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Abstract: All-inorganic lead halide perovskite (CsPbX3) nanocrystals (NCs) have emerged as a highly
promising new generation of light emitters due to their extraordinary photophysical properties.
However, the performance of these semiconducting NCs is undermined due to the inherent toxicity
of lead and long-term environmental stability. Here, we report the addition of B-site cation and
X-site anion (pseudo-halide) concurrently using Ba(SCN), (<50%) in CsPbX3 NCs to reduce the
lead and improve the photophysical properties and stability. The as-grown particles demonstrated
an analogous structure with an almost identical lattice constant and a fluctuation of particle size
without altering the morphology of particles. Photoluminescence quantum yield is enhanced up to
near unity (~98%) by taking advantage of concomitant doping at the B- and X-site of the structure.
Benefitted from the defect reductions and stronger bonding interaction between Pb?* and SCN~
ions, Ba(SCN);-based NCs exhibit improved stability towards air and moisture compared to the
host NCs. The doped NCs retain higher PLQY (as high as seven times) compared to the host NCs)
when stored in an ambient atmosphere for more than 176 days. A novel 3D-printed multiplex color
conversion layer was used to fabricate a white light-emitting diode (LED). The obtained white light
shows a correlated color temperature of 6764 K, a color rendering index of 87, and luminous efficacy
of radiation of 333 Im/W. In summary, this work proposes a facile route to treat sensitive lead
halide perovskite NCs and to fabricate LEDs by using a low-cost large-scale 3-D printing method,
which would serve as a foundation for fabricating high-quality optoelectronic devices for near future
lighting technologies.

Keywords: CsPbX3 NCs; Ba(SCN)s,; air and moisture stability; 3D-printed multiplex design; WLEDs

1. Introduction

All-inorganic lead halide perovskite nanocrystals (NCs) have attracted significant
attention over the past several years due to their astounding optoelectronic properties
and economical solution-based processability. These properties render them a cham-
pion in modern optoelectronic devices, such as solar cells, light-emitting diodes (LEDs),
field-effect transistors, photodetectors, lasers, scintillators, and other optoelectronic de-
vices [1-7]. In addition, they exhibited attractive photophysical properties, such as high
defect tolerance, narrow emission linewidth, high photoluminescence quantum yield
(PLQY), and a wide color gamut, which all are highly desirable properties for lighting
applications, particularly for fabrication of white LEDs [5,8-13]. To date, studies have
reported perovskite-based white LEDs with superior optoelectronic properties compared
to conventional phosphor-based white LEDs (WLEDs) [1,14,15]. Despite promising ap-
plications, a significant gap remains for commercial translations due to the presence of
lead—a highly toxic element, and their fragile/easily morphable perovskite lattices and
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downgraded photoluminescence (PL) in an ambient environment. To fill this gap, it is
imperative to develop lead-reduced/lead-free and highly stable metal halide perovskites.

