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Colloidal synthesis of size-confined CsAgCl, nanocrystals:
implications for electroluminescence applications

A facile solution-based route to CsAgCl, nanocrystals was
devised. Sb* dopant was found to have the ability to control
particle size of the nanocrystals in the quantum confinement
regime, as well as to enhance their PLQYs from 17% to 38%.
LEDs fabricated with these nano-emitters exhibit fascinating
warm white-light emission, which opens up new avenues to
develop single-component warm white LEDs.
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Colloidal synthesis of size-confined CsAgCl,
nanocrystals: implications for
electroluminescence applicationsy

Sujun Ji,® Xuan Meng,® Xiaochen Wang,? Tianxin Bai,? Ruiling Zhang,® Bin Yang,”
Keli Han, @ #2° Junke Jiang © §*© and Feng Liu*®

Because of their non-toxic properties and similar ionic radius to that of Pb2*, silver ion (Ag*)-containing
perovskite derivatives have become an important class of Pb-free alternatives that are competitive for a
variety of optoelectronic applications. Although great success has been achieved in producing Ag™-
containing nanocrystals (NCs), such as Cs,AgInClg and Cs,AgBiCle, colloidal synthesis of pure Ag-based
emitters has remained challenging. Herein, we have devised a facile europium chloride (EuCls)-based
route to CsAgCl, NCs with a tunable particle size and desirable warm white-light emission. To enhance
the optical properties of CsAgCl,, we further demonstrate a trace doping strategy with Sb**, which
improves the quantum efficiency of the resulting NCs from 16% to 39%. Moreover, the addition of Sb**
was found to significantly reduce the particle size of the CsAgCl, NCs from a few hundred nanometers
to several nanometers as a result of the reduced surface energy, paving the way for the formation of
emissive layers with a well-controlled thickness and improved uniformity. Prototype electroluminescence
devices fabricated using these nano-emitters exhibit favorable warm white-light (or yellow) emission,

rsc.li/frontiers-materials

Introduction

Lead (Pb)-free metal halide perovskites and their derivatives
have drawn tremendous interest for many emerging applica-
tions because of their benefits of reduced toxicity and possibi-
lities of broadband white-light emission, which is enabled by
their self-trapped excitons (STEs).'” Recently, these materials
were extensively studied in the form of nanocrystals (NCs) and
used as potential candidates for light-emitting diodes (LEDs)
owing to their high photoluminescence quantum yields
(PLQYs) and high compatibility with low-cost solution-based

“ Institute of Molecular Sciences and Engineering, Institute of Frontier and
Interdisciplinary Science, Shandong University, Qingdao 266237, P. R. China.
E-mail: fenglaul89@sdu.edu.cn

b State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of
Chemical Physics, Chinese Academy of Science, Dalian 116023, P. R. China

¢ Materials Simulation and Modelling, Department of Applied Physics, and Center
for Computational Energy Research, Department of Applied Physics, Eindhoven
University of Technology, Eindhoven 5600 MB, The Netherlands. E-mail: jjiangl @tue.nl

 Electronic supplementary information (ESI) available: Experimental details,

DFT calculations, TEM images, SEM-EDS maps, XPS spectra, XRD patterns,

quantitative analysis results, PL and EL spectra, and energy band diagram of

the LED devices. See DOI: https://doi.org/10.1039/d2qm00997h

+ Deceased 17 March 2022.

§ Present address: Univ Rennes, ENSCR, CNRS, ISCR-UMR 6226, F-35000 Rennes,

France.

which opens up new avenues to develop single-component warm white light-emitting diodes.

processes. The merits of rendering the emitters in the form of
NCs include the versatile colloidal syntheses, which allow a
facile surface modification of the semiconductors via organic
ligands and hence enable a higher PLQY. Moreover, because of
the excellent homogeneity and dispersibility of NCs in colloidal
solution, thin films deposited from NCs usually have a uniform
morphology and a pinhole-free surface, which benefit the
fabrication of high-efficiency devices.*” For example, electri-
cally driven deep-blue LEDs based on Cs;Cu,ls; NCs demon-
strated high external quantum efficiency (EQE) that reached
over 1%, comparable with those of the best-performing Pb-
halide perovskites.® In addition, LEDs fabricated with violet
emissive Cs;Sb,Bry NCs showed a decent EQE of 0.2% and an
excellent working stability, making them a strong candidate for
the preparation of environment-friendly and stable violet
LEDs.’

