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ABSTRACT

All-inorganic lead halide perovskites have attracted considerable attention as promising materials for op-
toelectronic devices because of their excellent photophysical properties. However, the stability issue of
halide perovskites precludes their practical applications. For the first time, this work exhibits that the
optical properties and stability of CsPbX3; perovskite nanocrystals (NCs), prepared by the saponification
precipitation method, can be improved using thiocyanate (SCN™). Besides, this work offers a simple and
economical synthesis method operable at room temperature and ambient atmosphere. Specifically, an
increasing concentration of SCN™ induces an increase in quantum yield almost by 10% and stability against
air and moisture over several days due to the better passivation of trap states, irrespective of size and shape
variation of NCs. The demonstration of tunable emission (454-645 nm) across the visible spectrum and the
design of 3-D printed thin layers facilitate the preparation of green, yellow, and red-emitting color con-
version layers. Benefitted from the decreased photon loss in as-synthesized conversion layers, the appli-
cation of these color conversion layers results in a bright neutral white light (5184 K) with remarkable
optical properties. Hence, this experimental study offers a low-temperature synthetic path for the scalable
preparation of high-quality CsPbX5; NCs processed with SCN™ and reveals the practical applications of such

NCs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

All-inorganic lead halide perovskites (CsPbX3) nanocrystals (NCs)
offer outstanding optoelectronic properties including narrow line-
width emission, tunable bandgaps, tunable emission across the
whole visible spectrum depending on the NCs size and halide ion
composition, and high photoluminescence quantum yield (PLQY)
[1-9]. As a result, the perovskite NCs are widely used in designing
modern optoelectronic devices such as solar cells, light-emitting
diodes (LEDs), photodetectors, and lasers [10-14]. Despite these
potentials, the halide-based perovskites easily decompose in an
ambient atmosphere in the presence of moisture, air, and light,
owing to the low formation energy, highly ionic nature, and massive
surface defects due to the large surface-to-volume ratio of NCs
[15,16]. This intrinsic instability of inorganic perovskite NCs seriously
impedes their large-scale commercial and industrial applications.
Therefore, the development of effective approaches including
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synthesis techniques is still needed to boost the stability and ap-
plication of this type of material in optoelectronic devices.
Tremendous efforts have been devoted to improving the stability
of lead halide perovskites. The use of a polymeric matrix such as poly
(methyl methacrylate), poly(maleic anhydride-alt-1-octadecene),
polystyrene, and poly(butyl methacrylate), or inorganic layer of silica
and alumina on the surface of the perovskite quantum dots are
widely investigated [17-19]. The use of compact polymer or in-
organics coating exhibits improved stability against moisture and air.
However, the electric and the optical properties are degraded
making them relatively less suitable for optoelectronic devices [20].
Recently, a few theoretical and experimental studies demonstrated
that the introduction of SCN™ can lead to a stable perovskite crystal
structure with enhanced air and moisture tolerance caused by the
strong interaction between Pb?* and SCN-, improve crystalline
quality and optical properties by controlling the nucleation-growth
process and decreasing trap density [21-23]. Nevertheless, the
prospects for low-temperature and large-scale fabrication route
point out a promising research direction towards the future com-
mercialization of SCN™-based perovskites. Motivated by these facts,
for the first time, our research work aims to develop and explore the
optoelectronic properties of SCN™-based CsPbX3; NCs experimentally,
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Fig. 1. [llustration of the (a) comprehensive strategy, starting from the material synthesis to the device fabrication for white light emission. Saponification precipitation method,
operable at room temperature, allows us to synthesize the SCN™-based CsPbX3 NCs that can be directly employed for preparing the 3-D printed different color conversion layers
desirable for white light emission in combination with a blue LED and (b) schematics of the growth mechanism of the NCs. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

employing the low-temperature synthesis approach, termed as the
saponification precipitation (SP) method, and the comprehensive
synthesis process is schematically shown in Fig. 1a [24]. This solu-
tion-processed synthesis technique is characterized by simple re-
action setups, such as refraining from using inert environments, high
reaction temperatures, and tedious preparation processes. Besides,
the synthesis technique capable of synthesizing high-quality and
relatively stable NCs has emerged as a legible, cost-effective, and
time-saving synthesis approach and may be highly beneficial for the
scale-up synthesis and commercialization of perovskite structures.
The fact that the ease of synthesis and room temperature crystal-
lization suits well for its applicability in low-cost optoelectronic
devices with high efficiencies further stimulates us to fabricate the
white light-emitting diodes (WLEDs) based on CsPbX3 NCs pro-
cessed with SCN™, which has not been demonstrated experimentally
until now.