Many researchers have been striving to obtain lead-free halide perovskites by search-
ing for non-toxic elements with a suitable bandgap to replace lead while preserving and
improving their optoelectronic properties [6,16-18]. Element doping seems to be a promis-
ing technique for addressing the root causes of both toxicity and stability issues [6,19,20]. In
this regard, elements belonging to the same group (IV) as Pb?*, such as Sn** and Ge?*, seem
to be most promising to eliminate Pb* [21]. However, rapid oxidation of Sn** and Ge?* in
the ambient atmosphere restricts the fabrication of high-quality devices. As a result, other
guest cations, such as Mn2*, Sr2t, Zn?*, Mg2+, and EuZ* have been introduced as possible
substituents to Pb2* in halide perovskites [16,22-25]. Besides, the lead reducing effect, theo-
retical and experimental studies on the introduction of other less or non-toxic cations at the
Pb-site have helped improve the stability of the materials. Recently, Xiang et al. reported an
experiment in which up to 40% of Ba?* was added to CsPbBr; and the photovoltaic perfor-
mance was studied. They found that with only 20% of Ba?* in the host particle, the addition
of Ba?* increases the radiative recombination and stability of the halide perovskite [26].
Bahadur et al. and Chan et al. also used Ba?* as a doping cation for lead halide perovskite
and reported enhanced stability and photovoltaic performance [27,28]. Besides, the partial
replacement of halides with pseudo-halide ion (thiocyanate, SCN™) into ABX3 perovskites
was found beneficial towards the structural stability of halide perovskites against air and
moisture [29]. Jiang et al., for the first time, reported that partial replacement of halides
with SCN™ results in increased stability of the metal halide perovskites structure [30]. Since
then, a few other studies have reported enhanced luminescent properties, stability, and
device performance of SCN~-based perovskites [31-33]. Given the huge incentive for
improving material stability to meet commercial applications, studies have focused on
blending NCs with polymers for encapsulation [34]. Kovalenko’s group has used methyl
methacrylate to embed NCs and reported enhanced stability [8]. Similarly, others have
reported highly stable perovskite-polymer composites in which the luminous properties
were not subjected to degradation [35-37]. However, the intrinsic limitations of easily
malleable ionic crystal lattices of metal halide perovskite NCs were not addressed by such
surface-modified approaches. The incompetences of these different approaches in improv-
ing the desired stability and reducing the toxicity concurrently under a single synthesis
method was challenged by investigating the possible effect of concomitant doping on the
B-site and X-site of the perovskite lattice. In this study, we utilize the favorability of Ba?*
and SCN™ ions to form the environmentally friendly and chemically stable perovskite
structure and studied their corresponding effects.

Herein, for the first time, we studied a new series of perovskite composites by intro-
ducing Ba(SCN); as a dopant for the all-inorganic lead halide perovskite. We explored
the effect of Ba(SCN), with varying molar ratios (0-50%) on CsPbBrs by studying its
crystal structure, morphology, and optical properties and investigated the performance
of designed LEDs. The schematic diagram illustrating the synthesis of NCs and their
applications in WLEDs is shown in Figure 1. The addition of dopants did not change the
crystal structure explicitly; however, we noticed the change in crystal parameters, including
the microstrain and dislocation density. This variation in crystal parameters affected the
particle size; however, the morphology remained identical. Furthermore, a variation in
optical properties is observed. The bandgap energy and PL emission peak position are
altered. PLQY is boosted to near unity (98%), and prolonged air and moisture stability
(+176 days) is observed. To investigate the performance of these NCs in a device, a white
LED is fabricated using a 3D printer (with clear UV resin) using a single conversion layer
that has a multiplex design. Three different colors emitting NCs (green, yellow, and red)
are used as down-converting phosphors and stacked on top of blue LED chips. As a result,
white light with a correlated color temperature (CCT) of 6764 K, a color rendering index
(CRI) of 87, and luminous efficacy of radiation (LER) of 333 Im/W is produced. This
ingenious design eliminates the reabsorption of light from the phosphors, which generally
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arise in the multi-layers, and makes the fabrication of LEDs easier by eliminating the
cumbersome preparation process of multi-layers. This new technique may open a new
direction for both scientific research studies and future lighting applications.
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Figure 1. Schematic illustration of synthesis of CsPbX3 NCs added with Ba(SCN), and their applica-
tions in WLEDs.

2. Materials and Methods
2.1. Synthesis of Ba(SCN), Added CsPbX3 NCs

A modified hot-injection method was adopted for the synthesis of Ba(SCN); alloyed
CsPbX3 NCs. Briefly, the Cs-oleate precursor was prepared by mixing 0.448 g of cesium
carbonate (Cs,COj3) with 1.375 mL of oleic acid (OA) and 22 mL of octadecene (ODE)
in a 50 mL flask. The mixture was dried under vacuum for 1 h at 120 °C and then
heated under N, at 140 °C until all Cs,COj5 had reacted with OA. Then, 0.188 mmol of
PbX; and 0.188 mmol of Ba(SCN), were loaded separately in a 25 mL flask with 5 mL
of ODE, 0.5 mL of OA, and 0.5 mL of oleylamine, and dried under vacuum for 1 h at
120 °C. These individual mixtures were stirred at the desired growth temperature (140 °C)
until the corresponding salts dissolved completely. The preheated 0.4 mL of Cs-oleate
solution (120 °C before injection) was quickly injected into the solution obtained by mixing
proportionate amounts of PbX; and Ba(SCN); precursors. After 2-5 s of heating the mixture,
the flask containing the mixture was quickly placed in an ice-water bath, allowing it to cool
for ~3 min. The resulting crude solution was centrifuged at 3500 rpm for 10 min. The clear
supernatant was discarded, and the precipitates were re-dispersed in toluene /hexane for
further characterization and long-term storage. Similarly, at 50% of Ba(SCN),, different
compositions of halides (Br~ and I7) were mixed to obtain the desired emissions across
the visible region.

