.

Fabrication of the blue LED

The prepared CsBr:Zn NCs solution was added into the mixture
of silica gel ET-821 A and B, and stirred for 15 minutes for fully
mixing CsBr:Zn NCs and silica gel. The obtained mixture was
put into an oven at 40 °C for 15 min to evaporate the solvent.
Then it was coated onto the LED chip.

Characterization

X-ray diffraction (XRD) spectra were measured with a Bruker-D8
Advance using Cu Ko radiation (A = 1.5406 A) at room
temperature by drop-casting CsBr:Zn NCs solution on a glass
and heating at 120 °C to remove the solvent. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
images were acquired on a JEOL JEM-2100 electron microscope
with an accelerating voltage of 200 kV by drop-casting NCs
solution onto 300 mesh carbon-coated copper grids. Energy
dispersive spectrometer (EDS) measurement was done with
a TESCAN MIRA3 and Aztec X-MaxN80 instrument by drop-
casting NCs solution onto a conductive silicon slide. X-ray
photoelectron spectroscopy (XPS) measurement was carried
out with an AXIS UltraDLD instrument by drop-casting NCs
solution onto a glass slide. UV-visible absorption spectra of NCs
solution were recorded by using a PerkinElmer Lambda35
spectrometer. Photoluminescence (PL) and PL excitation (PLE)
spectra of NCs solution were performed on a PerkinElmer LS55
luminescence spectrometer. A quartz cuvette of 10 mm path
length and volume 3 mL was used for collecting the spectra.
Photoluminescence quantum yield (PLQY) absolute quantum
yield and time-resolved PL (TRPL) decay curve measurement of
NCs solution were carried out by a PTT QM/TM/IM steady-state
and time-resolved fluorescence spectrometer. The PLQY was
measured by using a Beckman integrating sphere with a diam-
eter of 80 mm. We firstly placed a blank quartz plate in the
integrating sphere to measure the reference. Then we measured
the emission spectrum of the sample excited by 360 nm light in
the integrating sphere as well. Via calculation of emission
divided by absorbance, the PLQY of the sample was obtained at
room temperature. The time-resolved PL decay spectrum was
measured with an excitation from the pulse laser of 380 nm. The
decay curve can be well fitted with a mono-exponential function:
I(t) = A exp(—t/t), where t represents the lifetime of the blue
emission band, indicating only one emission center in the
sample. TGA of NCs powder was recorded by Discovery TGAS55 at
a heating rate of 10 °C min~" in the range of 20-900 °C under
nitrogen flow. The LED properties were measured by an inte-
grating sphere HAAS2000.

Results and discussion
Synthesis of CsBr:Zn NCs

The CsBr:Zn NCs were synthesized using a modified hot-
injection method by injecting cesium oleate precursor into
a solution of zinc bromide (ZnBr,), oleic acid (OA), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oleylamine (OLAM) in octadecene (ODE). An injection temper-
ature of 160 °C is needed. During the synthesis process, by
reducing the ratio of OA and increasing the amount of ZnBr,,
the highest PL intensity of the sample was achieved. By re-
dispersing CsBr:Zn NCs in clean hexane and storing them for
about 30 days at ambient condition, CsBr:Zn NCs in hexane
show bright blue emission under UV-light irradiation, with
a corresponding PLQY measured as high as 79.05%, which is
comparable with the best blue-emitting quantum dots.>*">*

The morphology of the prepared CsBr:Zn NCs (stored at
ambient condition for 30 days) observed by transmission elec-
tron microscopy (TEM) is presented in Fig. 1a and b. It showed
uniform morphology in hexagonal-shape with an average size
diameter of 23.3 nm (Fig. 1a). A similar shape has been also
reported in CsBr NCs*® and CsBr:Eu*" NCs.* High-resolution
TEM (HRTEM) of CsBr:Zn NCs reveals that they are crystalline
with no obvious crystal defects and that the lattice distance is
0.301 nm (Fig. 1b and S17), corresponding to the (110) crystal
facet of pure CsBr. The selected area electron diffraction (SAED)
pattern in Fig. 1c also matches well to the crystalline nature of
pure CsBr. X-ray diffraction (XRD) patterns of CsBr:Zn NCs were
measured to verify the crystal structure in Fig. 1d, confirming
that CsBr:Zn NCs are crystalline with cubic structure and hold
Pm3m space group. The peak positions of CsBr:Zn NCs are
coincident with the standard file (ICDD card no 050588). The
dominant diffraction peaks are indexed at 20 = 29.56°, 42.31°
and 52.35°, corresponding to diffraction from the (110), (200),
and (211) planes, respectively.*** However, no diffraction of Zn,
ZnBr, or other secondary phases were observed, as other reports
referred.**** It's worth to note that the calculated crystal
parameter of CsBr:Zn (a = b = ¢ = 4.283 A, « = § = v = 90°) is
slightly smaller than that of CsBr (a = b =c=4.296 A,a ==y
= 90°) due to the lattice distortion brought by the presence of
divalent zinc in these crystals. Meanwhile, it is generally
believed that doping smaller-sized cations (0.60 A for Zn>" ionic
radii vs. 1.67 A for Cs") would cause the contraction of cubic
lattice. The contraction lattice of CsBr:Zn NCs can also be
confirmed by higher angles shift of the XRD peaks.

