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In recent years, perovskite light-emitting diodes have witnessed a remarkable
evolution in both efficiency and luminance levels. Nonetheless, the

production of such devices typically relies on protracted synthesis procedures

at elevated temperatures and vacuum/inert conditions (e.g. hot-injection
synthesis), thus rendering them technically unsuitable for extensive display
and/or lighting applications manufacturing. Although alternative synthetic
protocols have been proposed, e.g. ligand-assisted reprecipitation, ultrasonic
and microwave-based methods, their suitability for the construction of
high-performing light-emitting diodes has been reported in only a few
studies. In this study, we demonstrate the fabrication of highly efficient
lighting devices based on CsPbBr; colloidal perovskite nanocrystals
synthesized by a fast, energetically efficient, and up-scalable
microwave-assisted method. These nanocrystals exhibit an impressive

1. Introduction

Research on perovskite nanocrystals (PeNCs)
has garnered considerable attention over the last
decade due to their narrow emission, tunable
band gaps, tolerance to crystalline defects!' ™
and charge-carrier mobilities.l"*! These attri-
butes, combined with the ability of perovskite
nanostructures to display extremely high photo-
luminescence quantum yields (PLQY),V"*! have
rendered them exceptionally promising for
light-emitting applications. After the work of
Mitzi and coworkers at the end of the last
century,m interest in PeLEDs reemerged in
20141 following the interest in these mate-
rials for photovoltaic applications. Nowadays,

photoluminescence quantum yield of 66.8% after purification, with a very
narrow PL spectrum centered at 514 nm with a full width at half-maximum
of 20 nm. Similarly, the PeLEDs achieve a maximum external quantum
efficiency of 23.4%, a maximum current efficiency of 71.6Cd A", and a
maximum luminance level that exceeds 4.7 X 10 Cd m ™% Additionally, a
significantly lower energy consumption for microwave-mediated synthesis
compared with hot injection is demonstrated. These findings suggest that
this synthetic procedure emerges as an outstanding and promising method
towards a scalable and sustainable fabrication of high-quality perovskite

light-emitting diodes.
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substantial progress has been made towards
enhancing the efficiency and
performance of PeLEDs, [12-17]
years, all-inorganic halide perovskites have pro-
vided significantly improved stability compared
to their hybrid organic—inorganic counterparts.

Although several methodologies have been
proposed for the synthesis of colloidal
PeNCs,US*B] the most successful traditional
approach, namely hot-injection (HI) synthesis,
entails sophisticated reaction setups involving a
vacuum and inert atmosphere, elevated temper-
atures, and intricate procedures to yield high-
quality PeNCs.**] Unfortunately, these
requirements lead to elevated costs and insurmountable industrial

overall
and in recent

implementation challenges. Instead, microwave-assisted (MW) synthe-
sis presents numerous advantages, including selective heating, shorter
reaction times, reduced energy consumption, industrially friendly
implementation, and up-scalability. Microwave radiation indeed offers
a more uniform heating profile, thus diminishing thermal gradients
throughout the entire volume.?#2?) This uniform heating profile pro-
motes consistent nucleation, which is a critical factor in the production
of uniformly dispersed nanoparticles.”*! As a result, the MW method
has gained widespread relevance in the preparation of both organic
and/or inorganic perovskite derivatives,***! although the suitability
of the resulting PeNCs for the fabrication of functional devices remains
unreported to date.

In this work, all-inorganic CsPbBr; PeNCs were prepared by modify-
ing a MW approach that we recently reported”* based on the pioneer
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works of Pan et al. and Liu et al.®'**?) In a typical experiment, cesium
carbonate (Cs,COs3), lead bromide (PbBr,), certain amounts of trioctyl-
phosphine oxide (TOPO), oleic acid (OA), oleylamine (OLA), and 1-
octadecene (ODE) were mixed in a 30 mL microwave quartz tube,
which was then placed into a microwave reactor (Figure S1, Supporting
Information). The reactor was then heated to 160 °C under 800 rpm to
monitor the nucleation and growth evolution; see Supporting Informa-
tion for more details.

2. Results and Discussion

The MW PeNCs were prepared at different reaction times. We discuss
here the most interesting results for reaction times of 1, 3, and 7 min at
160 °C. Figure la—c shows the transmission electron microscopy
(TEM) images of the monodisperse cube-like shaped CsPbBr; NCs
obtained through our approach. The average edge lengths of CsPbBrs
nanocubes are 16.6 +£2.8nm, 12.4+ 1.6 nm, and 9.7 & 1.5 nm, for
the samples obtained after 1, 3, and 7 min of reaction, respectively.
TEM images revealed that increasing the reaction time at 160 °C
from 1 to 7 min consistently resulted in a decrease in particle size from
approximately 17 to 10 nm, with a narrow size distribution (Figure S2,
Supporting Information). This phenomenon is atypical, as in most syn-
thetic procedures to obtain colloidal nanocrystals, the crystallization