2.2. White LED Fabrication

To prevent a possible anion exchange in the mixture of different halides, we printed a
partitioned box (four small boxes confined in a single big box) to confine the NCs separately.
A Formlabs Form 3 printer filled with transparent UV resin input material was used. Each
partitioned box has a dimension of 9 mm x 7 mm. An equal amount of colloidal solutions
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(suspended in 1 mL of hexane) of three different colors emitting NCs (green, yellow, and
red) were dropped into the individual compartment. The box was then kept in a vacuum
at room temperature (~25 °C) for 20 mins to remove the solvent and forming a thin layer
of NCs. After drying the samples, the epoxy resin (a mixture of resin and hardener in
equal ratio) was dropped on the NCs (acts as the cover for the box) to prevent external
contact with air and moisture. Finally, the structure was stacked on top of the blue LEDs
(A ~ 460 nm, runs at 3.97 mA and 7.50 V) to obtain white light.

2.3. Characterization

A Rigaku SmartLab Diffractometer with CuK«1 radiation, A = 1.54 A operated at 40 kV
and 44 mA, and at an angular range (26) with a step of 0.01° was employed to measure
X-ray diffraction (XRD) patterns. For Transmission Electron Microscopy (TEM) images,
a Hitachi H-7000 transmission microscope operated at 75 kV was used. The PL spectra
and the UV-vis spectra were measured using the Spectro-Fluorophotometer (Shimadzu,
RF6000) and the Varian Carry 50 Scan UV spectrophotometer, respectively. The PLQYs
were measured using the QE-pro spectrometer (QEP02037, Ocean Optics) coupled with an
integrating sphere (819C-SF-6, Newport) excited using a laser source at a wavelength of
405 nm. The electroluminescent (EL) spectra were recorded with a QE-pro spectrometer
(QEP02037, Ocean Optics) in conjunction with 460 nm blue LED chips and a Keithley 2450
source meter operated at 3.97 mA and 7.50 V under a forward bias as a source for LED
chips. All the spectra measurements were performed at room temperature.

3. Results and Discussion

The crystalline structure of CsPbBrs NCs with the addition of varying molar concen-
trations of Ba(SCN), (0-50%) is analyzed by XRD patterns, shown in Figure 2a. These
patterns indicate that the main peaks are at ~15°, 21°, 26°, 30°, and 44°, which correspond
to the (100), (110), (111), (200), and (220) diffraction planes of the cubic structure of CsPbBrs,
respectively. An identical diffraction peak position observed despite varying concentra-
tions of Ba(SCN), implies that the crystalline structure of the NCs is independent of the
addition of Ba(SCN),. A small peak was observed at about 12° for the parent CsPbBrs NCs,
indicating an incomplete transformation of PbBr; into the CsPbBrj structure. The peak
corresponding to PbBr, disappeared after the addition of Ba(SCN),, showing the increased
purity in the composition of the new compounds up to a doping concentration of 30%. This
result indicates that the presence of barium is expected to limit the formation of metallic Pb
from the resulting NCs, which act as non-radiative recombination centers [26]. Calculation
of Goldschmidt’s tolerance and octahedral factors suggests that the addition of the guest
elements Ba?" and SCN ™~ is compatible with Pb** and Br~. However, the addition affected
crystal parameters, such as the crystallite size (L), dislocation density (6), and microstrain
(€). L is calculated using the Scherrer equation [27]:

KA
~ BCos 0

M

where K = 0.9 is the shape factor, § is the full width at half maximum (FWHM) of the XRD
peak, and 6 is the diffraction angle. Then,

0=17 @)

where 1 = 1 for minimum dislocation density. Using the Williamson-Hall equation, by
definition,
P

€= 4 Tan6

®)
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Figure 2. (a) The normalized XRD patterns and (b) the variation of dislocation density and microstrain
of CsPbBr3 NCs with the addition of different molar concentrations of Ba(SCN),. The graph illustrates
that the microstrain and the dislocation density decrease with an increasing content of dopants up to
a critical doping concentration but increase beyond that doping content.