In this work, we present a comprehensive study of the synthesis,
properties, and functional applications of SCN™-based CsPbX; NCs
(X=Br~ or a mixture of Br /I"). By adjusting the amount of Pb(SCN),

in the precursor solutions, compositionally diverse CsPbX3 NCs were
synthesized at room temperature and ambient atmosphere using the
SP method whose optoelectronic properties were compared to the
similar NCs synthesized using the much more complicated hot-in-
jection (HI) method [1]. This simple and economical synthesis
technique not only improves the crystallinity of the NCs (in-
dependent of the halide content) with increasing concentrations of
SCN™ but also alters the lattice constant, confirming the effect of
SCN™ in the CsPbX3 matrix. Furthermore, the optoelectronic prop-
erties including the photoluminescence (PL) emission, full width at
half maximum (FWHM) of PL emission, and the bandgap energy of
as-prepared NCs depend on the concentration of SCN™. Surprisingly,
an increasing concentration of SCN™ results in decreasing emission
linewidth due to the elimination of trap states which leads to an
increase in PL quantum yield almost by 10%, and stability against air
and moisture for more than 10 days. An increasing trend in the lu-
minescent properties is independent of the size and shape variation
of NCs. The tunable emissions across the significant portion of the
visible spectrum (454-645 nm) with narrow FWHM (30-36 nm) are
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obtained by engineering the composition of Br'/I” at 20% of SCN™ in
CsPbX5; NCs, which are beneficial to fabricating WLEDs. Hence, the
use of 3-D printed thin color conversion layers for different color
emitting (green, yellow, and red-emitting) NCs in WLED produces
bright white light with a luminous efficacy of radiation (LER) of
301 Im/W, a general color-rendering index (CRI) of 91, and a corre-
lated-color temperature (CCT) of 5184 K.

2. Materials and methods
2.1. Synthesis of SCN™-based CsPbX3 NCs

2.1.1. Saponification precipitation method

An equimolar ratio of cesium hydroxide (CsOH, 0.2 g) and gly-
ceryl trioleate (0.433 mL) was mixed in a beaker along with 3 mL of
an octadecene (ODE) to obtain 0.4M Cs-oleate precursor. The
mixture was dried inside a vacuum oven for ~ 10 min at 120 °C.
Similarly, to obtain the 0.4 M-precursor solution of PbBr,/Pbl,/Pb
(SCN),, the corresponding salt (0.735/0.922/0.674 g) was dissolved
into dimethylformamide (DMF, 5mL) separately. Preheated
(~ 100 °C) Cs-oleate solution (0.05 mL) was mixed with a solution
containing ODE (2.5 mL), oleylamine (OLA, 0.25 mL), and oleic acid
(OA, 0.25 mL) with magnetic stirring. To obtain the colloidal sus-
pension of CsPbBr; NCs, PbBr, precursor (0.4 mL) was swiftly in-
jected into the above mixture followed by quick addition of
acetone (10mL) at room temperature. For obtaining the
SCN™-based CsPbBrs NCs, the specific molar quantity of Pb(SCN),
and PbBr; in the precursor solution (loading to a total volume of
0.4 mL) were mixed in the desired ratio. The desired molar quan-
tity of Pb(SCN), expressed in percentage can be obtained by
changing the molar ratio of Pb(SCN), and PbBr,. Finally, the col-
loidal solution was centrifuged for 10 min at 2000 rpm and sub-
sequently washed with toluene to yield the desired CsPbBr3 and
SCN™-based CsPbBr3; NCs, respectively. As-obtained NCs were re-
dispersed into the toluene for further study. A similar process was
repeated for the synthesis of SCN™-based mixed halide CsPb
(Brgslp.7)3 NCs with the proportionate molar ratio of PbBr,/Pbl,/Pb
(SCN), precursors. Furthermore, for obtaining the tunable emis-
sion across the visible spectrum, the composition of mixed halide
(Br /I") was modulated in a proportionate molar ratio including
20% of SCN™.

2.1.2. Hot-injection method

To prepare the Cs-oleate precursor, 0.163 g of cesium carbonate
(CsC03) was added into a 25 mL flask containing 0.5 mL of OA and
8 mL of ODE. The mixture was placed inside the vacuum oven al-
lowing it to dry for ~ 1h at 120°C. The mixture was then heated
under N, to 150 °C until Cs,CO5; completely reacts with OA resulting
in a clear solution. For the preparation of lead salt precursors,
0.188 mmol of PbBr, (0.069g) and Pb(SCN), (0.061 g) were sepa-
rately placed into a 25 mL flask containing a mixture of ODE (5 mL),
OA (0.5 mL), and OLA (0.5 mL) that were dried in a vacuum oven at
120 °C for 1 h. Furthermore, these mixtures were placed on the top of
a hot plate and allowed to stir at ~ 90 °C using the magnetic stirrer
until the lead salts were completely dissolved. Cs-oleate solution
(0.4 mL, preheated to 100 °C before injection) was quickly injected
into the solution obtained by mixing the proportionate amount of
PbBr, and Pb(SCN), precursors maintained at 150 °C. The amount of
PbBr; and Pb(SCN); is tuned in a similar way as described in the SP
synthesis approach. The resulting solution was placed into the ice-
water bath where it was allowed to cool (for ~ 3 min). The as-ob-
tained solution of the NCs was centrifuged at 3500 rpm for 10 min.
The precipitated NCs were separated from the supernatant. Finally,
the as-obtained precipitate of NCs was mixed with toluene for sto-
rage and characterization.
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2.2. Device fabrication

