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state and poor temperature tolerance of 
the existing solid-state perovskites have 
severely impeded their practical opto-
electronic applications, especially those 
requiring prolonged operations. In par-
ticular, the PLQY of perovskites collapse 
sharply when perovskites are extracted 
from the organic solution to form a bulk-
solid in regard to solid-state device fabrica-
tion.[9] This problem becomes particularly 
severe when the operation temperature 
increases to 100  °C,[10] leading to signifi-
cant challenges for these lighting, lasing 
and display applications whose operation 
is associated with high thermal or high 
power conditions.

Here, we propose and report on a 
straightforward heterogeneous interfacial 
thermal (HIT) strategy to develop highly 
thermotolerant metal halide perovskite 
solids (HPSs) (Figure  1a). The generated 
highly thermotolerant (HT) CsPbBr3/
Cs4PbBr6 halide perovskite solid-powders 
(HT-HPSs) exhibit a maximum PLQY of 
95% when being suspended in organic 

solvent. After they are extracted from the solution, the PLQY of 
these solids can still well remain at 84% at room temperature, 
and 73% after heat acclimation at 150  °C for up to 22 h. Such 
unprecedent outstanding properties with respect to HT-HPSs 
are essential to address the abovementioned poor temperature 
tolerance and low PLQYs of perovskite solids regarding their 
optoelectronic applications. To illustrate such applications, we 
constructed a white light-emitting diode (w-LED) using our 
optimal HT-HPSs. Compared to commercial w-LED, our w-LED 

By virtue of their narrow emission bands, near-unity quantum yield, and low 
fabrication cost, metal halide perovskites hold great promise in numerous 
aspects of optoelectronic applications, including solid-state lighting, lasing, 
and displays. Despite such promise, the poor temperature tolerance and 
suboptimal quantum yield of the existing metal halide perovskites in 
their solid state have severely limited their practical applications. Here, 
a straightforward heterogeneous interfacial method to develop superior 
thermotolerant and highly emissive solid-state metal halide perovskites is 
reported and their use as long-lasting high-temperature and high-input-power 
durable solid-state light-emitting diodes is illustrated. It is found that the 
resultant materials can well maintain their superior quantum efficiency after 
heating at a temperature over 150 °C for up to 22 h. A white light-emitting 
diode (w-LED) constructed from the metal halide perovskite solid exhibits 
superior temperature sustainable lifetime over 1100 h. The w-LED also 
displays a highly durable high-power-driving capability, and its working current 
can go up to 300 mA. It is believed that such highly thermotolerant metal 
halide perovskites will unleash the possibility of a wide variety of high-power 
and high-temperature solid-state lighting, lasing, and display devices that have 
been limited by existing methods.
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Metal halide perovskites (i.e., CsPbX3, X = Cl, Br, and I) have 
emerged as one of the most promising materials for a variety 
of optoelectronic applications, such as light-emitting diodes,[1] 
photodetectors,[2] solar cells,[3] lasers,[4] and solid-state lighting.[5] 
This is due to their unique properties, such as their near-unity 
photoluminescence quantum efficiency (PLQY),[6] narrow-band 
emission (full width at half maximum, FWHM, ≈20 nm),[7] tun-
able emission, low fabrication cost, and scalability.[8] Despite 
such promise, rapid luminescence quenching in their solid 
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shows advantages with respect to narrow emission (FWHM ≈ 
20), high color purity, and wider color gamut. More importantly, 
such w-LED also possesses outstanding long-term thermal sta-
bility and its lifetime can last over 1100 h, which is three orders 
of magnitude longer compared to a standard conventional syn-
thesized CsPbBr3 constructed LED. This can even be comparable 
to the durability of the commercial w-LED. Moreover, our w-LED 
also displays a superior durable high-power-driving capability, 

and its working current can go up to 300  mA, which is much 
higher than any previously reported materials (200  mA is the 
highest reported in the literature[11]).