The values for B, §, and € are summarized in Table S1, and the variations of 6 and
€ with Ba(SCN); are plotted in Figure 2b. We observed a variation of §, confirming the
presence of microstrain or inhomogeneous strain in the perovskite structure. The decrease
in B with the addition of Ba(SCN), suggests the enhancement of crystallinity. However,
with a greater than 30% of addition, B is slightly increased, which can be considered to be a
critical dopant. The narrowing of the XRD peak width can be attributed to diminishing
stacking faults and structural disorder [38]. This variation is further confirmed by the
calculation of the dislocation density (Table S1) and crystallinity. The value of L is increased
for 0-30% of Ba(SCN),; however, further increasing the mol% of Ba(SCN), resulted in
lower L due to the induced non-uniform strain [39]. It is noted that the microstrain is
diminished when the mol% of Ba(SCN), is increased up to 30% and then slightly increased
for the higher mol% of dopant. The induced microstrain influences the crystallinity of
the sample. For higher mol% of Ba(SCN),, the crystallinity falls off. The introduction of
guest ions resulted in an enhanced crystallization due to its crucial role in favoring crystal
growth by changing the growth surface energy [38,40]. Due to the chemical heterogeneity
effect of thiocyanate ions, the introduction of thiocyanate-based salt leads to an increase
in the Gibbs energy for nucleation owing to the change in surface energy, which further
induces the difference in the crystallization process [41]. This is because the shift in
nucleation rate brings a change in the growth kinematics of the NCs, which, in turn, leads
to the variation in the morphology, and hence surface energy of NCs. The decrease in
the microstrain indicates that the introduction of guest elements reduces the density of
crystal defects (governing the non-radiative recombination), which is likely to improve the
optoelectronic performance. Besides, depleting microstrain favors grain growth [38,42].
The sudden increase in microstrains with higher concentrations (>30%) of Ba(SCN), leads
to the deterioration in crystallinity of the NCs and is prone to reduce the crystallite size.
The morphology of the as-synthesized NCs is studied based on TEM images, as shown in
Figure 3a—f, which demonstrate the impact of dopants on the nucleation and growth of
NCs. The images exhibit a cubic shape of the NCs with a narrower size distribution. The
morphology of the NCs remained identical even after the incorporation of Ba(SCN),, with
only changes in the average dimension. The average edge length of the NCs is settled in the
range of 6.6-9.52 nm. A variation in particle size with different concentrations of Ba(SCN),
is shown in Figure Sla. The histograms of the corresponding size distribution are shown in
Figure 3g-1. An increase in the size of the cubes with the amount of Ba(SCN); up to 30% is
observed, and particle size decreased with a higher concentration of Ba(SCN),. Thus, we
can say that particle size enhancement becomes saturated at 30% of Ba(SCN),. This is due
to increasing the crystallite size and reducing the microstrain and dislocation density for the
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lower percentage of dopant, which favors crystal growth [27]. However, due to increased
non-uniform microstrains, crystal growth is lowered for higher percentages of addition,
and a reduced particle size is observed. Further addition diminished the development of
the NCs due to the strong bonding interaction between B-site cations and S and N. The
variation in particle size exhibited a direct effect on the optical properties of the NCs.
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Figure 3. (a—f) TEM images (scale bar set to 50 nm) of CsPbBr; NCs with the addition of different molar concentrations of

Ba(SCN),. (g-1) Histogram of the corresponding sample showing the size distribution of the particles. The statistical charts

indicate that the size of the particle increases up to a critical dopant content and decreases thereafter.