For the fabrication of the device, we adopted a similar technique
discussed in our previous work and schematically shown in Fig. 1a
[25]. In brief, firstly, the 3-D printed substrates were coated with
three different colors (green, yellow, and red)-emitting NCs sepa-
rately. For this, a small amount of perovskite colloidal suspension (in
toluene) was dropped across the substrate. The small channel hole
available in the substrate allowed the NCs to spread throughout the
surface due to capillary action. This was followed by the drying of
the conversion layer components in an ambient atmosphere without
encapsulation. Moreover, a thin layer of oil was used to coat the
conversion layer to provide an encapsulation from environmental
elements, and moisture. Finally, as-prepared conversion layers were
stacked on top of a blue LED chip with an emission peak wavelength
~ 450 nm that runs at 6.05mA and 5.5 V.

2.3. Characterization

To obtain the X-ray Diffractometer (XRD) patterns of as-prepared
NCs, we employed a Rigaku SmartLab diffractometer with CuKal
radiation (A=1.54 A) operated at 40 kV and 44 mA. The transmission
electron microscope (TEM) images obtained using the Hitachi H-
7000 transmission microscope operated at 75 kV were used to study
the morphological properties of the samples. The PL spectra and the
UV-visible spectra were recorded by utilizing a spectro-
fluorophotometer (Shimadzu, RF6000) and a Varian Carry 50 Scan
UV spectrophotometer, respectively. The absolute PLQYs were
measured using a QE-pro spectrometer (QEP02037, Ocean Optics)
coupled with an integrating sphere (819C-SF-6, Newport) excited by
a laser source at a wavelength of 405 nm. PLQYs were estimated
from averages of 3 different measurements. QE-pro spectrometer
(QEP02037, Ocean Optics) in combination with Keithley 2450 source
unit and LED chip (A =450 nm, operated at 6.05 mA and 5.5V under
forward bias) was used to record the Electroluminescence (EL)
spectra. The optical properties of white light, including CCT, CRI,
Commission Internationale de I’Eclairage (CIE) coordinates, and LER
were estimated following the method shown in our previous work
[26]. The CCT of a light source is a metric that characterizes the
appearance of the emitted light. The CRI describes the ability of a
light source to accurately reproduce the colors of the object it illu-
minates. All the measurements were performed at room tem-
perature.

3. Results and discussion
3.1. SCN™-based CsPbBr; NCs

Here, the crystal structure, morphology, and optical properties of
CsPbBr3; perovskite NCs synthesized (using SP technique) with the
addition of different molar concentrations of Pb(SCN), have been
investigated. The molar concentration of Pb(SCN);, is varied from 0%
to 15% with respect to PbBr,. The XRD patterns (Fig. 2a) are used to
study the crystalline behavior of the NCs. The main diffraction peaks
are located at ~15°, 21°, 30°, and 38° which belongs to (100), (110),
(200), and (211) planes of cubic structure, respectively. However, the
observed crystalline phase can be considered as pseudo-cubic rather
than the pure cubic phase because the CsPbBr; NCs feature an or-
thorhombic phase at the unit cell level [27]. Although the crystal
growth is not structurally affected by the addition of Pb(SCN),, we,
however, observed a slight shift of the diffraction peak towards a
lower 20 range with increasing content of SCN™ which is due to the
introduction of larger SCN™ (2.17 A) in comparison to the smaller Br~
(1.96 A) [28]. The shift in peak position by ~ 0.641° indicates the
expansion of the lattice where the lattice constant increases from
5.861 A to 5.963 A. The splitting of the peak shape of the (200) plane
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Fig. 2. (a) XRD patterns, (b) TEM images, (c) PL emission spectra, and (d) the variation of bandgap energy as a function of SCN™ content of SCN™-based CsPbBr; NCs synthesized

using the SP method at a different molar concentration of SCN".

for the CsPbBrsz host NCs gradually reduces with the increasing
content of SCN™, which shows the improvement in the crystallinity
of NCs. The enhanced crystallization is due to the introduction of
SCN™ which offers stronger bonding interactions between Pb?* and
SCN™ compared to that in-between Pb?* and Br~ [21]. Moreover, the
FWHM of the diffraction peaks corresponding to the (200) plane
decreases from 0.447° (for 0% of SCN™) to 0.291° (for15% of SCN™).
Lower FWHM values suggested a narrowing of the peaks that results
from the higher degree of crystallization in the perovskite structures.
Besides, the reduction in FWHM corresponds to the increasing di-
mensions of the NCs (discussed in the latter part) according to the
Debye-Scherrer equation, D=KAi/(cos®), where D is the average
crystal size, K is the Scherrer constant, 1 is the X-ray wavelength, g is
the FWHM of the diffraction peak, and 6 is the diffraction angle. The
narrower diffraction peak and the stronger intensity corresponding
to the (200) plane indicate the anisotropic growth of the resulting
products. The clear and sharp XRD peaks without any intermediate
phase demonstrate the successful incorporation of SCN™ into the
host NCs and the presence of a uniform strain throughout the lattice
of the material [23].