Apart from Cu” and Sb*", the non-toxic silver (Ag) element
has also been widely investigated for developing Pb-free lumi-
nescent materials because of its similar ionic radius to that of
Pb*>* and a relatively higher air stability than that of Cu*. More
recently, Qu et al. demonstrated warm white LEDs using
CsAgln, ¢Bij 1Cls NCs, which exhibited an impressive maxi-
mum luminance of 158 cd m~>, an EQE of 0.08%, and a high
color-rendering index of 94.5.'° It is worth mentioning that
some pure Ag-based metal halides, such as zero-dimensional
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(0D) orthorhombic-phase CsAgCl,, also possess the broadband
warm white-light emitting properties, making it unnecessary to
use those rare earth elements, e.g., In*", in the fabrication of
warm white LEDs.'' However, unlike the aforementioned Cu-,
Sb-based halides and Ag-In (-Bi)-based double perovskites,
which readily crystallize in the form of NCs, the pure Ag-
based crystals exist mainly in the form of bulks or powders,
whose PLQYs are typically lower than 20%.'"'*> Moreover,
difficulties in assembling these bulks or powders into func-
tional thin films have also seriously hampered the optimal
utilization of their potential in optoelectronics. As such, it is
highly desirable to establish an effective synthetic route to
high-quality pure Ag-based emitters of nano-scale size featuring
high colloidal stability and good film-forming ability.

Herein, we report an unconventional yet highly effective
route to nanosized CsAgCl,, which readily forms a stable
colloidal suspension with a tunable particle size and broad-
band light emission covering the entire visible spectral region
from 450 to 900 nm. The main modifications that we made
were (i) the use of a novel halide source, EuCl;, which exhibits
favorable thermodynamics for the formation of CsAgCl, metal
halide without incorporation of the Eu®*" ions and (ii) trace
doping with Sb**, which reduces the surface energy of CsAgCl,,
enabling the formation of size-confined nanoparticles as well
as significantly improved PLQY. Thanks to the high colloidal
stability and good film-forming ability of the resulting NCs, we
are allowed to fabricate electrically driven LEDs using a low-cost
solution-based method, which show bright warm white-light
emission with a maximum luminance of 9.6 ¢d m~> and an
EQE of 0.02%. These results show that the pure Ag-based metal
halides hold great potential for use in single-component low-
cost and non-toxic light-emitting devices.

Results and discussion

Synthesis of warm white light-emissive CsAgCl, metal halide
NCs from cesium acetate (CsOAc), silver acetate (AgOAc), and
chlorotrimethylsilane (TMSCI) following traditional methods
for the Cs,AgBiCls perovskite NCs'*'* was unsuccessful and
led to non-dispersible products, which mainly consisted of rod-
shaped crystals whose lateral length reached over 500 nm (see
Fig. Sla, ESIT). Although these non-dispersible large particles
contain the same Cs, Ag, and Cl elements, as evidenced by
energy-dispersive X-ray spectroscopy (EDS) mapping analysis
(Fig. S1b, ESIY), X-ray diffraction (XRD) measurements suggest
that they do not form orthorhombic-phase CsAgCl, (Fig. Sic,
ESIY). This is corroborated by measuring their optical proper-
ties, where we see no PL response under 254 nm UV irradiation
(Fig. s1d, ESIY), in stark contrast to that of orthorhombic-phase
CsAgCl,, which exhibits strong light emission covering the
entire visible spectral region from 450 to 900 nm."?