In this study, rather than currently used liquid/liquid reac-
tion which occurs in homogeneous solution phases,[8] we devel-
oped a heterogeneous liquid/solid phase interfacial thermal 
(HIT) reaction to synthesizes metal halide perovskite solids 
(Figure  1a). In our reaction, PbBr2 and excess CsBr, along 
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Figure 1. Liquid/solid heterogeneous interfacial thermal (HIT) reaction for synthesizing HT-HPSs. a) Schematic illustration of HIT evolution between 
the immiscible liquid–solid phases at 90 °C. b) Photographs showing no colloidal phase formed at room temperature. c,d) Photographs showing 
the CsPbBr3 colloidal phase formed at 90 °C in the first 2 min of the reaction. e) Photographs showing the instantaneous appearance of CsPbBr3/
Cs4PbBr6 green precipitates. f) Photographs showing no colloidal phase existed after the reaction. g) Nearly quantitative reaction yield for large-scale 
production. h) Photographs of the liquid/liquid phase and liquid/solid phase reactions at high temperature, showing that the liquid–solid phase was 
essential to promote the reaction. i) Photographs of liquid/solid phase reaction at room temperature and high temperature, showing that high tem-
perature was indispensable for the formation of CsPbBr3 colloidal liquid.
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with oleic acid (OA) and oleylamine (OAm), were sequen-
tially dissolved in DMF, and reddish precipitation immediately 
appeared (Figure  1b). This reddish solid was identified to be 
CsPbBr3 by the XRD patterns (Figure S1, Supporting Informa-
tion). After further stirring for 2 min at 90 °C, due to the high 
solubility of CsPbBr3 at such temperature, the CsPbBr3 began 
to be dissolved and excess white CsBr still existed.[12] At this 
step, nearly no luminescence was observed under excitation by 
365 nm light (Figure 1c). Under the irradiation with a 405 nm 
laser, the transparent solution exhibited a distinct Tyndall effect, 
indicating the formation of CsPbBr3 colloids (Figure 1d). After 
stirring for another 3 min, a homogeneous and intense green 
luminescence emerged instantaneously, and then green solid 
precipitated at the bottom of the reaction beaker (Figure  1e). 
The supernatant solution exhibited no Tyndall effect (Figure 1f), 
suggesting that nearly all the CsPbBr3 colloidal in the solution 
reacted with excess CsBr to produce green-emitting perovskite 
solids. Our HIT reaction is highly effective, and the highest 
product yield is up to 99%. This reaction can also be readily 
scaled up and over 5  g of the products can be synthesized at 
one time without compromised PLQY (Figure 1g).

Next, we studied two key experimental factors in the forma-
tion of the green-emitting perovskite solids. The first consid-
eration is the necessary of using a liquid–solid solution phase 
in our reaction. In the liquid–liquid phase reaction, even the 
saturated solution of CsBr was dropped into the saturated 
solution of PbBr2, still no green precipitates were generated 
in such a homogeneous phase system even after stirring for 
dozens of hours at 90  °C (Figure  1h). In contrast, by adding 
excess CsBr solids at that stage, bulk green products appeared 
immediately. Therefore, the heterogeneous liquid/solid inter-
facial reaction is the precondition for successfully fabricating 
perovskite solids. The second consideration is the tempera-
ture dependence for HIT reaction. If the proposed reaction 
occurred at room temperature, only nonluminescent reddish 
CsPbBr3 precipitates were generated (Figure  1i). In contrast, 
when the reaction temperature increased to 90  °C, the red-
dish CsPbBr3 solids were gradually dissolved in solution and 
transformed into colloids. The supernatant after HIT reaction 
subsequently lose the complete transparence, and the precipi-
tates showed green luminescence under ultraviolet (UV) light. 
Seemingly, high temperature facilitates the heterogeneous 
phase reactions between immiscible CsPbBr3 colloids and 
CsBr solids.