The TEM images were taken to study the morphology of as-
prepared NCs. The shape and orientation NCs are documented as
nanoplatelets (Figs. 2b and S1), similar to the previous report on the
low-temperature synthesis of CsPbBr3 NCs [2,29]. The implications
of a synthesis temperature regulate the morphology of the growing
NCs and the injection of acetone in a mixture of chemical precursors
promote the nucleation and growth of NCs [2,30]. The TEM images
indicate that the shapes of the resulting NCs are constructed in the
form of nanoplatelets. The shape of the NCs remains unaltered even

after the introduction of SCN™, except for a slight variation in the
dimensions. The average thickness of the nanoplatelets changes
from ~ 2.89nm (for x=0%) to ~ 3.79nm (for x=15%) which is
between 4 and 7 unit cells thick and the lateral size increases from
~ 19.07 nm (for 0% of SCN™) to ~ 28.17 nm (for 15% SCN"). The
growth mechanism of the NCs depends on the nucleation and
growth rates of the associated crystals. When the rate of nucleation
is greater than the growth rate, we expect the growing NCs to be of
smaller size and vice versa. The higher nucleation rate results in the
generation of numerous nuclei that promotes the growth of smaller-
sized NCs whereas the slower nucleation rate leads to the develop-
ment of less number of nuclei that advances the formation of NCs of
larger dimensions. This rate of nucleation further depends on the
Gibbs free energy of the materials [31]. In our study, the introduction
of SCN™ during the synthesis of SCN~based CsPbBrs NCs is expected
to increase the Gibbs free energy for nucleation compared to the
CsPbBr; host NCs due to the chemical heterogeneity effect of SCN™
[22]. This increase in Gibbs free energy for nucleation retards the
nucleation rate yielding the NCs of increasing size compared to the
host NCs, which is schematically shown in Fig. 1b. The small changes
in the dimensions of the NCs result in the spectral shifts which will
be discussed in the latter part. It should be noted that the platelets
being extremely sensitive to the electron beam tend to degrade and
lose their crystallinity upon imaging the NCs with an electron beam.
Thus, the observed spherical black dots in TEM images correspond to
metallic Pb?* nanoparticles suggesting that the part of the Pb?* is
reduced to metallic Pb?* during acquisition [2,32].

The optical properties of as-grown NCs are investigated by
measuring PL emission spectra (Fig. 2c) and absorption spectra
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Table 1
PL emission peak, FWHM, bandgap, and PLQY of SCN™-based CsPbBr3 NCs synthesized
using the SP method at a different molar concentration of SCN™.

SCN™ content (%) PLpeak (nm) FWHM (nm) Bandgap (eV) PLQY (%)
0 454 21 2.79 70
5 459 20 2.76 77

10 469 18 2.72 80

15 484 26 2.68 78

(Fig. S2a). The PL emission peak is red-shifted from 454 nm to
484 nm with increasing SCN™ concentrations, under an excitation
light of 365nm. This shift can be attributed to the increasing
thickness of the nanoplatelets (which is in between to 4-7 unit cells
thick) because the thickness of the nanoplatelets is always a mul-
tiple of a single perovskite layer that leads to discrete energy levels
[33]. Besides, this might be further attributed to the formation of
new states just below the conduction band upon SCN™ introduction,
which enhanced the interaction between the SCN™ and decreased
the energy of related emission [34]. The narrower FWHM of PL
emission (21-26 nm, Table 1) for the different concentrations of
SCN™ confirms the high color purity of light emission. The FWHM
decreases subsequently with an increase in the content of SCN™ (up
to 10%) and increases when the content of SCN™ is increased to 15%.
This regime further implies that the introduction of SCN™ decreases
the defect density in the structure until a critical doping con-
centration, after which, doping promotes defect complexes in the
structure [35]. This accounts for the unusual variation in the optical
properties of as-grown NCs after a critical doping concentration. The
shift in the UV-visible absorption peak is similar to the shift in the
PL emission peak. The CsPbBr; NCs has an absorbance peak at
around 443 nm, which is red-shifted to 464 nm when doped with
15% of SCN™. The absorbance spectra for all the samples show a well-
defined absorption peak (Fig. S2a), which resembles the larger ex-
citon binding energy of the NCs. Besides, the sharper excitonic ab-
sorption feature implies a narrower size distribution of particles
which is in agreement with TEM images. The observed change in the
PL emission and the UV-visible peaks is consistent with the previous
studies on the SCN™-based hybrid halide perovskite NCs that were
obtained using the low-temperature synthesis approach [28,36]. The
corresponding absorption peak is used for estimating the bandgap
energy of perovskite NCs. The bandgap energy decreases from
2.79eV to 2.68 eV with an increase in the content of SCN™ which is
shown in Fig. 2d and summarized in Table 1. The nanoplatelets with
the thickness equal to or greater than 3 unit cells thick likely to be in
the weak confinement regime are expected to decrease the bandgap
energy of nanoplatelets structures with increasing thickness [37].
Moreover, the decrease in bandgap energy can be confirmed through
analysis of the relative energies of the halide and pseudohalide p
orbitals. In SCN7, the chalcogen p states are higher in energy than the
Br~ p states such that they dominate the valence band maximum,
resulting in reduced bandgap energy of the SCN™-based perovskite
NCs [38,39]. The SCN™-based NCs show a Stokes shift of 9 nm be-
tween the absorption peak and PL peak, whereas that of CsPbBr;
host NCs is 12 nm. The decrease in the Stokes shift of pseudohalide/
halide mixed perovskite reveals a decrease in the non-radiative loss
within the NCs, which makes them a promising candidate for op-
toelectronic applications. The NCs exhibit a high PLQY (>78%) as
shown in Table 1. The PLQY is augmented from ~ 70-80% when the
amount of SCN™ is increased from 0% to 10% but slightly decreased to
~ 78% when the content of SCN™ further increased to 15% (Fig. S2b).
Subsequent addition of SCN™-ligand solution might have repaired
defects (initially hindering radiative recombination), enhancing the
overall PLQY of the resulting NCs [23]. Furthermore, normalized PL
excitation spectra of as-synthesized NCs are shown in Fig. S2c. The
excitation spectra are measured by monitoring the corresponding