In order to prevent such an undesirable reaction and to
enable a better control over the morphology of the resulting
nanocrystalline materials, we turned to optimize the synthesis
parameters by using an alternative halide source because
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halide precursors play an important role in influencing the
growth kinetics of the metal halide NCs and may dictate the
type of compounds that can be formed.'*” Herein, nine
different types of halide salts were investigated including SbCl;,
YCl;, TbCl;, EuCl;, InCl;, CeCls, ErCl;, GeCly,, and ZnCl,. These
inorganic halide compounds were first dissolved in a coordi-
nating solvent trioctylphosphine oxide (TOPO) and then
injected into a CsOAc and AgOAc precursor solution at
170 °C, which contained oleic acid (OA) and oleylamine
(OAm) (more experimental details can be found in the ESIY).
Despite the same amount of Cl” ions provided by these
different types of halide sources, the XRD results evidence that
only EuCl; could produce orthorhombic-phase CsAgCl,, with-
out any traces of secondary phases (Fig. 1a and Fig. S2, ESIf).
All these observations point to the fact that varying Cl precur-
sors has led to different growth kinetics for the CsAgCl, NCs,
which we consider to have resulted from the different reactiv-
ities of the Cl-containing precursors toward dechlorination
because according to the Arrhenius equation, the crystal-
lization kinetics of the NCs is largely dependent on the activa-
tion energy of the used precursors.'® To better illustrate the
chemical difference between these halide donors, we analyzed
quantitatively their metal-halide bond strength using density
functional theory (DFT) simulations. The calculated bond
energy increases in the order of EuCl; < TbCl; < ErCl; <
CeCl; < YCl; < SbCl; < TMSCI < InCl; < GeCl, < ZnCl, (see
Table S1, ESIt), which indicates that EuCl; is the most reactive
compound toward dechlorination, and due to the weak Eu-Cl
bond in EuCl;, we expect a low activation energy for Cl~ ion
release by using EuCl;. Difference in reactivities of the Cl
precursors thus results in different growth kinetics of the metal
halide NCs and finally dictates the type of these Cl-based
compounds that can be formed."®

The EuCl;-produced colloids can be readily dispersed in
non-polar solvents with a high colloidal stability. The transmis-
sion electron microscopy (TEM) image (Fig. 1b) reveals their
oval-like morphology with the particle size ranging from 200 to
300 nm. TEM-EDS elemental maps show that the Cs and Cl
elements are homogeneously distributed throughout the sam-
ple while Ag tends to be localized in specific regions of the
crystals (Fig. 1¢). This can be due to the reduction of part of Ag"
in NCs to Ag nanoparticles as observed under a high-energy
electron beam of an electron microscope.'®'® Similar results
were observed when Pb perovskites were exposed to electron-
beam irradiation in TEM measurement, which usually
produces metallic Pb atoms.>*>> To gain more accurate
information about the element distribution in the NCs, scan-
ning electron microscopy (SEM)-EDS which typically uses lower
energy beams was performed. As expected, Cs, Ag, and Cl
elements are now shown to be homogeneously distributed
along the crystals (Fig. S3, ESIT), which supports the suggestion
that CsAgCl, NCs could be unstable under high-energy
electron beams.

When using a Eu-containing halide source precursor,
it is important to ascertain whether the Eu element is present
in the final NCs. To this end, chemical composition of the
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Fig. 1 (a) XRD pattern, (b) TEM images, (c) TEM-EDS microanalysis map, and (d) UV-vis absorption/PL spectra of the EuClz-prepared NCs. The vertical
bars in Fig. 1la represent the position of the simulated diffraction peaks for the bulk orthorhombic-phase CsAgCl, (JCPDS No. 28-0337). The inset in
Fig. 1d shows the picture of a typical NC solution taken under ambient light (left) and 254 nm UV light (right), respectively. (e) Tauc plot for determining

the indirect band gap of CsAgCl, NCs.

EuCls-prepared samples was first evaluated by quantitative
analysis using inductively coupled plasma-mass spectrometry
(ICP-MS), which showed that the Eu element has a low concen-
tration of <0.01%. This is in accordance with the TEM-EDS
results, where the Eu view window contains basically the back-
ground noise (Fig. 1c). Furthermore, when we had a close look
at the XRD pattern of the resulting NCs prepared using EuCl;
(see Fig. 1a), we found no noticeable peak shift with respect to
the standard orthorhombic-phase CsAgCl,, signifying that the
lattice parameter of the CsAgCl, NCs remains unchanged.
Based on these, we may safely conclude that the Eu element

virtually does not exist in the lattice of the final products, i.e.,
EuCl; possesses favorable thermodynamics for the formation of
CsAgCl, but it does not deliver Eu** ions into the NC lattice. A
similar result was reported using a germanium halide-based
route to a variety of colloidal metal halides, where no sign of
Ge?"** incorporation was found in the final NCs.'®*°

