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Ligand Engineering Achieves Suppression 
of Temperature Quenching in Pure Green Perovskite 
Nanocrystals for Efficient and Thermostable 
Electroluminescence
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HIGHLIGHTS

• The innovative synthesis of pure green  FAPbBr3 nanocrystals at room temperature was exploited by employing aromatic amine ligands 
to refine the perovskite nanocrystals with high quality and excellent optoelectronic properties.

• The proposed ligand engineering strategy firstly realized the suppression of emission thermal quenching effect in the organic-inorganic 
hybrid  FAPbBr3 nanocrystals.

• It was demonstrated that the  FAPbBr3 based light-emitting diodes achieved a room temperature external quantum efficiency (EQE) 
of 21.9% at the luminance of 1580 cd  m-2, and only presented less than 10% loss in EQE at a higher temperature of 343 K.

ABSTRACT Formamidinium lead bromide  (FAPbBr3) perovskite 
nanocrystals (NCs) are promising for display and lighting due to their 
ultra-pure green emission. However, the thermal quenching will exacer-
bate their performance degradation in practical applications, which is a 
common issue for halide perovskites. Here, we reported the heat-resistant 
 FAPbBr3 NCs prepared by a ligand-engineered room-temperature synthe-
sis strategy. An aromatic amine, specifically β-phenylethylamine (PEA) or 
3-fluorophenylethylamine (3-F-PEA), was incoporated as the short-chain 
ligand to expedite the crystallization rate and control the size distribution 
of  FAPbBr3 NCs. Employing this ligand engineering approach, we syn-
thesized high quality  FAPbBr3 NCs with uniform grain size and reduced 
long-chain alkyl ligands, resulting in substantially suppressed thermal 
quenching and enhanced carrier transportation in the perovskite NCs films. Most notably, more than 90% of the room temperature PL intensity 
in the 3-F-PEA modified  FAPbBr3 NCs film was preserved at 380 K. Consequently, we fabricated ultra-pure green EL devices with a room 
temperature external quantum efficiency (EQE) as high as 21.9% at the luminance of above 1,000 cd  m−2, and demonstrated less than 10% 
loss in EQE at 343 K. This study introduces a novel room temperature method to synthesize efficient  FAPbBr3 NCs with exceptional thermal 
stability, paving the way for advanced optoelectronic device applications.
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1 Introduction

Lead halide perovskite nanocrystals (NCs) have emerged 
as a promising class of semiconductor materials for light-
emitting applications, owing to their easily tunable optical 
bandgaps for wide color gamut, narrow emission spectra 
for excellent color purity, and strong quantum confine-
ment for high photoluminescence quantum yields (PLQYs) 
[1–6]. The development of perovskite light-emitting 
diodes (PeLEDs) with perovskite NCs as the emissive 
layers (EMLs) has been notably swift. Impressively, the 
external quantum efficiency (EQE) of the blue, green and 
red PeLEDs based on perovskite NCs have sucessfully 
surpassed 20% [7–11], rivaling the performance of other 
solution processed light-emitting diodes (LEDs) [12–15]. 
In contrast to traditional inorganic semiconductor NCs 
such as CdSe [16–18] and InP [19–21], which necessitate 
high-temperature synthesis in an inert gas atmosphere, 
perovskite NCs can be synthesized in large quantities by 
cost-effective methods at room temperature, even under 
ambient air without the protection of inert gas [22–25].

Despite notable advancements in perovskite NCs, they still 
suffer from the thermal quenching of luminescence, which 
probably attributed to the thermal destruction of crystal lattice 
and non-radiative recombination aided by thermal effects [26, 
27]. Addressing the issue of thermal quenching in the soft ionic 
semiconductors of perovskites remains a big challenge. Among 
the perovskite NCs, all-inorganic  CsPbX3 NCs have garnered 
significant attention for their decent thermal stability, particu-
larly compared to their organic–inorganic perovskite counter-
parts [28–32]. Liu et al. have made a significant breakthrough 
in suppressing thermal quenching effect in the  CsPbBr3 NCs 
which synthesized by a hot injection method with a fluoride 
post-treatment, enabling a nearly temperature-independent emis-
sion efficiency in the range of room temperature to 373 K [33]. 
Impressively, they demonstrated that a peak EQE of 19.3% at 
303 K was achieved in the PeLEDs based on fluoride-treated 
 CsPbBr3 NCs, and the efficiency only dropped by 23% at 343 K. 
However, the emission peak of  CsPbBr3 NCs typically falls 
below 520 nm [33–35], which restricts their ability to produce 
the green primary color as defined by the Rec. 2020 standard. In 
contrast, the  FAPbBr3 NCs are proficient at sustaining emission 
peak of ≥ 520 nm, along with a narrow full-width at half-max-
imum (FWHM) [36–38]. This characteristic makes  FAPbBr3 
NCs more suitable for achieving pure green emission that 

matches the requirement of the Rec. 2020 standard. Although 
efficient  FAPbBr3 NCs have been successfully synthetized by 
many groups [36, 37], there are no reports on the suppression 
of their thermal quenching effect so far.