Fig. 1
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To confirm that Zn is doped into CsBr NCs, energy dispersive
spectrometer (EDS) measurement and X-ray photoelectron
spectroscopy (XPS) measurement were carried out. The indi-
vidual elemental maps of Cs, Br and Zn are illustrated in Fig. 2.
Zn is evenly distributed throughout the field of the sample, as
well as Cs and Br. The calculated percent composition of the
constituent elements of CsBr:Zn NCs is 36.24% for Cs, 56.61%
for Br, and 7.15% for Zn. Abundant Br does not only balance the
charge of the system, but also reduce the surface traps and
improve the PL performance of the NCs.>**® We further per-
formed XPS measurement to study the surface chemistry of
CsBr:Zn NCs (Fig. S2}). The Cs 3d spectrum exhibits two
dominant peaks located at 723.9 and 737.8 eV, corresponding to
the Cs 3d5/2 and Cs 3d3/2 level, respectively. The binding
energy peaks of Br 3d at 68.0 eV (Br 3d5/2) and 68.9 eV (Br 3d3/2)
are also observed in the Br 3d spectrum for the CsBr:Zn NCs.
Meanwhile, the presence of Zn in the lattice has been further
confirmed from Zn 2p spectrum, demonstrating two charac-
teristic peaks located at 1021.7 eV for Zn 2p3/2 and 1044.7 eV for
Zn 2p1/2 level. We also note that the peaks of C 1s, 0 1s and N 1s
can be obviously observed besides the peaks of Cs 3d, Br 3d and
Zn 2p, which indicates that the CsBr:Zn NCs are surrounded
and passivated by rich OA and OLAM ligands and may be
a reason for their excellent properties. The result of XPS is
consistent with the above EDS analysis, suggesting the
successful doping of Zn into CsBr lattice.

Optical properties of CsBr:Zn NCs

The UV-visible absorption, photoluminescence (PL) and PL
excitation (PLE) spectra of the sample are presented in Fig. 3a,
and the inset picture shows photographs of colloidal CsBr:Zn
NCs solution under room light and a 365 nm UV light excita-
tion. CsBr:Zn NCs demonstrate a typical sharp absorption band
at around 230 nm. And two weak bands at 381 nm and 404 nm
in the tail are shown in the magnified view of bands in Fig. S3.
The absorption tail with two weak bands in the long wavelength
region, which are not supposed to appear at a simple CsX NCs,>*
is attributed to the introduction of the additional intermediate

(d)

CsBr:Zn NCs

Intensity (a.u.)

2 Theta (degree)

(@) Transmission electron microscopy (TEM) image, (b) high-resolution TEM (HRTEM) image and (c) selected area electron diffraction

(SAED) pattern of CsBr:Zn NCs. (d) XRD patterns (black line) of as-prepared CsBr:Zn NCs in comparison with the corresponding reference
patterns (ICDD no 050588 for CsBr, red line). (Scale bar for (a) 100 nm, for (b) 10 nm and for (c) 10 1/nm).
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CsBr:Zn

Fig. 2 Elemental characterization of CsBr:Zn NCs. (a) SEM image of CsBr:Zn NCs. (b) EDS mapping of CsBr:Zn NCs. (c—-e) Corresponding
elemental mapping of Cs, Br, and Zn in CsBr:Zn NCs. Scale bars are 5 um in all images.
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Fig. 3 (a) UV-visible absorption (black line), PL (blue line) and PLE (red
line) spectra of CsBr:Zn NCs. Inset in the top right shows photographs
of CsBr:Zn NCs solution under room light and a UV light excitation
(365 nm). (b) Time-resolved PL decay and fitting curve of CsBr:Zn NCs.
(c) The formation of the blue-emitting CsBr:Zn NCs, where a Cs™ site is
replaced by the combination of a Zn®* and a vacancy (V.") in CsBr
crystal structure. (d) PLQY values of CsBr:Zn NCs over storage time at
ambient condition.

trap states by Zn doping in original energy level, and correlated
well with the emission peaks of CsBr:Zn NCs.