Journal of Alloys and Compounds 860 (2020) 158501

L —a—0%
1.0 0
—_ i *—10%
s 8 *—15%
o 08 [
>
=
2 L
S 0.6
o
£
-
& 04r
0.2

0 2 4 6 8 10
Time (days)

Fig. 3. Time-dependent variation of PL intensity of SCN™-based CsPbBr; NCs synthe-
sized using the SP method at a different molar concentration of SCN™.

peak emission wavelength. These spectra are broadband and almost
identical in shape. The extension of excitation spectra from UV to the
visible region covers the range of emission by the IlI-nitride UV/blue
LEDs. Therefore, these perovskites can be effectively excited by the
different light sources at that wide range of wavelengths and can
serve as an efficient photon down-conversion in conjunction with
[lI-nitride UV/blue LEDs to obtain white light.

Moreover, the air and moisture stability is analyzed by exposing
the as-synthesized NCs in an ambient atmosphere for more than 10
days. The time-dependent PL intensity is shown in Fig. 3, which
shows that the SCN™-based NCs retained as high as ~ 66% of their
original intensity whereas the host NCs retained only ~ 21%. This
demonstrates the stability of SCN™-based NCs compared to host NCs
which is attributed to the stronger electrostatic interaction of SCN™
with Pb?* that arises due to the larger formation energy between
these two ions [21]. This improved stability would allow for these
perovskites to be layered onto optoelectronic devices without an
inert glovebox.

Further, to provide an insight into the effect of the synthesis
approach, we synthesized a series of SCN™-based NCs at a different
molar concentration of SCN™ (<40%) using the HI method with a
slight modification and present a comparative analysis of the two
different experimental results. The effect observed in the structural,
morphological, and optical properties of SCN™-based CsPbBrs; NCs
which were synthesized using the HI method is presented in Figs. 4,
S3, and S4. In brief, the experimental results are consistent with the
results obtained via the SP method. The measured XRD patterns
(Fig. 4a) depict the cubic phase of as-synthesized NCs. The diffrac-
tion peak shift towards the lower angle by 0.121° (Fig. S3a) indicates
the expansion of the lattice ranging from 5.82 A (for 0% SCN™) to
5.86 A (for 40% of SCN™). The FWHM of the corresponding diffraction
peak decreases from 1.201° to 1.135°. The expansion of the lattice
and the narrowing of the diffraction peaks indicate the formation of
particles with increasing dimensions. The TEM images (Figs. 4b and
S3b) of the as-synthesized NCs are independent of the concentration
of SCN™ and are documented as cube-shaped NCs. The average size of
the cube-shaped NCs estimated using the TEM images vary from ~
7.64nm to ~ 8.81 nm. Because the temperature plays a critical role
in determining the shape and size of the resulting NCs, reactions
conducted at 150 °C produce mostly symmetrical nanocubes with
green-color PL emission [1]. The emission profile of as-grown NCs
exhibit green emission (Fig. 4c) with the red-shifted emission peak
(503-515 nm) and a narrow FWHM (21-28 nm) with the increasing
content of SCN7, as shown in Table 2. The use of UV-vis absorption
spectra (Fig. S4a) for estimating the bandgap energy shows the de-
crease in its value from 2.41 eV (for 0% of SCN™) to 2.34 eV (for 40% of
SCN™) which can be ascribed to the modification of halide and
pseudohalide p orbitals with the introduction of SCN™ (Fig. 4d and
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using the HI method at a different molar concentration of SCN™.

Table 2
PL emission peak, FWHM, bandgap, and PLQY of SCN™-based CsPbBr3 NCs synthesized
using the HI method at a different molar concentration of SCN™.

SCN™ content (%) PLpeak(nm) FWHM (nm) Bandgap (eV) PLQY (%)
0 503 22 2.41 76
5 507 25 2.40 79

10 509 28 2.39 83

20 512 23 2.38 87

30 513 22 2.37 89

40 515 21 2.34 86

Table 2). The PLQY of the as-prepared NCs increases from 76% to 89%
(Table 2 and Fig. S4c). Moreover, the measured excitation spectra at a
corresponding peak emission wavelength demonstrate the identical
broadband spectra (260-480 nm) for the varying concentration of
SCN™ (Fig. S4c).