Average
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size =16.6 £ 2.8 nm
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(b)

Average size =12.4+£1.6 nm

kinetics can be described by the classical LaMEr model,**) commonly
known as Ostwald ripening (OR),*! in which the smaller particles in
solution tend to dissolve and redeposit onto the larger ones, thereby
promoting the growth of the particles over time. Conversely, our
results show that for short reaction times (1-3 min), the formation of
small PeNCs is restricted, thus resulting in larger particles. In fact,
smaller sizes are achieved after longer reaction times (7 min). This fact
indicates that the crystallization kinetics of PeNCs is governed by
the reverse-Ostwald ripening (ROR), also known as digestive
ripening,”*”*® which has recently gained attention in nanomaterials
and perovskite synthesis studies.***] The ROR involves the dissolu-
tion of large nanocrystals, often with some size polydispersity, towards
the formation of smaller particles. Similar to MW synthesis, the fully
controlled application of digestive ripening in semiconductor nanocrys-
tals, particularly in the realm of colloidal perovskites, remains in its
early stages. Therefore, this work aims to explore the key pathways and
potential directions to achieve thorough control over the synthesis of
PeNCs. It is worth mentioning that upon extending the reaction
time to 10, 15, and 30 min, the formation of larger nanocrystals was
again observed (Figure S3, Supporting Information), indicating that OR
mechanisms predominate for lengthened reaction periods. Thus,
the particle size of the PeNCs can be readily tailored from 9.7 to
17.3 nm through precise manipulation of the reaction time, similarly
to other synthetic approaches.™*'~*]

The crystalline structure of the sample pre-
pared with 7 min-reaction time, shown in
Figure 1d, was indexed to the orthorhombic
CsPbBr; structure with Pbnm space group as a
single phase (ICSD 97851).2*#*#¢] This crystal-
line phase is preferred by the system when

perovskite nucleation occurs at relatively low
[43]

7

temperatures, contrary to hot-injection
method in which cubic phase is usually obtained
under thermodynamic conditions.l**] With our
procedure, the orthorhombic crystallization can
be attributed to a combined effect of a faster
heating process and lower synthesis tempera-
tures. Interestingly, both structures have direct
energy bandgaps and possess similar optical
propertiest ™ despite the variations in their lat-
tice constants. The orthorhombic structure was

—
o
-

Intensity (arb. unit.)

iyl

ICSD no. 97851

further confirmed by the selected area electron
diffraction (SAED) measurements (see Figure $4,
Supporting Information). Elemental analyses by
energy dispersive X-ray (EDX) spectroscopy con-
firmed the 1:1:3 atomic ratio for all the samples
(Figure S5a—f, Supporting Information).

Figure 2a and Figure S6a,b, Supporting
Information show the optical absorption and PL
spectra of the CsPbBr; PeNCs synthesized at 1,
3, and 7 min rection times after the washing/-

10 20 30
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Figure 1. Morphological and crystallographic characterization: TEM images of the MW-synthesized
CsPbBr; PeNCs after different reaction times: a) 1 min; b) 3 min, and c) 7 min. The particle sizes were
estimated upon analyzing more than 100 nanoparticles for each reaction time. d) XRD pattern of the
sample synthesized after 7 min of reaction along with the simulated XRD pattern corresponding to

the orthorhombic phase (ICSD 97851).
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[*7] see Supporting Infor-

purification procedure,
mation for more details. The absorption spectra
were normalized at the first excitonic peak
(M1 ~ 497—498 nm) and the emission spectra
were normalized at their maxima (A2 & 513—
514 nm). The optical curves were similar for all
the samples. Only a 1 nm blue-shift in both the

absorption edge and emission peak was detected

© 2024 The Author(s). Energy & Environmental Materials published by
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volume, which could partially quench the over-

Tave = 16.5 NS

7 min all emissive properties. However, previous stud-
——Fitingeuve | e have demonstrated that smaller perovskite
particles tend to exhibit higher PLQYs due to
quantum confinement effects,[so] which mini-
mize the occurrence of non-radiative carrier
recombination.[***'] Interestingly, extending
the reaction time from 1 to 7 min induces a
transition from the weak to the intermediate
quantum confinement regime, according to
previously reported experimental and theoret-
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Figure 2. Optical characterization: a) UV-Vis absorption (black curve) and PL spectrum (green curve)
of CsPbBr; NCs (7 min of reaction) in hexane with the PLQY value at A = 405 nm; b) Time-resolved
PL decay and the fitted curve for CsPbBr; NCs in hexane registered upon 405 nm excitation and 514

emission detection.
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Figure 3. a) Cross-sectional image obtained via Scanning Electron Microscope (SEM) that displays the
different stacked layers that constitute our PeLEDs with the corresponding thicknesses indicated in
parentheses. b) Energy levels diagram of the different stacked materials that constitute the PeLEDs.