To investigate the role of organic ligands in influencing the
final products of CsAgCl,, we conducted contrast synthesis by
removing OAm from the starting solution, while keeping other
parameters constant. Interestingly, it was found that in the
absence of OAm, the solution mixture of OA and octadecene
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itself can also dissolve Ag(OAc) and Cs(OAc), which should form
Ag-oleate and Cs-oleate complexes, respectively. However, XRD
measurement suggests that the final products are different
from those synthesized with OAm (Fig. S4, ESI}). First, com-
pared to the standard CsAgCl, XRD pattern, diffraction peaks at
28.4° 30°, 38.6° and 39.6° have disappeared from the new
sample, which can be due to the change in the preferred
crystallographic orientation. second, new diffraction peaks
appear at 25.24°, 32.57°, 44°, 48.84°, 50.93°, and 59.5°, which
are indicative of the formation of AgCl and some unknown
byproducts in the sample. All these observations point to the
fact that the removal of OAm has led to different growth
kinetics for the CsAgCl, NCs. This can be explained as the
growth of Ag-containing metal halide NCs is favorable on Ag
nanoparticles that serve as seeds for nucleation, and according
to the results of Levy et al’s study, the addition of OAm will
trigger the formation of Ag nanoparticles prior to injection of
halide.*® In this sense, OAm is indispensable, and plays a key
role in synthesizing pure-phase CsAgCl, NC products.

Studying the photophysical properties of a luminescent
material using UV-vis absorption and PL spectroscopy is of
paramount importance for assessing its suitability for light-
emitting applications. Fig. 1d shows that CsAgCl, NCs exhibit a
broadband emission from 450 to 900 nm and have a large
Stokes shift of 313 nm, which are typical features of STE
emission.">"> The negligible overlap between their absorption
and emission spectra is favorable to LEDs as one would expect
minimum loss of light emission in thin films unlike excitonic
or band edge emission. The inset in Fig. 1d presents a typical
photograph of the prepared NC solution, which shows very
stable warm white-light (or yellow) emission under 254 nm
ultraviolet light. The indirect band gap of CsAgCl, NCs was
determined to be ~3.98 eV according to the related Tauc plot
(Fig. 1e), and is close to that previously reported for large-sized
CsAgCl,."'? PL performance of the resulting NCs was further
evaluated by measuring their PLQYs using a commercial
Hamamatsu setup, which give a moderate value of 16% + 1%.
Considering the indirect band gap structure of CsAgCl,, such
PL performance is generally acceptable, especially when com-
pared to those of widely investigated Ag/In-, Ag/Bi-based double
perovskites, such as Cs,AgInCls and Cs,AgBiBrg, which typically
yield PLQYs <1%.%**