3.2. SCN™-based mixed halide CsPb(Brg3lp.7)s NCs

The effect of SCN™ on the mixed halide perovskites CsPb
(Brgslo7)s was investigated using structural, morphological, and
optical properties which are shown in Figs. 5, S5, and S6. The NCs
were synthesized using the SP method at room temperature for a
different molar concentration of SCN™ (0-60%). The XRD patterns of
CsPb(Brg3lg7)3 with various amounts of SCN™ are shown in Fig. 5a.
These patterns demonstrate that the main diffraction peaks at ~
20°, 27°, and 38° corresponding to (110), (111), and (211) planes of
cubic structure, respectively. However, with an increase in the con-
tent of SCN™, we noticed a diffraction peak shift towards a lower 20

range demonstrating the effect of SCN™ into the perovskite lattice
host. The diffraction peak shift by 0.168° confirms the expansion of
the lattice constant within the unit cell that increases from 6.607 A
to 6.648 A. This experimental observation is in line with the results
reported in the previous literature [23,40]. The estimated diffraction
peak width of 0.862°, 0.835°, 0.736°, and 0.714° corresponding to 0%,
20%, 40%, and 50% of SCN™ suggested the narrowing of the peaks due
to the improvement in the crystallinity of the NCs. The lower angle
diffraction peak at 20=6° in the XRD patterns demonstrates the
intercalation of DMF into the Pbl, interlayer space. As Pbl, crystal
has a layered structure, DMF can intercalate into the Pbl, interlayer
space and screen Pbl, via Pb-O bonding [41,42]. The corresponding
TEM images of as-grown NCs are shown in Figs. 5b and S5. The NCs
possess a non-cubic morphology with different dimensions for dif-
ferent concentrations of SCN™. A similar morphology on halides
mixed (Br/I") NCs was reported in the previous study [43]. The
mean length of the NCs changes with the change in the molar
content of SCN™ ranging from ~ 12.68 nm (for 0% SCN™) to ~
15.02 nm (for 60% SCN™) indicating seeded growth. This size varia-
tion of the NCs is in agreement with the change in the lattice con-
stant of the NCs.

The as-grown NCs further exhibit SCN"-dependent PL properties.
With an increasing amount of SCN~, the normalized PL emission
spectra (Fig. 5c¢), excited under 425 nm, exhibits the blue-shifted
emission peak (645-605nm), decreasing narrower FWHM
(37-31 nm), and high PLQY (> 80%), depicted in Table 3. As the cal-
culated particle sizes of as-grown NCs are much larger than the ef-
fective Bohr radius, it is confirmed that the optical blue-shift in the
PL emission might be due to the introduction of SCN™ instead of the
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Fig. 5. (a) XRD patterns, (b) TEM images, (c) PL emission spectra, and (d) variation of bandgap energy as a function of SCN™ content of SCN"-based mixed halide CsPb(Brg3lg7)3 NCs

synthesized using the SP method at a different molar concentration of SCN™.

Table 3
PL emission peak, FWHM, bandgap, and PLQY of SCN-based mixed halide CsPb
(Broslp.7)3 NCs synthesized using the SP method at a different molar concentration
of SCN™.

SCN™ content (%) PLpeak (nm) FWHM (nm) Bandgap (eV) PLQY (%)
0 645 37 192 84

10 638 34 1.95 87

20 627 32 2.00 88

40 612 31 2.04 89

60 605 35 2.09 86

quantum confinement effect [1]. The introduction of SCN™ might
have resulted in the existence of multiple transitions buried under-
neath the broad emission envelopes suggesting the spectral shift in
the emission profile [23]. The reduced PL emission line-width ac-
companied by the blue-shifted emission peak indicates an improved
quality of NCs with decrease intraband traps which reduce the
dominant charge recombination phenomenon within the crystal
structure [44]. This suggests the enhancement in the PLQY of the
resulting NCs from ~ 84-89% (Fig. S6a and Table 3).

A linear profile of the absorption spectra is obtained (Fig. S6b),
which indicates the formation of larger NCs. Owing to this, the
bandgap was calculated using the Tauc plot (inset Fig. S6b) which
increases from 1.86 eV to 2.09 eV (Fig. 5d). The substantial increase
in the bandgap arises due to the effect of SCN™ into the perovskite
matrix thereby reducing the Pb-I-P bond angles in three-dimen-
sional perovskite structures [45]. A Stokes shift between the ab-
sorption and PL peaks, herein, also decreases from 24nm to 12 nm
when the content of SCN™ is increased from 0% to 60%. Furthermore,
the normalized PL excitation spectra monitored at the corresponding

emission peak are presented in Fig. S6¢. These spectra are almost
identical and broadband which spread over the wide wavelength
region (280-580 nm). Additionally, the introduction of SCN~ is
beneficial for improving the stability of the NCs and is indicated by
the time-dependent PL intensity (Fig. 6). Fig. 6 shows that the SCN™-
based NCs retained above ~ 65% of their original intensity whereas
the host NCs retained only ~ 17% when exposed to air for more than
10 days in an ambient atmosphere. This confirms that the SCN™-
based NCs hold superior luminescent properties compared to the
host NCs. All these attributes suggest that the as-prepared NCs are a
promising alternative to rare-earth elements contained traditional
phosphors for fabricating the stable and energy-efficient WLEDs.
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Fig. 6. Time-dependent variation of PL intensity of SCN -based mixed halide CsPb
(Brozslo7)3 NCs synthesized using the SP method at a different molar concentration of SCN™.
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Fig. 7. Tunable PL emission spectra of mixed halide NCs for the different composi-
tional modulation of Br/I” with 20% of SCN™.