The optical properties of as-synthesized NCs are studied using absorption and PL
emission spectra in Figure 4. The absorption onset (Figure 4a) is found to shift to longer
wavelengths with the addition of Ba(SCN), and becomes saturated at 30% of Ba(SCN),.
Beyond this critical dopant, it is blue-shifted. The bandgap is calculated using Tauc Plot.
The values are recorded in Table 1, and the variation of the bandgap with various concentra-
tions of Ba(SCN); is shown in Figure S1b. For 0% of Ba(SCN),, the bandgap is 2.450 eV; at
30%, it decreases to 2.413 eV; and at 50%, the bandgap increases to 2.418 eV. A similar trend
is noticed in the PL emission peak position (Figure 4b), which is summarized in Table 1.
A variation of the peak position with various mol% of Ba(SCN); is shown in Figure 4c. The
corresponding PL emission peaks are 513 nm, 523 nm, and 517 nm, respectively, under the
excitation wavelength of 365 nm. It should be noted that the fluctuation in optical proper-
ties is caused by variation in the size of the as-grown particles for different concentrations
of Ba(SCN),. It is generally accepted that the lead halide perovskites are defect-tolerant,
due to the ionic nature of the material or the orbital composition of the energy bands [43].
This property is responsible for the optical transition after the addition of guest elements.
In addition, the difference in the electronegativity of B-site and X-site elements plays some
role in changing the energy gap and optical properties due to the orbital overlap [22,44].
The FWHM of the PL emission spectra of the samples is found to decrease after the addition
of Ba(SCN),, falling in the range of 19.07-18.07 nm. The variation of FWHM with the
amount of Ba(SCN), added is shown in Figure 4d. The spectral purity of the light emission
is demonstrated by the lowered value of FWHM of the PL emission. The PLQY of as-grown
NCs is calculated (Figure S2) and compiled in Table 1. The PLQY is enhanced from 72% to
98% when the amount of dopant is increased from 0% to 50%, due to the combined effect
produced by Ba?* and SCN~. As a result, surface defect states, such as dangling bonds,
surface imperfections, etc., are eliminated, favoring the reduction of non-radiative decay
and enhancement of PLQY of the NCs [38]. Xiang et al. also demonstrated that the addition
of Ba%* into the parent CsPbBrj lattice effectively inhibits non-radiative recombination [26].
These results indicate that the addition of Ba(SCN), could help tune and enhance the
optical properties of the host CsPbBr; NCs. Time variations of PLQY of the as-prepared
samples with different concentrations of Ba(SCN), are summarized in Table S2 and plotted
in Figure 5. The samples with Ba(SCN); (>15%) retained the PLQY (>92% of the original
value) even after prolonged exposure to an ambient atmosphere. However, the undoped
sample retained very low PLQY (<13% of the PLQY of the fresh sample) and PL intensity.
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One hypothesis could be attributed to water molecules absorbed by pristine NCs, which
may penetrate their structures, thereby deteriorating the colloidal integrity and degrading
the luminous property. The durable performance and stability of the Ba(SCN),-added
samples in an ambient atmosphere could be ascribed to the passivation effect of Ba(SCN),
which resulted in the reduction of defect concentrations. Furthermore, Ba(SCN), acts as a
ligand that may inhibit the penetration of water into the core structure of the perovskite
materials. The PL emission spectra of the fresh and aged samples for the various concentra-
tions of Ba(SCN),, indicating a blue shift in the peak position, are depicted in Figure S3. The
displacement in the peak position suggests the photo-oxidation and photochemical degra-
dation of the NCs, which was also demonstrated by the additional decrease in PLQY [45].
This shift is smaller with 50% of Ba(SCN),, which demonstrates that the addition of 50%
dopant is feasible to obtain more stable and higher-quality NCs. Furthermore, it is noted
that the FWHM of the doped NCs has not significantly increased compared to the undoped
samples (Figure S3) over a long period (+176 days). This suggests that the doped NCs
maintain the purity of the color emission. For visualization, photographs of the colloidal
solution of as-synthesized NCs (fresh and 176 days aged) under UV light are taken and
shown in Figure 54. It is observed that all the fresh samples (Figure S4a) produced excellent
luminous behavior. The samples without Ba(SCN), have seemingly degraded into an
almost non-luminescent state after aging; however, the addition of Ba(SCN), stabilized
the NCs (Figure S4b). The prolonged stability could be attributed to the protection of the
NCs with defect reduction in the presence of Ba** and bonding interaction of Pb?* with
S and N, which is very strong due to the linear shape of SCN™ [30]. Thus, the prolonged
luminous behavior of the Ba(SCN),-doped samples can be promising in applications for
device fabrication.
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Figure 4. (a) Absorption spectra, (b) normalized PL emission spectra, (c) variation of PL emission
peak wavelength, and (d) variation of PL FWHM of CsPbBr; NCs with the addition of different molar
concentrations of Ba(SCN),. The absorption and the corresponding PL emission peak first exhibit the
red-shift in the peak position up to a critical doping concentration and a blue-shift thereafter.
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Table 1. Bandgap, PL emission peak position, FWHM, and PLQY of CsPbBr; NCs with the addition
of different molar concentration of Ba(SCN),.