Following the above HIT evolution, we fabricated green-emit-
ting HT-HPSs with uniform morphology (Figure  2d). These 
green precipitates were verified to be assembly of hybrid struc-
tured particles where CsPbBr3 perovskites were embedded into 
Cs4PbBr6 hosts based on XRD measurement (Figure 2b). When 
the CsBr/PbBr2 molar ratio was 1:1, the X-ray diffraction (XRD) 
patterns of the solids showed only the characteristic peaks of 
pure CsPbBr3 perovskites. As the Cs+ concentration increased, 
new XRD peaks gradually appeared at 2θ = 12.9°, 20.1°, 22.4°, 
corresponding to diffractions from the (110), (113), and (300) 
planes of rhombohedral Cs4PbBr6 (PDF card#73-2478). These 
results all implied the formation of the CsPbBr3/Cs4PbBr6 struc-
ture. This hybrid structure was also confirmed by UV−vis spec-
troscopy (Figure S2, Supporting Information). These obtained 
HT-HPSs with CsPbBr3/Cs4PbBr6 structure showed a color 

gradient of reddish-to-yellow (Figure 2a). Under the irradiation 
of 365 nm UV light, all CsPbBr3/Cs4PbBr6 HT-HPSs exhibited 
a narrow-emissive (the full width at half maximum is 20 nm) 
green luminescence at 520 nm (Figure 2c). As the Cs+ concen-
tration increased, the brightness of the green emission gradu-
ally increased, reaching a maximum at a CsBr/PbBr2 molar 
ratio of 6:1 (Figure  2a). When monitoring 520  nm emission, 
the photoluminescence excitation spectra revealed two broad 
excitation bands peaking at 291 and 352 nm, which well match 
the excitation bands of previously reported CsPbBr3/Cs4PbBr6 
perovskites (detailed discussions in Figure S3 of the Supporting 
Information).[12,13]

To further demonstrate the superiority on high emission, the 
PLQYs of all HT-HPSs were measured and showed in Figure 2e. 
The HT-HPSs synthesized with CsBr/PbBr2 molar ratios of 
1, 2, 3, 4, 6, 8, 10, and 12 were 2.1%, 29.65%, 49.23%, 50.78%, 
84%, 68.75%, 65.47%, and 52.12%, respectively (Figure S4,  
Supporting Information). When the strongest emissive HT-
HPSs with CsBr/PbBr2 molar ratio of 6:1 (called HT-HPSs-6) 
were suspended in a mixed solution of cyclohexane and isopro-
panol, their PLQY was even greater than 94%, which is com-
parable to the reported maximum PLQY of green-emissive 
quantum dots dissolved in solution. Moreover, our HT-HPSs 
can also endure high-intensity purification tolerance, which 
is one of the important indexes of evaluating the synthesis 
reproducibility and optical performance (Figure S5, Supporting 
Information). More notably, even after nine purification cycles 
of dissolution-to-centrifugation, the solutions and solids still 
emitted strong green luminescence and their PLQYs remained 
above 93% and 75%, respectively (Figure 2f). These results sug-
gest that our HT-HPSs synthesized by HIT reaction have strong 
emission not only in their solution suspension but also in their 
solid state, and optimal HT-HPSs-6 shows significant purifica-
tion tolerance superior to the existing perovskites.[14]