The emission spectra of the CsBr:Zn NCs is largely deter-
mined by Zn doping since CsBr NCs is originally non-emissive.**
The PL spectrum of CsBr:Zn NCs under excitation at 380 nm
consists of multi peaks, instead of a single peak, with a wide
range from 395 nm to 550 nm. Two main peaks are centered at
415 nm and 438 nm in PL spectrum, respectively, which are in
a good agreement to the two weak absorption band edges at

2440 | RSC Adv, 2021, N, 2437-2445

381 nm and 404 nm with a Stokes shift of 34 nm for each peak.
The FWHM of CsBr:Zn NCs is 47 nm, comparable with other
lead-free halide NCs. Based on 10 samples, we measured the
PLQY of CsBr:Zn NCs with a value of 78.51 £ 0.54%. Notably,
the CsBr:Zn NCs exhibit the brightest blue emission with the
highest PLQY up to 79.05% (Fig. S47). It needs to be emphasized
that the 79.05% PLQY is among the highest one for lead-free
halide NCs in the blue-emitting region. Yang et al. reported
the nature of multiple and asymmetric bands of blue emission
in CsBr:Ca®>" NCs is caused by the incorporation of Ca*>" ion.*
Therefore, the luminescence of CsBr:Zn NCs can also originate
from Zn** doping, which will be discussed later.

Besides, PLE spectrum of CsBr:Zn NCs exhibits a strong peak
at around 370 nm. The constant shape of PLE spectra when
varying the emission wavelength (Fig. S5at) indicates that the
multi PL peaks of CsBr:Zn NCs origin from the same energy
recombination channel, via the luminescent centers introduced
by zinc doping. Meanwhile, no obvious spectra shift in
excitation-dependent PL spectra (Fig. S5bt) also shows that the
multi blue emission peaks of CsBr:Zn NCs are caused by the
relaxation of almost the same excited states. The results above
show that the multiple blue-emitting peaks of CsBr:Zn NCs
originate from the same luminescence mechanism, that is to
say, the photons released by radiative recombination come
from a specific way instead of multiple ways. The specific way of
recombination can be related to the intermediate trap states
introduced by Zn doping. The photophysical process in CsBr:Zn
NCs is shown in Fig. S6.1 In addition, the stable peak position
together with high PLQY of CsBr:Zn NCs indicates their
potential to be a good candidate for intense and stable light
irradiation sources in blue region.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3b shows the corresponding time-resolved PL (TRPL)
decay curve of CsBr:Zn NCs with an excitation of 380 nm. The
curve can be well fitted by mono-exponential decay behaviour
(R* = 0.995), which also indicates a single pathway of radiative
recombination with an extremely low defect density.>*® While
the corresponding PL lifetime is as low as 1.63 ns, it is still of the
same magnitude as that of CsPbCl; (ref. *”) and Cs,ZnCl, (ref. **)
NCs. The obtained short-lived PL decay lifetime can be ascribed
to exciton recombination. The mono-exponential fitting result
offers reasonably agreement with the high PLQY of 79.05% of
the CsBr:Zn NCs.* In addition, the PL intensity of CsBr:Zn NCs
with a linear dependence of the excitation power indicates that
the origin of photoemission is not permanent defects
(Fig. S77).** To further explore the luminescence mechanism of
CsBr:Zn NCs, we tested the temperature dependent PL spectra
from 80 K to 300 K (Fig. S8f). PL intensity increases with the
increment of the temperature termed as negative thermal
quenching,*** which is quite anomalous for normal semi-
conductor NCs. Here, the domination of radiative relaxation
process in CsBr:Zn NCs is evidenced because the nonradiative
relaxation process will lead to thermal quenching, which means
PL intensity decreases with the increasing temperature. The
reason of this interesting behaviour may be explained consid-
ering the involvement of intermediate trap states introduced by
zinc doping. At suitable temperature, the charge carriers
captured by the intermediate trap states can be activated and
released due to enough thermal energy, and transit to ground
state followed by radiative recombination. Then, an increment
of PL intensity is observed. However, the thermal energy is
insufficient for releasing the carriers captured by intermediate
trap states at lower temperature. It's worth to note that the
temperature, which can provide enough energy, is as low as 120
K. Therefore, CsBr:Zn NCs show a bright blue emission at room
temperature. The FWHMs of CsBr:Zn NCs increase as the
temperature increases, which is consistent with other reports,
because of more active lattice structure vibration at higher
temperature.