Ba(SCN), (%) Bandgap (eV) PL Peak (nm) FWHM (nm) PLQY (%)
0 2.450 513 19.07 72
5 2.447 515 18.68 75
15 2416 521 18.17 75
20 2415 522 18.10 74
30 2.414 523 18.12 83
40 2415 521 18.07 88
50 2.416 517 18.30 98

——a

i " A "

0 A L A A i
0 20 40 60 80 100 120 140 160 180

Days

Figure 5. The time variation PLQY of CsPbBrz NCs with the addition of different molar concentration
of Ba(SCN); as indicated. The PLQY of undoped NCs decreases rapidly within three weeks, whereas
that of the doped NCs remains almost constant over a period of time, confirming the improved
stability of doped NCs.

The normalized PL excitation spectra of CsPbBr; NCs with the addition of varying
molar concentrations of Ba(SCN), are shown in Figure S5. These spectra are measured
by monitoring the corresponding peak emission wavelength. The excitation spectra are
almost identical. The broadband excitation spectra extending from 270-480 nm indicates
the favorability of the material to be used in a wide range of excitations. It is noted that
the excitation spectra became continuous with an increasing amount of dopant. Spectra
having a dual spectral band correspond to the charge-separated bandgap state at a higher
wavelength and the charge transfer band at a lower wavelength [46]. The excitation range
encompasses the emission range of UV /blue LED chips. This indicates that these types of
particles can be applied in alliance with IlI-nitride-based UV /blue LED for the generation
of white light via the photon down-conversion method. The excellent optical properties,
such as narrow emission width, high PLQY, and wide range of excitation spectra, suggest
that the as-prepared solution-processed NCs are promising alternatives to conventional
and expensive phosphors for LED applications.

To explore the application of these new kinds of NCs in white LEDs, NCs having
green-to-red tunable emission are synthesized by varying the proportionate amount of
halides (Br~ /I7) in CsPbX3 NCs with 50% of Ba(SCN),, as shown in Figure 6. The dotted
spectra denote absorption, and the solid spectra indicate normalized PL emission spectra.
The bandgap is finely tuned from 2.416 eV to 1.86 eV by increasing the content of I~.
The emission peak is engineered across a significant portion of the visible spectral region
(517-687 nm), with narrow FWHM (18-40 nm) and PLQY > 76%. These properties of NCs
are desirable for application in many lighting devices.
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Figure 6. The absorption spectra (dotted lines) and PL emission spectra (solid lines) of CsPbX3 NCs
with 50% of Ba(SCN),. The graph represents the decreasing ratio of Br~ to I™ results in the red-shift
in the PL emission peak and the corresponding absorption peak position, respectively.