We further proposed the possible origination of high PLQYs 
of our HT-HPSs. First, The structural encapsulation of Cs4PbBr6 
to CsPbBr3 perovskites are considered to be an effective passiva-
tion strategy for enhancing the green luminescence of CsPbBr3, 
since the spatial confinement of Cs4PbBr6 strongly enhances 
the radiative rate of the CsPbBr3.[15] In Figure 2e, the PLQY of 
the most used standard perovskite solid (CsPbBr3 solid) is only 
0.8%, yet the PLQY of HT-HPSs-6 increased nearly 800-fold in 
comparison with such pure CsPbBr3 solid. Second, in addition 
to the hybrid structure, the surface ligand modification is also 
considered to be beneficial to the highly emissive properties of 
HPSs.[16] The surface ligands can effectively suppress the gener-
ation of surface defects and impeded charge recombination of 
the inner the defects.[1g,17] In particular, as a control, the ligand-
free CsPbBr3/Cs4PbBr6 halide perovskite solids were prepared 
via the same reaction without OA and OAm. However, the max-
imum PLQY of these HPSs with CsBr/PbBr2 molar ratios of 6:1 
was only 48.72% in their solid state, which was much smaller 
than the PLQY of HT-HPSs-6 (Figure S6, Supporting Informa-
tion and Figure  2e). Moreover, due to the absence of surface 
ligands, these ligand-free HPSs control samples were insoluble 
in cyclohexane and isopropanol solution (Figure S7, Supporting 
Information). Therefore, the hybrid CsPbBr3/Cs4PbBr6 struc-
ture and surface ligand are considered to ensure the high PLQY 
for our HT-HPSs-6.

Adv. Mater. 2020, 2002495
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Besides such high PLQYs and purification durability, our HT-
HPSs are also conferred unprecedentedly excellent chemical 
stability and thermotolerance, which are crucial to meet the 
requirements of practical lighting application. Our HT-HPSs 
showed stable light emission, with minimal degradation after 
eleven weeks of storage under ambient condition (Figure S8, 
Supporting Information). Temperature-dependent PLQY data 
and color images were obtained at ambient temperature after 
heating at different temperatures (Figure  3a). After heating at 
200 °C for 1 h, HT-HPSs-6 still possessed the maximum green 
emission (Figure S9, Supporting Information). The panda 
images made by our optimal HT-HPSs-6 (CsBr/PbBr2 molar 
ratio of 6:1) exhibited high PLQYs of 84%, 78%, 73%, 65% 
after heating at 30, 100, 150, 200  °C, respectively. The green 
luminescence only starts to drop at 250  °C (Figure S10, Sup-
porting Information). Even after ten consecutive heating–cooling 
cycles over the temperature ranges of 30−200 °C, there was still 

no decrease in the intensity during cycling (Figure 3d). In addi-
tion, time-dependent intensity stability under heat treatment at 
150 °C further verified the satisfactorily thermotolerance, since 
green luminescence in the shape of a small phoenix logo made 
by our HT-HPSs-6 under excitation at 365 nm remained nearly 
unchanged even after 22 h of heat treatment (Figure 3b,c).

More notably, the ambient beyond 200  °C did not alter the 
structural framework of HT-HPSs, since no obvious variation 
in XRD patterns was found in the temperature-dependent XRD 
measurement after returning to room temperature from the 
treatment point (Figure 3e). Even when the ambient tempera-
ture exceeds 300  °C, the surface ligands of our material have 
hardly changed (Figure 3f).

These results all suggest that our HT-HPSs have the more 
superior thermotolerance than those other reported materials, 
and such thermotolerance is considered to be related with 
their structure frameworks and surface ligands. First, since 
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Figure 2. Optical properties, morphology, and structure phase. a) Photographs of HT-HPSs under sunlight and UV irradiation. b) XRD patterns of HT-
HPSs formed with different CsBr/PbBr2 molar ratios. c) Normalized photoluminescence (excited by 365 nm), photoluminescence excitation (monitored 
at 520 nm) spectra. d) SEM of HT-HPSs-6. e) PLQYs of HT-HPSs and ligand-free HPSs with the CsBr/PbBr2 molar ratios of 1, 2, 3, 4, 6, 8, 10, and 12, 
respectively. f) PLQYs of HT-HPSs-6 in solution and the solid-state after 1–9 cycles of washing.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2002495 (5 of 8)