Meanwhile, the PL properties of the as-synthesized products can
be designed to cover the whole spectrum of visible light by tuning
the composition of halides [46-48]. Herein, we synthesized a series
of mixed halide and pseudohalide CsPbX; NCs by modulating the
composition of (Br /") anions at 20% of SCN™. The XRD patterns of
as-synthesized NCs (Fig. S7) illustrate the cubic phase of the per-
ovskite similar to that of the host NCs with a slight shift in the dif-
fraction peak towards the lower angle with a proportionate decrease
in Br7/I” ratio. The shift in the diffraction peak shows the variation of
the lattice constant. The TEM images (Fig. S8) retained the identical
morphology for different proportions of halides, however, the par-
ticle size is varied. With a decreasing Br'/I” ratio, the PL spectra
(Fig. 7) show a continuous red-shift in their PL peak position
(454-645 nm), broadening of emission line-widths (21-37 nm), and
a blue-shift in the bandgap energy (2.79-1.88 eV) which is sum-
marized in Table 4. The narrower line-width emission is considered
to be saturated, placing the fluorescence color coordinates more
towards the edge of the CIE chromaticity space which results in high
color purity LEDs. Hence, we infer that the optical properties of as-
prepared NCs are remarkable for designing the lighting devices,
especially the LEDs.

3.3. Fabrication of WLED

Associated with the tunable PL emission that covers the whole
visible wavelength range, narrow FWHM, and high PLQY, the SCN™-
based CsPbX3 perovskite NCs have huge potential to be used as color
conversion layers in WLEDs for generating white light with high
color quality. Hence, a prototype down-conversion WLED with a
neutral white light is fabricated using the 3-D printed thin layers
containing SCN™-based perovskite NCs (green, yellow, and red) in
conjunction with a blue LED chip (Apeak ~ 450 nm, operating at

Table 4
PL emission peak, FWHM, and bandgap of mixed halides NCs for the different com-
positional modulation of Br7/I” with 20% of SCN™.

ID Halides content PL peak (nm) FWHM (nm) Bandgap (eV)
Br~ I
a 1 0 454 21 2.79
b 0.72 0.08 472 30 2.68
c 0.64 0.16 490 24 2.61
d 0.52 0.28 512 34 231
e 0.48 0.32 532 26 2.24
f 0.44 0.36 557 25 215
g 0.40 0.40 578 31 211
h 0.32 0.48 605 35 2.07
i 0.30 0.50 627 32 1.91
j 0.24 0.56 645 37 1.88
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6.05 mA and 5.5 V). The high ionic mobility of the halide ions in the
perovskite NCs results in the mixing of corresponding ions that
governs the optical properties of the mixed composites [49]. The
ease of halide exchange between perovskite NCs of different com-
positions can be considered both as a boon and a curse for perovskite
materials [50]. The design of an efficient device structure consisting
of layers of metal halide perovskites of different compositions is still
challenging due to the mixing of halide ions which leads to the
decomposition of the NCs to other phases and deteriorates their
optical performances [50,51]. To overcome this limitation, herein, we
adopted the use of a 3-D printed thin structure that can be used as a
color conversion layer in fabricating the WLED. The preparation of a
3-D printed thin substrate and the corresponding color conversion
layer is provided in detail in our previous publication [25]. Specifi-
cally, the 3-D printed thin substrates are uniquely designed with a
rectilinear bottom infill because of which the colloidal suspension of
color emitting NCs when drop cast on the top of the substrates will
self-spread throughout the substrates via capillary action. Conse-
quently, allowing the carrier fluid to evaporate completely, we ob-
tain a thin coating of NCs with the NCs residing inside the printed
substrate that finally serves as a color conversion layer. This attribute
is highly preferred for creating an efficient LED structure with layers
of metal halide perovskite NCs of different compositions intact. Thus,
the superiority of the 3-D printed color conversion layers lies in the
fact that they are capable of eliminating the undesirable mixing of
different halide components while maintaining their fluorescence
property. Herein, we prepared the different thin film of green (Apeax
~532nm), yellow (Apeak ~578 nm), and red (Apeak ~627 nm) emitting
color conversion phosphors (contained with 20% of SCN™) for the
Br:I” composition of 0.48:0.32, 0.40:0.40, and 0.30:0.50, respec-
tively (Fig. 1a and Table 4). The different color emitting conversion
layers are then stacked on the top of blue LED in a hierarchy of their
increasing bandgap via a remote phosphor technique for generating
the white light. The added benefit arises from the choice of PLA with
a low refractive index (1.46) that impairs the photon loss from the
source during the operation of the device structure. Additionally, the
introduction of channels within the conversion layers, the elimina-
tion of machinery need for spin coating, and the coffee-ring effect
likely to be observed on account of spin coating boosts the practical
applicability of this approach in designing efficient optoelectronic
devices, especially the LEDs.