Furthermore, we found that the luminous property of as-fabricated perovskite NCs
is excellent, including a narrow linewidth of emission spectra and a wide color gamut,
indicating promising applications in white light emission. However, halide perovskites
have an anion exchange reaction and instability issues when mixed and thus cannot be
simply mixed to produce white light compared to Cd-based quantum dots [15,47]. On
the other hand, when these NCs are directly coated onto blue/UV LED chips, the device
experiences thermal instability because of the heat produced during the working cycle of
the LED chips. Several studies have addressed these issues by using the remote phosphor
technique of stacking glass plates containing different NCs as conversion layers over
the blue/UV LED chips. In this configuration, the phosphors were exposed to less heat
released from the chips due to the air barrier maintained between them. This non-contact
configuration effectively eliminates the direct effect of heat on the phosphors without
interfering with the LED junction. However, the multiple conversion layers over blue/UV
LEDs suffer from reabsorption of light. For the first time, we fabricated a white LED
using a 3D-printed single-color conversion layer utilizing a multipixel design to address
these issues. The schematic diagram of the as-designed white LED is shown in the inset
of Figure 7a(i). By using a clear UV-resin, we printed a 3D squared case with a multi-
box design and dropped the desired amount of colloidal solution of different NCs into
the individual boxes. Next, the samples were dried inside the vacuum oven at room
temperature. The NCs were capped using epoxy resin to guard against deterioration
from atmospheric moisture and air, as shown in the inset of Figure 7a(ii). This technique
eliminates any anion-exchange reaction between the different halides, coffee-ring effect
(the dispersing of NCs along the perimeter after drying, which normally occurs when
spin-coating or when the colloidal solution of NCs is simply dropped on plain quartz/glass
substrates), the direct heating effect on the phosphors from the LED chips, and reabsorption
of light which commonly occurs in multi-layer conversion methods. It also excludes the
cumbersome task of preparing multi-layers and stacking them on top of the blue/UV
LEDs. We found that the 3D-printed multiplex conversion layer has a little detrimental
effect on the luminescent property of the phosphors because of the excellent transparency
of the UV resin. The white LED is fabricated based on the remote phosphor technique
using a 3D-printed, transparent, multiplex-designed, single-color conversion layer. We
used green (A ~ 517 nm), yellow (A ~ 572 nm), and red (A ~ 615 nm) emitting NCs as
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different phosphors, which are pumped by the blue LED chips. The fabricated LED shows
an emission peak of about 460 nm and runs at 3.97 mA and 7.50 V. The EL spectrum
of the emitted white light is measured (Figure 7a) to analyze the color quality. Discrete
peaks located at about 460 nm, 517 nm, 572 nm, and 615 nm are obtained, indicating the
elimination of the anion exchange reaction between the different halides. The discrete
peaks of the EL spectrum belonging to the blue LED, green-, yellow-, and red-emitting
NCs, respectively, demonstrate a good combination of phosphors to obtain white light.
Figure 7b represents the CIE (Commission Internationale de I’Eclairage) color system of the
XY chromaticity diagram, used to compare the quality of the light source through mapping
colors visible to the human eye in terms of hue and saturation. The area enclosed by the
CIE diagram (smooth blue lines) represents the range of colors that human beings can
see using naked eyes. The three triangles indicate the color gamut of the LCD TV screen
(dotted black lines), the National Television Standards Committee’s (NTSC) TV screens
(dotted white lines), and the as-synthesized NCs (solid black lines). The region within the
color gamut demonstrates the capability of the color display per product, compatible with
a color gamut. The color gamut of as-synthesized NCs (green, yellow, and red), including
blue LEDs, representing a standard capable of displaying a wide range of colors, is larger
than that of the NTSC standard and LCD TVs. A photograph of the as-fabricated white
LED is shown in the inset of Figure 7b(ii), which produces a bright white light with a CCT
of 6764 K, a CRI of 87, and an LER of 333 Im/W. This CCT is considered a cool white
light. The high values of CRI and LER are due to the narrow linewidth of emission spectra
of as-synthesized NCs. The high value of the CRI also indicates that the as-generated
white light renders nearly perfect light, while the high LER points to the high energy
efficacy of LEDs. The CIE coordinates of the white light we observed are (0.31, 0.35), as
shown in Figure 7b (the center black point on the CIE diagram), and the value of D, is
0.02, which indicates that the color coordinates of the light source lie in proximity to the
Planckian locus (the center black curve on the CIE diagram). Thus, the light source is
considered capable of emitting light comfortable to the human eye, even after prolonged
exposure. Therefore, the as-fabricated device exhibits excellent color saturation, which is
more desirable for general illuminations. These excellent properties of white light illustrate
the likelihood of these compounds being used as alternatives to conventional rare-earth
element-doped phosphors.