To better utilize the intrinsic warm white light-emitting
properties of CsAgCl, NCs and to enhance their future pro-
spects and potential in LED applications, we aim to further
improve their PLQYs by metal doping, a common strategy
which is typically employed in Pb-free halides for enhancing
their PL performance.>®*® Herein, we found that trace Sb**
doping can significantly improve PLQY of the pristine NCs
without affecting their spectral range and symmetry (see Fig. 2a
and b) (experimental details about Sb** doping can be found in
the ESIY). The direct evidence of the presence of the Sb element
in CsAgCl, NCs was given by TEM-EDS mapping. Fig. 2c shows
that unlike the Eu view window which again does not have the
necessary signal-to-noise ratio to be considered processable, we
see a clear distribution signal of the Sb element in the resulting
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NCs. Table S2 (ESIt) summarizes the actual content of Sb in the
purified sample, determined by ICP-MS. The optimally doped
NCs with ~1.0 mol% Sb** exhibit a PLQY of ~39%, more than
a twofold increase with respect to that of the undoped one. To
identify whether the enhanced PLQY comes from the additional
emission from Sb** ions, the emission wavelength-dependent
PL excitation (PLE) spectra and excitation wavelength-
dependent PL spectra were acquired. It was found that both
PLE and PL spectra exhibited identical shapes at various
emission (from 450 to 750 nm) and excitation wavelengths
(from 230 to 275 nm) (Fig. S5 and S6, ESIt), indicating that
the enhanced broadband emission originates from the relaxa-
tion of the same excited states and rules out the possibility of
ion luminescence from Sb>" with different excited-state levels.>”
XRD measurements confirm that the original crystal structure
of the Sb**-doped NCs is well retained with doping levels
between 0 and ~1.0 mol% because neither the diffraction
peaks shift nor other secondary phases can be observed
(Fig. 2d). This, combined with the TEM-EDS mapping results,
suggest that the Sb element is mainly located on the surface of
the CsAgCl, NCs, leaving the inner lattice parameters intact.
Besides, the optical absorption spectrum of the Sb-doped NCs
exhibits nearly identical shapes and features to those of the
pristine one, suggesting that the band gap remains unchanged
(Fig. 2e). The inset shows the Tauc plot of the doped NCs, from
which a similar band gap of 3.99 eV was extracted. However,
with a further increase in the Sb>" concentration (> 1.0 mol%),
the crystal structure of the resulting NCs undergoes a signifi-
cant change with almost-complete disappearance of diffraction
peaks at 26.1° 30.9°, and 31.4°, accompanied by the appear-
ance of new peaks at 21.5° and 30.6° (assignable to CsCl,
indicated with stars). This observation points to a detrimental
effect of the excessive Sb>" ions on the nucleation and growth of
CsAgCl, NCs, and also rationalizes the decline in PLQY when
the Sb>* doping concentration reaches over 1.0 mol%.

To better illustrate the enhanced PLQY with Sb®" doping
(<1.0 mol%), time-resolved PL (TRPL) measurement was
further carried out. It was found that the PL decay curve of
both the pristine and doped crystals can be fitted using a
single-exponential function, indicating that no other radiative
recombination channel is introduced with the Sb dopant
(Fig. 2f). The time constant of the undoped NCs is determined
to be about 2.28 ps, which is close to that of the bulk one,"?
while the PL lifetime of the Sb*'-doped NCs is increased to
2.67 pus. This result points to an enhanced exciton lifetime after
Sb doping, which helps to increase the population of STEs and
thus enables a higher PLQY. Given that the Sb element is not
incorporated into the CsAgCl, NC lattice, we attribute the
improvement to some kind of surface modification that is
rendered by Sb*" ions.

To confirm whether Sb atoms exist on the surface of the
CsAgCl, NCs and provide surface modification for improving
their optical properties, an XPS study on the Sb-doped CsAgCl,
NCs etched with Ar' was further carried out (etching rate:
0.25 nm s~ ', 10 s for each etching cycle). Fig. S7 (ESIt) shows
the evolution of the Sb 3d XPS spectra with the etching cycle
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Fig. 2 (a) PLQY and (b) PL spectra of CsAgCl, NCs with different Sb** doping levels. (c) TEM-EDS elemental mapping results of 1.0 mol% Sb-doped NCs.
(d) XRD patterns of 0—-4.46 mol% Sb-doped NCs. (e) UV-vis absorption spectra (the inset shows the Tauc plot for the doped NCs) and (f) TRPL curves
measured for the undoped and 1.0 mol% Sb-doped NCs at 300 K, monitoring the same emission peak at 625 nm.

and Fig. 3a shows the corresponding atomic concentration of
the constituting elements. One can see a sharp decrease in the
concentration with etching time for Sb, whereas for Cs/Ag/Cl
the change in concentration is almost negligible. The behavior
of the Cs/Ag/Cl/Sb atomic concentration during ion bombard-
ment supports the suggestion concerning the surface location
of Sb that can help explain the improvement in PLQY. The high-
resolution TEM (HRTEM) technique is used to further visually
verify the presence of Sb on the surface of CsAgCl, NCs.
It is evident from Fig. 3b that the resulting NCs exhibit a

well-defined core/shell structure consisting of a perfect crystal-
line core (interplanar spacing ~0.34 nm) surrounded by a
surface shell (interplanar spacing ~0.29 nm). The surface shell
presumably consists of Cs-Sb-Cl, Cs-Ag-Sb-Cl, or Sb-Cl, and
acts as a passivation layer and hence eliminates surface defects
for CsAgCl, NCs. As will be shown later, the trace amount of
Sb*" ions has also led to a significant change in the morphology
of the CsAgCl, NCs. By fitting and comparing the temperature-
dependent integrated PL intensity, we next examined the
influence of Sb doping on exciton thermal activation energy

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 3669-3677 | 3673
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Fig. 3 (a) Normalized atomic concentration of the constituting elements as a function of etching cycle. (b) HRTEM image of the 1% Sb-doped CsAgCl,

NCs.