for the sample with the smallest size, i.e. 9.7 nm average size (7 min
reaction time). In the case of a strong-quantum confinement regime
(below ~7 nml*™**N) and considering the definition of confinement
energy (AE = h’n’/2m*r*, where 1 is the particle radius and m* is the
reduced mass of the exciton), a substantial blue shift of the emission
peak and absorption edge is expected when reducing the particle radius.
According to our experimental observations, the optical properties are
barely affected by the particle size, indicating that our NCs lie in the
weak quantum confinement regime. Interestingly, due to the uniform
particle size distribution, the emission spectra are very sharp, with nar-
row full width at half-maximum (FWHM) of 19.7, 18.7, and 20.4 nm
for 1, 3, and 7 min-reaction time PeNCs, respectively.

The PeNCs solutions of the samples synthesized at 1, 3, and 7 min
exhibited high PLQY values of 42+ 4%, 55+2% and 67 £ 7%,
respectively, after purification. This purification process is very impor-
tant to remove the excess of insulating organic molecules in the solu-
tion in order to fabricate high efficiency LEDs. These results
demonstrate a positive correlation between the reduction of CsPbBrs
nanoparticle size and the increase in the luminescent properties. This
correlation could be considered somewhat counterintuitive, since the
higher surface-to-volume ratio expected for smaller particles could
potentially give rise to a higher surface defect concentration per unit

Energy Environ. Mater. 2024, 0, 12810

20 40 60 80 100 120 140
time (ns)

30f6

ical data.l*®] Therefore, the controlled reduc-
tion of the perovskite particle size in the
range reported here, achieved by increasing
the reaction time, is an effective strategy to
enhance the PLQY and, consequently, a
means of optimizing the performance of
light-emitting devices based on PeNCs. It is
worth noting that the data presented from
now on will refer only to the PeNCs synthe-
sized after 7 min of reaction, as this material
(&) exhibited the best optical properties. Perov-
P e Y skite films were prepared for the sample with
L, gt LFAL - 7.min reaction following the same protocol
£ h used for the LED films. The PLQY of these
g films was 41.1 +2.0% (see Figure S7, Sup-
porting Information).

To deeply investigate the charge carrier
recombination characteristics, time-resolved PL
(TRPL) measurements were recorded. Figure 2b
shows the experimental PL decay (green dotted
line) and the fitting (red line) using a triple
exponential function. The fitting reveals three-
time constants (t; =0.797ns, T, =4.20ns,
s and T3 =21.5mns)

exponential factors, as shown in Table S1, Sup-

porting Information. The obtained average
decay time was 16.5ns. According to the literature, the fast lifetime
component (T;) is associated with the direct radiative recombination of
excitons in the CsPbBr; nanocrystals. The intermediate component (t,)
is related to defect-assisted recombination, where charge carriers are
captured by defects and subsequently recombine. The slow component

(T3) corresponds to recombination involving deep trap states, where
[52-

6.8

with  different  pre-

charge carriers are trapped for longer periods before recombining.
55]

After synthesizing and characterizing the visible light-emitting
PeNCs, we meticulously fabricated several batches of PeLEDs, employ-
ing CsPbBr; NCs as the emissive material, and subjected them to exten-
sive electro-optical characterization. The devices were constructed
according to the previously optimized architecture ITO/PEDOT:PSS/
poly-TPD/CsPbBr; NCs/PO-T2T (40 nm)/LiF (1.0 nm)/Al (100 nm).”*)
The architecture of our devices was further characterized through
SEM (Figure 3a) to visualize the morphology and estimate the thick-
ness of the deposited layers, with their energy level alignment
shown in Figure 3b.

Figure 4a displays the electroluminescence (EL) spectra of a PeLED
plotted on a logarithmic scale, which reveal a very narrow FWHM of
20nm and a A" centered at 516 nm when the device was driven
from 4.5 to 7.0 V. Notably, this logarithmic representation allowed us

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. Electro-optical characterization of the CsPbBr; LEDs: a) EL spectrum recorded at different
voltages (A =516nm; FWHM =20nm); b) The corresponding Commission internationale de
I'éclairage (CIE 1931) color coordinates of our LEDs; c¢) Dependence of the current density (/) and
Luminance (L) versus the applied potential (V); d) external quantum efficiency (EQE) and current
efficiency (n.) plotted versus current density. The different displayed device parameters were obtained

emitted green light. Additionally, it is worth
highlighting the minimal variations in the CIE
coordinates (x and y) over time, extracted from
the EL spectra under continuous operation of
the PeLEDs, even at very high luminance
(10000 Cdm™?), as shown in Figure S8a—c,
Supporting Information. This demonstrates the
excellent stability of the light characteristics over
relatively long functioning periods at different
illumination levels.