Furthermore, many reports have shown that the impurity
doping can bring new bands between the original conduction
band minimum (CBM) and valence band maximum (VBM) of
the host materials, and therefore greatly change their optical
properties.*»*#¢5 Here, both CsX (X = Br and I) are essen-
tially insulators with large bandgaps. For example, CsBr has
a bandgap of 4.2 eV. After Zn doping, CsBr:Zn NCs exhibit
a bright blue emission of 415 nm and 438 nm under UV-light
excitation, which essentially means that Zn doping introduces
new bands with lower energy in the blue emitting region. Once
again, we like to suggest that bandgap narrowing for CsBr:Zn
NCs can be originated from the intermediate trap states intro-
duced by Zn doping via its d-d transitions.®* A recent report
from Liao et al. suggests that upon impurity doping Zn>" and
other transition metal ions with similar electronic configura-
tion (d°-d'®) are capable of decreasing the bandgap of halide
NCs via the overlapping of p orbitals of halide anions and
d orbitals of Zn*" cations in the valence band.®” Moreover, in the
lattice of CsBr:Zn NCs, the combination of a divalent Zn*"
cation and a vacancy (V. ) can replace a Cs' site in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

monovalent CsBr host to keep the charge balance, as shown in
Fig. 3c, which is commonly seen in the divalently-doped cesium
halide crystals represented by Pb>*, Sn** and Eu’*.®*7° The
bright blue emission of CsBr:Zn NCs can take place from the
exciton localized near Zn®>*-V.~ pair. Further studies are
ongoing to investigate the mechanism of Zn doping. The
change in PLQYs of CsBr:Zn NCs over time is presented in
Fig. 3d. The PLQY increases with storage time until a maximum
of 79.05% is reached. In this case, CsBr:Zn NCs were stored at
ambient condition for 30 days. Then the PLQY decreases and
remains at 63.77% after 50 days. The result shows that CsBr:Zn
NCs are stable under air condition for at least 50 days. To clarify
this interesting observation, the structure and morphology of
CsBr:Zn NCs related to storage time are discussed in the
following part.

Structure-optical properties relationship of CsBr:Zn NCs

To clarify the structure-optical properties relationship between
PLQY and storage time, we further measured the TEM images
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Fig.4 TEMimages, HRTEM images and SAED patterns of CsBr:Zn NCs
after stored for 3 days (a—c), 30 days (d—f) and 50 days (g—i), respec-
tively. Insets in TEM images are particle size statistical histograms of
CsBr:Zn NCs at different storage time. Scale bars present 100 nm for
(a), (d) and (g); 10 nm for (b), (e) and (h); 10 1/nm for (c), (f) and (i).
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(Fig. 4) and XRD patterns (Fig. S9) of CsBr:Zn NCs over time. In
Fig. 4, the size and shape of CsBr:Zn NCs change with the
storage time. The size of CsBr:Zn NCs becomes lager while
storage time increases. The shape of CsBr:Zn NCs remains
regular hexagonal-shape in 30 days, but partially changes into
cubic-shape after stored for 50 days, which can be seen clearly in
the HRTEM images. TEM diffraction patterns of CsBr:Zn NCs
after stored for 3 days, 30 days and 50 days are similar, so the
crystal structure of CsBr:Zn NCs is stable for a long term
storage. This can also be confirmed by the unchanged XRD
patterns at different days in nearly 2 months (Fig. S9%).