(E,) of the NCs, which is conducive to materials’ radiative
recombination processes. Fig. S8 (ESIt) presents the integrated
PL intensity for both samples as a function of inverse tempera-
ture, which can be fitted by using the following Arrhenius
equation:

Iy

A AN 1)
1+ Aexp T
B

I(T)

where I(7) is the integrated PL intensity at T, A is a constant,
and kg is the Boltzmann constant. It was found that the pristine
CsAgCl, NCs possess an E, of 132.1 meV, while an Sb-doped
sample has an E, value of 188.9 meV. The enhanced thermal
activation energy will also contribute to a higher PLQY because

: )
100 200\300 400
Size (nm)

it helps excitons to be localized at ambient temperature for
efficient bound emission.>®

Since Sb*" ions tend to dope the surface region of CsAgCl,,
we therefore investigated the influence of Sb doping on the
surface morphology of the resulting NCs. Fig. 4a-e present the
TEM images of CsAgCl, NCs with a continuous change in
the Sb®" concentration, where we see a rapid decrease in the
size from 258 to 28 nm. In Fig. 4e, we found some irregular
voids in the measured NCs, which we attribute to the interac-
tions of the CsAgCl, nanoparticles with the electron beam
(beam damage) during TEM measurement. Yet another possi-
ble mechanism for the formation of voids could be associated
with the nanoscale Kirkendall effect because metallic Ag nano-
particles would probably exist in a cation solution prior to

20 30340 50: 601
T _Sizenm),
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Fig. 4 TEM images of CsAgCl, NCs prepared with different Sb* doping levels. (a) 0 mol%, (b) 0.3 mol%, (c) 0.70 mol%, (d) 0.87 mol%, and (e) 1.00 mol%.
(f) Particle size of the CsAgCl, NCs as a function of Sb** doping concentration.
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injection of halide, and CsAgCl, NCs formed subsequently on
Ag nanoparticles through the reaction with Cl and Cs atoms,
which have different diffusivities.***® Fig. 4f summarizes the
particle size of the CsAgCl, NCs at different Sb®* doping
concentrations. In the absence of more complete data, we
cannot state with certainty the nature of the decreased particle
size observed in these Sb-doped CsAgCl, NCs; however, the
possible change in the surface energy of the particles by Sb**
doping appears to be a reasonable working hypothesis, see
discussion 1 in the ESIL.¥