(a) (i) (ii_)”‘;;i.}
=

1

Intensity (a.u.)

o " " " A A
0 01 02 03 04 05 06 07 08
CIE-X

420 446 472 498 524 550 576 602 628 654 680
Wavelength (nm)

Figure 7. (a) EL spectrum of white light. Inset: (i) schematic device structure of WLED with a 3D-
printed multiplex color conversion layer stacked above the blue LED and (ii) picture of 3D-printed
multiplex structure filled with different color emitting NCs. (b) CIE diagram provided with CIE
color coordinates compares the color gamut of LCD screen and NTSC to the light emitted from
as-synthesized perovskite NCs. Black data points on the edge and center correspond to the emission
from as-synthesized NCs and device, respectively. Inset is the picture of the emitted white light from
the device.



Photonics 2021, 8, 209

11 0of 13

This development in perovskite NCs adds a new class of members to the family
of colloidal metal halide NCs that can provide desired and stable optical features with
high quantum yields even when exposed to air and moisture for five months. The as-
synthesized materials appear to be a solid alternative to conventional rare-earth-doped
phosphors, which will significantly increase studies related to next-generation WLEDs to
achieve energy saving. Besides, the novel use of resin 3D-printing technology for designing
LED components offers the ability to print stable and custom designs, enabling more
accurate prints and limiting material waste. Thus, the substantial development of this
printing technology could allow significant breakthroughs in reducing manufacturing
costs and prompts toward commercialization. Resin-printing techniques with the primary
goal of eliminating the phenomenon of light absorption in designing LEDs are still being
developed and researched. Current challenges of obtaining highly transparent resin and
design of compact structures for LED applications are prevalent issues to be solved. Besides,
it is crucial that the integration of NCs with resin should impart desirable optical features of
perovskite materials (such as high quantum yield) without much deterioration, or at least
minimize the optical loss because of the quenching and agglomeration effect. In the future,
we can work on optimizing WLED structures based on a 3D-printed color conversion layer
by studying the operation stability of the device structure.

4. Conclusions

In summary, we added barium thiocyanate [Ba(SCN);] as a dopant to the all-inorganic
CsPbX3 perovskites and studied the function of new components to the host NCs. A
variation in crystal parameters was observed with almost identical phase and lattice
dimensions, which suggests that the addition of the guest components resided in the
surface of the parent NCs. This variation yielded a change in particle size with the same
morphology, which resulted in the alternation of the PL emission peak position and
bandgap energy. The PLQY near unity (98%) was also achieved. The surface of the host
NCs became passivated with the addition of dopants while removing excessive amounts
of Pb?* resulted in an enhanced PLQY. Moreover, for the first time, we reported on a
new technique for fabricating white LEDs using a 3D-printed multipixel structure and
investigated the performance of as-synthesized compounds. A qualitative white light was
obtained with a CCT of 6764 K, a CRI of 87, and an LER of 333 Im/W. These values suggest
excellent color characteristics for practical lighting applications. This study provides an
efficient approach toward metal halide perovskites-based optoelectronic devices for future
lighting technology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/photonics8060209/s1; Table S1: FWHM of diffraction peak (f3), dislocation density (J), and
micro-strain (€) of CsPbBrz NCs with the addition of different molar concentrations of Ba(SCN),;
Figure S1: The variation of (a) particle size and (b) band gap of CsPbBrs NCs with the addition of
different molar concentrations of Ba(SCN),; Figure S2: Scattering and emission spectra without and
with samples. The absolute PLQY is calculated using the formula demonstrated in the inset of the
Figure. S,ef and Ef are areas covered by scattering and emission spectra of the reference liquid on
the X-axis, and Sgam and Esam are areas covered by scattering and emission spectra of the sample in
the reference liquid; Table S2: Time variation of PLQY of CsPbBrs NCs with the addition of different
molar concentrations of Ba(SCN),; Figure S3: Normalized PL emission spectra of fresh and aged
(+176 days in an ambient atmosphere) CsPbBrs NCs with different molar concentrations of Ba(SCN),
as indicated. The graph illustrates a blue shift in the PL emission peak position with an increasing
storage time; Figure S4: Digital photographs (under the UV light) of the colloidal solution of CsPbBrs
NCs at different molar concentrations of Ba(SCN),. (a) Fresh samples and (b) 176 days aged samples
in an ambient atmosphere; Figure S5: Normalized excitation spectra of CsPbBrz NCs at a different
molar concentration of Ba(SCN)s,.
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