We calculate the size and strain of CsBr:Zn NCs from the
XRD patterns, as shown in Table S2.f The calculated size of
CsBr:Zn NCs at different days from XRD is in good agreement
with the TEM result. It is worth to note that the calculated strain
between CsBr:Zn NCs is so large at beginning, thus causing the
originally weak photoluminescence of the fresh NCs. Then, the
calculated strain for CsBr:Zn NCs decreases in the first 30 days,
then slowly increases afterward. Again, it is worth to note that
after 30 days the regular hexagonal CsBr:Zn NCs with a diameter
of 23.3 nm have the lowest strain, corresponding to the
minimum lattice distortion caused by the doping of Zn. The
increased order of the lattice can be beneficial for the trapped
photons produced by the radiative recombination to be effec-
tively released from the lattice, contributing to the highest
PLQY.** When the calculated strain slowly increases afterward,
PLQY also decreases to 63.77%. From results above, the optical
properties of CsBr:Zn NCs is dependent on their structural
properties, such as morphology and strain. These findings
indicate that the high PLQY and good air stability of CsBr:Zn
NCs can be due to improved local structure order and less strain
of the crystal during the self-growing process for first 30 days.

Stability of CsBr:Zn NCs

We also studied the stability of CsBr:Zn NCs. They are stable
under air condition (relative humidity: 40-50%) for at least 2
months, as supported by the similar TRPL spectra of CsBr:Zn
NCs at different temperatures and stored days (Fig. S101) and
the bright blue emission pictures for the 30th and 60th day
under a 365 nm UV light (Fig. S111). CsBr:Zn NCs also have
good thermal stability, confirmed by the thermogravimetric
analysis (TGA) measurement under nitrogen flow from 20 to
900 °C (Fig. S127). A slight weight loss at around 250 °C can be
attributed to the loss of organic ligands. A large weight loss of
around 750 °C is due to the decomposition of CsBr:Zn NCs.*®

Synthesis of CsI:Zn NCs

In addition, the synthesis method can be applied to other zinc
doped cesium halide NCs by using Znl, salt as precursor. As
show in Fig. 5, blue-emitting CsI:Zn NCs were also prepared
(stored at ambient condition for 20 days). The PLQY of CsI:Zn
NCs was measured to be 78.32 & 0.63% based on 10 samples,
with the highest PLQY of 78.95% (Fig. S13t). Compared with
CsBr:Zn NCs, the shape of Csl:Zn NCs changes to quasi-
spherical with an average diameter of 18.11 nm, as shown in
Fig. 5a. HRTEM images (Fig. 5b) of Csl:Zn NCs shows a lattice
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Fig.5 (a) TEMimage, (b) HRTEM image and (c) SAED pattern of Csl:Zn
NCs. Inset in TEM image presents particle size statistical histogram of
Csl:Zn NCs. Scale bar for (a) is 50 nm, for (b) is 10 nm and for (c) is 10 1/
nm. (d) XRD patterns (black line) of as-prepared Csl:Zn NCs in
comparison with the corresponding reference patterns (ICDD no
060311 for Csl, red line). (e) UV-visible absorption (black line) and PL
(blue line) spectra of Csl:Zn NCs. Insets in the top right show photo-
graphs of NCs solution under room light and UV excitation (365 nm).

distance of 0.323 nm, corresponding to the (110) crystal facet of
pure CsBr. SAED patterns (Fig. 5¢) of CsI:Zn NCs exhibit the
dominant diffraction patterns of the crystal planes of (110),
(200) and (211).

In Fig. 5d, XRD patterns of Csl:Zn NCs also show higher
angles shift and contractive lattice (a = b = ¢ = 4.283 Aa=g8=
¥ = 90°), as compared to pure CsI (ICDD card no 060311, a =
b=c=4296Aa=8=vy= 90°). CsI:Zn NCs hold cubic crystal
structure with Pm3m space group, which is similar to CsBr:Zn
NCs. The EDS mapping (Fig. S141) shows that Csl:Zn NCs are
composed of 45.11% Cs, 53.66% I and 1.23% Zn, which is
consistent with XRD result. The excess halide ions can be
beneficial to their optical performance.*® The XPS spectra
(Fig. S15%) provide the further confirmation of the presence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Zn in Csl:Zn NCs by the signal peaks of Zn 2p3/2 level at
1021.9 eV and Zn 2p1/2 level at 1044.7 eV.