The broadband warm white-light emission, along with the
small-size properties of these Sb>*-doped NCs, render them
highly attractive for use in singe-component warm white LEDs.
For the demonstration, prototype electrically driven LEDs were
first prepared using the most basic structure: indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)/NC film/2,2’,2"(1,3,5-benzenetriyl)tris-(1-phenyl-
1H-benzimidazole) (TBPi)/LiF/Al on quartz (active area:
0.36 cm?), shown schematically in Fig. 5a, along with the band
alignment in Fig. 4b (experimental details can be seen in the
ESIt). Note that the valence band maximum of the NCs is
determined according to a previous report on CsAgCl,
microcrystals."" Video 1 (ESIf) shows the real-time measure-
ment of a typical LED device with voltage scanning. Excitingly,
as the applied voltage increases, a bright warm white-light (or
yellow) emission was seen with the naked eye, indicating that
carriers are well confined in the NC layers and the recombina-
tion zone is mainly located at NCs. To our knowledge, this
represents the first successful demonstration of electrolumi-
nescence (EL) from this kind of pure Ag-based metal halide.
The inset of Fig. 5b shows a digital photograph of a uniform
warm-white light from our NC LEDs driven by a 14 V bias. It
should be noted, however, that such a device architecture
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cannot generate efficient EL, and due to the low luminous
intensity, the EL spectra of these devices cannot be displayed.
We consider it possible given the extremely low valence-band
energy level of CsAgCl,, which lies ~2.8 eV below that of
PEDOT:PSS. Such a large energy barrier between the hole
injection layer and the emissive layer would bring difficulties
in hole injection, and hence deteriorate the EL performance. To
increase the electrical parameters of the CsAgCl,-based LEDs, a
hole injection buffer layer, poly(9,9-dioctylfluorene-ait-N-(4-
butylphenyl)-diphenylamine) (TFB), which is frequently used
in previous quantum dot and perovskite LEDs, was further
introduced between PEDOT:PSS and NCs because it allows a
better band alignment which is favorable for hole transport
(energy band diagram of the LED devices with the use of TFB is
presented in Fig. S9, ESIT).>°2 Fig. 5¢ shows a typical cross-
sectional SEM image of the TFB-incorporated LEDs, where all
device layers can be clearly identified. As expected, compared to
the pure PEDOT:PSS-based LEDs, the TFB-incorporated LEDs
exhibit brighter warm white-light emission. Fig. 5d presents the
EL spectra of the LEDs under different applied biases with the
inset showing bright emission from the device. As the applied
voltage increases, a broadband EL signal starts to emerge with a
peak at 628 nm and a bandwidth (full width at half-maximum,
FWHM) of ~240 nm, which has a Commission Internationale
de I’Eclairage (CIE) color coordinate of (0.42,0.41) and a corre-
lated color temperature of around 3500 K in the warm white
region (Fig. 5e). Such an emission characteristic is consistent
with the PL properties of CsAgCl, NCs. Besides, the shape of the
EL spectrum does not change in response to different applied
voltages, indicating that the emission center is still mainly
located on the NC layers. Fig. 5f presents the current-voltage-
luminance (I-V-L) characteristics of the device. The LED turns
on at a voltage of 16.0 V (corresponding to a luminance of
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1 cd m~?) with a maximum luminance up to 9.6 cd m~> and an
EQE of 0.02%. We note that such a luminous efficiency is lower
than those of 3D CsAgIn, ¢Bi, ;Cls-based LEDs (maximum EQE
~0.08%) and our recently developed MA,CuCl; warm white
LEDs (~0.04%),>'° which points to the fact that our LEDs still
suffer from significant injection barriers and/or charge injec-
tion imbalance, partially due to the low carrier mobility of
CsAgCl, because of its 0D crystal structure at the molecular
level. In addition to a better device design, we foresee that the
EL performance can be further increased by enhancing the
PLQY of these CsAgCl, NCs because the maximum value of
the yield currently achievable for NC thin films is only 30%.
Great effort will be needed to ensure brighter PL from the NC
emitters. To further evaluate the operational stability of the
ensuing LEDs, time-dependent EL measurement was per-
formed, without using epoxy or silica encapsulation for protec-
tion. It is seen that the EL spectra of the resulting LEDs retain
the stable peak position and FWHM after 4 h of continuous
operation at 20 V; however, EL intensity gradually decreased
over time, which retained ~ 50% of its initial intensityat 7=1h
(Fig. S10, ESIt). As such, a further study is required to clarify the
possible degradation pathways and mechanisms, with the aim
of improving their operational stability.

Conclusions

We have presented a novel synthetic approach, which enables
the formation of nano-sized CsAgCl, crystals in the colloidal
state and thereby enables these fascinating materials to be used
in electrically driven warm white LEDs. The successful applica-
tion of this method for crystallization depends on the use of
EuCl;, which was used for the first time as an efficient halide
source and to offer a better control over growth kinetics of the
CsAgCl, nanoparticles. Furthermore, we demonstrated a trace
doping strategy with Sb>*, which simultaneously improves the
PL performance of the CsAgCl, NCs and reduces their particle
size to several nanometers, making them suitable for the
fabrication of functional compact thin films for EL applica-
tions. Our prototype LEDs fabricated with these Sb-doped
CsAgCl, NCs show favorable warm white-light emission, which
represents the first successful demonstration of EL from this
kind of pure Ag-based metal halide material. The potential for
LED applications along with the low-toxicity properties of these
pure Ag-based metal halides will open up a new era of research
in the field of Pb-free optoelectronics.
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