www.advmat.dewww.advancedsciencenews.com

the large binding energy (>303.9 meV) of PbBr6
4− octahedron 

in Cs4PbBr6 strongly enhances the lattice stability, the Cs4PbBr6 
has superior structure stability compared to CsPbBr3. Thus, 
the hybrid encapsulation structure of Cs4PbBr6 to CsPbBr3 is 
beneficial for the boosted thermotolerance.[18] In a contrasting 
experiment, lower-thermotolerant (LT) HPSs at CsBr/PbBr2 
molar ratio of 6:1 (LT-HPSs-6) were formed at a lower temper-
ature (60  °C), and such low synthesis temperature observably 
suppressed the transformation of CsPbBr3 to Cs4PbBr6 in our 
reaction (Figure S11, Supporting Information). As shown in 
Figure S11 (Supporting Information), the normalized absorp-
tion spectra of HT-HPSs-6 (materials synthesized at 90  °C) 
and LT-HPSs-6 (materials synthesized at 60 °C) are present. At 
the absorption band of 520 nm, which is assigned to the inter-
transition of CsPbBr3, LT-HPSs-6 showed a stronger absorp-
tion ability than HT-HPSs-6, implying that the percentage of 
CsPbBr3 in LT-HPSs-6 is at a higher level in comparison with 
HT-HPSs-6. It should be mentioned that the synthesis of 
LT-HPSs-6 at 60  °C requires a reaction time beyond 60 min 
(Figure S12, Supporting Information), which is clearly longer 

than that of the thermotolerant HT-HPSs-6. However, even 
with this longer reaction time, such low-efficient transforma-
tion from CsPbBr3 to Cs4PbBr6 at 60 °C leads to the appearance 
of low PLQY (28.03% for LT-HPSs-6) and poor thermotolerance 
of LT-HPSs-6 (Figure 3c).

Secondly, the excellent thermotolerance can also be related 
with surface ligands. On the one hand, similar to LT-HPSs-6 
and HPSs synthesized by the conventionally utilized hot-injec-
tion and supersaturation precipitates methods, typical vibra-
tions (3400–3600, 2800–3000, ≈1600, ≈1463, and ≈716 cm−1) 
belonging to OA and OAm (Figure S13 and Tables S1 and S2, 
Supporting Information) are also present on the surface of our 
thermotolerant material, HT-HPSs-6;[16–18] on the other hand, 
the Fourier transform infrared (FTIR) spectrum of our HT-
HPSs-6 exhibits additional vibrations that are not observed in 
the FTIR spectra of the LT-HPSs-6 and other materials synthe-
sized by existing methods. The two additional strong vibrations 
at 1641 and 617 cm−1 on the FTIR spectra of HT-HPSs-6 can be 
ascribed to CO stretching vibration and the OCN bending 
of DMF, respectively (Figure  3f and Table S1, Supporting 
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Figure 3. Thermotolerance and UV photostability. a) FLuorescence  photographs and PLQY of HT-HPSs-6 at ambient temperature after heat treat-
ment (30–200 °C) for half an hour. b) Fluorescence photographs and c) time-dependent intensity stability after heating at 150 °C for various times 
ranging from 0 to 22 h. d) The reversible fluorescence response of 10 consecutive cycles at 30−200 °C. e) XRD pattern of HT-HPSs-6 after heating at 
200 °C for 1 h. f) FTIR spectra of HT-HPSs-6 at room temperature (black) and after heating at 300 °C (red) for 1 h. g) The PL spectra of HT-HPSs-6 
under continuous illumination by 365 nm light, the power density is 8 mW cm−2. h) Fluorescence photographs of HT-HPSs-6 under UV light with 
a power density of 8 mW cm−2 for 12 h (left); HT-HPS-6 under continuous illumination with 365 nm light (right); the power densities are 8, 16, and 
24 mW cm−2, respectively.
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Information).[19,20] Therefore, based on the FTIR results, in 
addition to the presence of OA and OAm, solvent DMF mole-
cules are also suggested to be binding to the surface of our 
thermotolerant material.