Our PelEDs exhibit a low turn-on voltage
(Von =3.0V), defined as the potential at a lumi-
~2 71 which is reasonably
close to the bandgap energy of the PeNCs
(2.37 V). This indicates an efficient charge
injection (holes and electrons) into the emissive
layer, facilitated by the favorable energy level
alignment.”"**®] Remarkably, the performance
parameters corresponding to the PeLEDs shown
in Figure 4d demonstrate an average maximum
external quantum efficiency (EQE,) of
23.4+£28% at a current density of
1.40 mA cm ™ with a corresponding luminance
of 1002.4Cd mfz; the averaged maximum
luminance achieved was 47 396 Cdm™ . These
values represent a significant breakthrough in
the exploitation of MW synthesis methodolo-
gies for the construction of electro-optical
devices, as our devices equal or even outper-

nance of 1Cdm

upon averaging those values from 30 devices.

o]
o
o
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Figure 5. Energy consumption of the preparation of PeNCs by MW method
compared with HI approach.

to clearly confirm the absence of any parasitic emissions arising from
radiative relaxations in other regions of the device, thus reaffirming that
the recombination zone is exclusively confined within the ultra-thin
and compact PeNCs layer.

As evidenced in Figure 4b, the color coordinates (CIE 1931)
extracted from the EL spectrum are located close to the edge of the color
space diagram (0.089, 0.763), demonstrating the high purity of the
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form the performance of previous PeLEDs based
on less efficient and more energy-demanding
synthetic methods (Table S2, Supporting Infor-
mation). It is worth mentioning that the high performance of our
devices is the result of the combination of several crucial factors tackled
in our previous contributions:*”-*¢-*71 1) optimized synthetic condi-
tions and the exploitation of exhaustive purification protocols; 2) thor-
ough control over the deposition of the different layers that constitute
the LEDs, which includes the choice of suitable charge selective contacts
(HTM and ETM, respectively), the fine-tuning of the thicknesses of all
the stacked layers with reduced surface roughness, and an appropriate
encapsulation of the active areas. This holistic optimization has led to
the fabrication of PeLEDs in which the total thickness of the device is
lower than 100 nm (excluding the glass substrate, the ITO layer, and
the aluminium contact) with very low surface roughness (Figure 3a).
On the one hand, the fineness of the CsPbBr; layer (220 nm) ensures a
high carrier concentration even at low current densities, which enor-
mously increases the probability of radiative recombination. On the
other hand, waveguiding mode loss has been identified in the literature
as a major loss channel for PeLEDs due to the high refractive index of
perovskite semiconductors,[éo]
strongly depends on the perovskite layer thickness. Reducing its thick-
ness to a few tens of nanometers while ensuring a very low surface
roughness contributes to maximizing the light outcoupling efficiency.
Figure 5 displays an energy consumption analysis comparing our
MW approach with a conventional HI method. These measurements
include the directly measured energy consumption in our labs and are
normalized for the synthesis of 1 kg of nanocrystals, including the pro-
cesses of heating and stirring. Note that we have not included the
energy consumption of the vacuum pump used to generate the inert

and the magnitude of these losses

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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conditions during the HI synthesis, as in this particular case, our pump
is oversized, which consumes an amount of energy comparable to the
overall heating and stirring procedures (5755kWhkg™ "), and there-
fore, it would only introduce more noise to the analysis. It is worth
mentioning that the introduction of a power-balanced vacuum pump
to match the minimum requirements would make the comparison even
more favorable to the MW synthesis. A description of this analysis is
provided in the Supporting Information.

The results clearly demonstrate that the MW method is at least seven
times less energy demanding than the HI method. This analysis
highlights the enormous potential of MW synthesis for up-scaling
high-performance PeNCs-based devices and specifically for PeLEDs, in
contrast to the traditional HI method.

3. Conclusion

In summary, this contribution demonstrates for the first time the
suitability of an energy-efficient, up-scalable, fast, and reliable syn-
thetic method based on microwave radiation for the fabrication of
high-performance PeLEDs. Despite the fact that there still remain a
series of surface-related and interfacial phenomena that are not fully
understood,[M’48J
long-term stability of PeLEDs, we strongly believe that the successful

implementation of the simple and efficient MW synthesis of PeNCs

which account for the generally observed limited

represents a promising breakthrough in the field. Therefore, the intri-
cate interplay of surface characteristics, the nature of crystalline
defects, and long-term stability must be comprehensively tackled to
enable the improvement of the overall performance of PeLEDs. This
holistic approach is essential for the successful realization of efficient
and stable PelEDs suitable for practical implementation in
optoelectronics.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes
towards UOR and supercapacitor application is provided in Supporting
Information.
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