Based on this device structure, we investigated the different
optical behavior of the generated white light emission such as EL,
CCT, CRI, CIE coordinates, D,,, and LER. As shown in the inset of
Fig. 8a, the WLED at a driving current of 6.05 mA generated saturated
white emission with a high LER of 301 Im/W, a general CRI of 91, and
CCT of 5148 K. These characteristics are superior to the previous
report on WLEDs based on the polymer or metal-coated phosphors
[52,53]. A CCT of 5184 K is the characteristic of a neutral white light.
The corresponding EL spectrum (Fig. 8a) consists of four distinct
emission peaks which belong to blue LED chip, green-, yellow-, and
red-emitting NCs, respectively. The distinct peaks indicate the
complete elimination of anion exchange reaction likely to be ob-
served within these crystals. The EL spectrum further demonstrates
that the blue and the green emissions have more contribution to
obtaining this neutral white light in comparison to that of the yellow
and the red emissions. The LER above 300 Im/W demonstrates the
high vision performance of WLEDs and a light source with a general
CRI in the 90s is excellent for indoor lighting [54]. Additionally, we
estimated the special CRI (Rg-R;s5) that are considered to be the most
important figures of merit of white light source for the evaluation of
color rendition. The Rg-R;, indicates the three saturated colors red,
yellow, green, and blue whose value corresponds to 81, 93, 93, and
60, respectively. Increases in saturation yield better visual clarity and
enhance perceived brightness. An Rg score greater than 0 is generally
considered acceptable. The Rg is especially pertinent, as the
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Fig. 8. (a) EL spectra of as-fabricated WLED (inset is the photograph of the same WLED) and (b) CIE coordinates of the corresponding white light emission. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

rendition of saturated red is particularly important for the appear-
ance of skin tones [55]. Moreover, the special CRIs (Ry3, Ri4, and Rys)
corresponding to the Caucasian complexion (color of the skin on the
face of European women), green leaf, and oriental complexion (color
of the skin on the face of Chinese women) are also very high. Each of
these values corresponds to 95, 99, and 89, respectively. Particularly,
the high value of Ry3 and Rys are important for interior lighting [56].
Notably, these remarkable attributes are an indication of the fact
that the as-fabricated WLED reproduces the color of an object pre-
cisely. This relatively high value of CRI and LER are due to the narrow
line-width emission. The CIE coordinates (X, y) of neutral white light
emission at a corresponding CCT are reflected on the CIE color co-
ordinate diagram as shown in Fig. 8b. The CIE coordinates (0.339,
0.327) of this neutral white light almost overlaps with the Planckian
with the recorded D, to be < 0.002. This concludes that the color
temperature we obtained is comfortable for the human eyesight and
has an energizing effect on the people. Furthermore, the CIE co-
ordinates of the neutral white light (0.339, 0.327) is very close to the
standard neutral white light (0.333, 0.333). Therefore, white light
obtained using SCN™-based metal halide perovskites are promising
materials to replace conventional phosphors in next-generation
white LEDs that can be designed to be highly energy-efficient with
high color purity.

4. Conclusion

In summary, a facile saponification precipitation synthesis
method has been employed to synthesize high-quality SCN™-based
CsPbX3 NCs with controlled morphology and highly luminescent
properties. The better passivation of the trap states and the stronger
electrostatic interaction of SCN™ with Pb?* provided due to the in-
troduction of SCN”, the increases in the PLQY, and the stability of
resulting NCs. When stored in an ambient environment for several
days, SCN™-based NCs maintain high PL intensity compared to the
host NCs, suggesting the betterment in the stability of NCs against
air and moisture. Through an appropriate compositional modulation
of Br /I” at 20% of SCN", a series of continuously tunable PL emission
with narrow FWHM and high PLQY were obtained, which are de-
sirable for white light emission. Thus, a photon down-converted
WLED was fabricated in which the 3-D printed green-, yellow-, and
red-emitting NCs were placed on top of the blue LED chip using the
remote-phosphor architecture. This resulted in a bright neutral
white light with a high LER of 301 Im/W, a general CRI of 91, CIE
coordinates of (0.34, 0.33), Dy, <0.002, and CCT of 5184 K. These
remarkable features indicate the great potential of SCN™-based per-
ovskite NCs to be used in WLEDs. In addition, these experimental

findings indicate that the saponification precipitation method im-
parts remarkable luminescent properties comparable to that pre-
pared by the HI method and, therefore, can be considered as a viable
and economical synthesis method. For further research, we antici-
pate the use of the SP method to accelerate the discovery and ra-
tional design of state-of-the-art stable metal halide perovskites for
various optoelectronic applications.
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