As shown in Figure  3f and Figure S13 (Supporting Infor-
mation), to evaluate the thermal stability, we heated both HT-
HPSs-6 and LT-HPSs-for 1 h at 300  °C . After this treatment, 
there was almost no decrease in intensity appeared in the FTIR 
spectra of HT-HPSs-6, while the intensity of all FTIR peaks of 
LT-HPSs-6 significantly decreased. The thermogravimetric (TG) 
result (Figure S14, Supporting Information) also supports the 
fact that LT-HPSs-6 has poor thermotolerance, and that the 
ligands on the surface of LT-HPSs-6 began to be decomposed 
at 100  °C, while the weight loss of HT-HPSs-6 is negligible, 
even beyond 300  °C. Therefore, we consider that both DMF 
ligand and Cs4PbBr6 hybrid encapsulation contributed to the 
enhanced the perovskite stability against high temperatures.

Ultraviolet (UV) photostability is another important para-
meter that determines the long-term operation of perovskite-
based lighting devices. The PL intensity at 520  nm emission 
of HT-HPSs-6 showed no noticeable decrease after the irradia-
tion of continuous UV light with an optical power density of 
8  mW cm−2 for 12 h (Figure  3g), while LT-HPSs-6 only main-
tained 25% luminescence intensity at the same measurement 
conditions (Figure S15, Supporting Information). The strong 
UV photostability is likely due to stable Cs4PbBr6 encapsula-
tion, since this framework is known to be resistant against UV 
deterioration;[5b] actually, the green luminescence of the bare 
CsPbBr3 solid only can last less than 1 h under the irradiation 
at 365 nm light. When the power density of ultraviolet light was 
increased to 16 and 24 mW cm−2, respectively, the HT-HPSs-6 
decreased to 70% and 29.4% of its initial value under continuous 
UV light for 12 h (Figure  3h). Such UV photostability of our 
HT-HPSs-6 is superior to the existing perovskite powders, since 
the existing materials almost lose their luminescence under UV 
irradiation with an optical power density of 24 mW cm−2.[8a,10a] 
In fact, the working power of conventional lighting devices is 
8 mW cm−2, and the power density of 24 mW cm−2 is beyond 
that.[21] All the results indicate that our HT-HPSs-6 have the 
potential applied as optical converters in harsh conditions than 
the previous solid-state perovskites.

On basis of the promise of high thermotolerance and 
photostability, we went on to fabricate a white-LED using 
our HT-HPSs-6 as the green conversion hub in addition to 
Y2O3:Eu3+ (red converter), and BaMgAl10O17:Eu2+ (blue phos-
phor) which have been using on a commercial LED chip. 
Figure  4a presents the electroluminescence (EL) spectra 
obtained at a current density of 20  mA, which is the typical 
operating current for LEDs regarding their use in ambient 
condition. The working white-light LED shows neutral white 
light with a color rendering index (CRI) of 86.1, a correlated 
color temperature (CCT) of 4843 K, and Commission Inter-
nationale de l’Eclairage (CIE) coordinates of (0.3448, 0.3131). 
Moreover, the color gamut of the white LED, as presented in 
Figure  4b (thick solid triangle), covers 116.3% of the NTSC 
(dotted triangle) gamut and 86.2% of the Rec. 2020 gamut 
(dashed triangle). In addition, w-LED-based HT-HPSs-6 oper-
ating at 20 mA still maintain very high luminescence intensity 
(more than 90% of initial value) for 1100 h (Figure  4c), while 