In Fig. 5e, the absorption spectrum of Csl:Zn NCs reveals
a strong exciton peak at 250 nm derived from the highly ionic
lattices of CsI NCs and an obviously broad tail from 250 nm to
550 nm, which is not seen in CsI NCs.*® In the meantime, PL
spectrum shows blue emission peaks centered at 415 nm and
440 nm, similar to that of CsBr:Zn NCs. PLE spectrum and time-
resolved PL decay curve of CsI:Zn NCs (Fig. S161) are measured
to study their optoelectrical properties further. PLE spectrum of
these NCs exhibits a strong peak at around 386 nm. Time-
resolved PL decay curve can also be well fitted by mono-
exponential decay function (R* = 0.997), and the calculated
average lifetime of CsI:Zn NCs is 1.50 ns, which indicates
a single exciton recombination pathway and fast radiative
recombination in both zinc doped cesium halide NCs. The
change of PLQY of CsI:Zn NCs over storage time is recorded in
Fig. S17.1+ The trend is similar to that of CsBr:Zn NCs. The
highest PLQY of Csl:Zn NCs at 78.95% was achieved after
storing for 20 days at ambient condition.

Application of CsBr:Zn NCs in LED

To further investigate the potential applications of zinc doped
cesium halide NCs in optoelectronic technology, white CsBr:Zn
powder was prepared by evaporating solvent under vacuum
environment. CsBr:Zn powder emits a bright blue emission
under 365 nm UV light excitation in Fig. 6a, which shows an
excellent photoluminescence performance.

A blue LED was fabricated by combining blue emission
CsBr:Zn NCs with a 365 nm UV light chip. The photograph of
the as-fabricated LED under an operating current of 40 mA is
shown in the inset of Fig. 6b. The blue LED has the normalized
spectral power at around 440 nm (Fig. 6b), which means that
CsBr:Zn NCs maintain their original luminescent properties in

b
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Fig. 6 (a) Photographs of CsBr:Zn NCs powder with and without UV
light excitation. (b) Normalized spectral power of the LED fabricated by
CsBr:Zn NCs (blue line) and PL spectrum of CsBr:Zn NCs solution
(black line). Insets in the top right show photographs of the blue LED in
closed and open states. (c) Normalized spectral power of the blue LED
under different operating currents from 10 to 100 mA. (d) CIE coor-
dinate corresponding to the blue LED under an operating current of
100 mA.
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blue color.* Besides, in a wide range of operating currents from
10 to 100 mA, the device kept the spectra unchanged (Fig. 6c)
and exhibited the similar emission (Fig. S18t). Due to the stable
luminescent spectra, the output light of the blue LED of CsBr:Zn
NCs has a good colour stability. A CIE colour coordinate (0.199,
0.158) of the blue LED can been obtained under the operating
current of 100 mA (Fig. 6d). The luminous efficiency of the
fabricated blue LED is 0.45 Im W~ " under the operating current
of 100 mA at room temperature. By using UV light chip, the
application of blue-emitting CsBr:Zn NCs has been
demonstrated.

Conclusions

In summary, we have prepared a series of lead-free and blue
luminescent zinc doped cesium halide (CsBr:Zn and CsI:Zn)
NCs, outside the family of traditional perovskite halide NCs, via
a modified hot-injection method. It is interesting to find that
the size and shape of the prepared CsBr:Zn NCs change with the
storage time under ambient condition, and finally influence the
optical properties, especially the PLQY. The prepared CsBr:Zn
NCs stored for 30 days with a diameter of 23.3 nm and improved
local structure order exhibit the brightest blue emission with
a FWHM of 47 nm and PLQY of 79.05%. The high PLQY of
CsBr:Zn NCs is among the highest ones for lead-free halide NCs
in blue-emitting region as to our knowledge. The CsBr:Zn NCs
can be stored under ambient condition for at least 50 days, in
which the PLQY still remains 80.67% of the highest PLQY value.
CsI:Zn NCs also have a bright blue emission with a high PLQY of
78.95%. The PL spectra of both CsBr:Zn and CsI:Zn NCs are
similar. Furthermore, from the observation of temperature
dependent PL and narrowing of optical bandgap, zinc doping
may induce intermediate trap states in the energy level of
cesium halide NCs resulting in bright blue light emission. Multi
peaks in PL spectra of both CsBr:Zn and Csl:Zn NCs can also be
attributed to multiple intermediate trap states and emissions.
Further investigation is still required to understand the pho-
tophysical process in the Zn doping. A blue LED fabricated by
CsBr:Zn NCs shows stable color spectra and indicates that zinc
doped cesium halide NCs are promising candidates for the
lighting and display applications.
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