the luminescence intensity of the pure CsPbBr3 solid quickly 
diminished in less than 2 h. The low luminous decay and 
superior long lifetime is ideal for practical commercial appli-
cation purposes. Figure  4e,f shows pictures of the device and 
illustrates the long-term operation stability. Moreover, the 
existing commercial white-light source is composed by a semi-
conductor GaN-based chip coated with rare-earth-doped phos-
phors, such as green-emitting Ce:(LuxY1−x)3Al5O12 (Ce:Lu-YAG) 
and β-SiAlON: Eu2+ phosphors, and red-emitting K2SiF6: Mn4+ 
phosphors.[22] Although this schema generates high-quality 
white light at a low cost, its color gamut is not satisfactory. 
This is attributed to the suboptimal bandwidth of green-emit-
ting phosphors (FWHM > 50  nm) prominently suppresses 
visual luminous efficacy and color resolution.[23] Here, our 
HT-HPSs-6 show a significantly narrower FWHM (≈20  nm) 
than commercially available Ce:(LuxY1−x)3Al5O12 (Ce:Lu-YAG) 
(FWHM of 92  nm) phosphors (Figure S16, Supporting Infor-
mation). Therefore, the narrow FWHM enables our materials 
to possess the potential for the application in wide color-gamut 
backlight display.

In addition to the typical demonstration of low-power-
charging LEDs, we further illustrated their high-temperature 
sustainable lightening application in the study of high-power 
w-LED. The illuminance of w-LED containing HT-HPSs-6 grad-
ually increased with increasing device current, while the con-
structed w-LED-based CsPbBr3 could not be operated under a 
high forward-bias current (Figure 4d). Notably, our w-LED dis-
plays a superior durable high-power-driving capability, and its 
working current can go up to 300 mA, which is much higher 
than any previously reported materials (200 mA is the highest 
reported in the literature[11]). The illuminance of our LED device 
operating at such high power is sustainable and outstanding 
even the virtual chip temperature has gone beyond higher than 
80 °C (Figure 4g). Thus, our w-LED seemingly can suppress the 
irreversible structural damage for the high charging electric 
current accompanied by higher operating temperatures. The 
device performance is much superior to the reported results 
of conventional rare-earth phosphor-based and other available 
perovskite-based LEDs (Table S3, Supporting Information[1]), 
especially for a wider and higher thresholder operating current 
range (20–300 mA) and longer working hours.

In summary, highly emissive and superb thermotolerant 
metal halide perovskite solid is successfully accomplished 
for the first time via a straightforward heterogeneous interfa-
cial reaction. Our method overcomes the key problems (poor 
temperature tolerance and suboptimal quantum yield) in all 
existing perovskite solid synthesis methods. Since the ligand 
modification and Cs4PbBr6 hybrid encapsulation enhance the 
interaction between ligands and perovskite solid, our optimal 
perovskite solid can well maintain their superior quantum effi-
ciency at the temperature over 150 °C for up to 22 h. Moreover, 
we demonstrated their use as long-lasting high-temperature 
and high-input-power durable solid-state light-emitting diodes. 
Such halide perovskites solid constructed LED exhibit high-
temperature sustainability over 1100 h, which is three orders 
of magnitude longer compared to a LED constructed by metal 
halide perovskites solids (CsPbBr3 solid) synthesized by conven-
tional methods. In addition, the successful operation of a LED at 
300 mA current density in our study also represents a significant 
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advance for high-power solid-state lighting. Such highly emis-
sive and thermotolerant metal halide perovskites should set the 
stage for a wide array of solid-state lighting, lasing and display 
devices that have been limited by existing approaches.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. EL performance of the devices. a) EL spectra of the w-LED device. b) CIE color coordinates of the w-LED containing HT-HPSs-6 (thick solid 
triangle), NTCS (dotted triangle), and REC2020 standard (dashed triangle). c) Long-term operation of the perovskite-based devices at 20 mA for 1100 h. 
d) The illuminance of the w-LED as a function of forward-bias currents. e,f) Photographs of the w-LED operating at 20 mA for long-term operation. 
g) w-LED driven at a 300 mA forward current.
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