Here, the heat-resistant  FAPbBr3 NCs were synthe-
sized by a room temperature ligand-assisted reprecipi-
tation (LARP) method that incorporates short aromatic 
ligand with long alkyl chain ligands. During the synthe-
sis, an appropriate amount of PEA or 3-F-PEA, which are 
commonly utilized as large cations in 2D and quasi-2D 
structural perovskites [39–41], were introduced into the 
formamidinium  (FA+) dominant A-site precursor solu-
tion. In-situ photoluminescence (PL) characterization 
revealed that the addition of the aromatic amine ligand 
controlled the crystallization process of  FAPbBr3 NCs, 
enabling the synthesized  FAPbBr3 NCs with good crys-
tal quality and uniform grain size. The ligand engeering 
strategy not only increased the thermal activation energy, 
but also effectively reduced the lattice thermal vibrations, 
thereby significantly enhancing the thermal stability. As 
a result, the temperature quenching of emission from the 
solid thin films of  FAPbBr3 NCs was suppressed, which 
enables the PL decay of less than 10% after inceasing the 
room temperature to 373 K. Moreover, the PeLEDs based 
on the PEA and 3-F-PEA modified  FAPbBr3 NCs achieved 
a maximum EQE  (EQEmax) of 20.6% (at 875 cd  m−2) and 
21.9% (at 1580 cd  m−2), respectively. Even at an elevated 
temperature of 343 K, these devices impressively sustained 
nearly 80% of their room-temperature  EQEmax, showing 
their exceptional thermally stable electroluminescence 
(EL) performance. Additionally, these high-performance 
PeLEDs exhibited an EL peak at 530 nm with a FWHM 
of 20 nm, achieving an ultra-pure green chromaticity that 
closely matches the Rec.2020 color gamut, making them 
highly suitable for applications in high-resolution displays.

2  Experimental Section

2.1  Materials

PbBr2 (99.99%), oleylammonium bromide (OAmBr, 99%), 
poly(N,N-9-bis(4-butylphenyl)-N,N-9-bis(phenyl)-benzi-
dine) (Poly-TPD, 99%) and poly(ethylenedioxythiophene): 
polystyrene sulfonate (PEDOT:PSS, 4083) were purchased 
from Xi’an Yuri Solar Co., Ltd.  Cs2CO3 (99.9%), FA(Ac) 
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(99.9%) and octanoic acid (OTAC, 98%) were purchased 
from Sigma Aldrich. Tetraoctylammonium bromide 
(TOAB, 98%), didodecyldimethylammonium bromide 
(DDAB, 98%),  GA2CO3 (98%), methyl acetate (99.95%), 
and n-octane (anhydrous, ≥ 99.8%) were purchased from 
Macklin Inc. β-PEA (98%), 3-F-PEA (≥ 97%) and 1,3,5-
tris (bromomethyl) benzene (≥ 98%) were purchased from 
Aladdin. 1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl) ben-
zene (TPBi, ≥ 99%) and lithium fluoride (LiF, ≥ 99%) were 
purchased from Jilin OLED Photoelectric Material Corpora-
tion. All chemicals were used as received.

2.2  Synthesis and Purification of  FAPbBr3 NCs

The  FAPbBr3 NCs were synthesized by a LARP method at 
room temperature. Firstly, the solutions of A-site precursor 
(0.1 M FA(Ac), 0.01 M  Cs2CO3, 0.007 M  GA2CO3 dissolved 
together in OTAC) and B-site precursor (0.05 M  PbBr2 and 
0.1 M TOAB dissolved together in toluene) were prepared. 
Then, 280 μL A-site precursor solution was swiftly added 
into 2.5 mL B-site precursor solution with vigorous stir-
ring for 30 s. Subsequently, 830 μL amine ligands solution 
(DDAB (4 mg  mL−1) and OAmBr (8 mg  mL−1) dissolved 
together in toluene) was added and stirred for another 5 min 
to obtain  FAPbBr3 crude solution. Afterwards, 7 mL methyl 
acetate was poured into the  FAPbBr3 crude solution follow-
ing by centrifuging at 12,000 rpm for 5 min. The superna-
tant was discarded, and the precipitate was collected and 
dispersed in 1 mL n-octane. After centrifuging at 4,000 rpm 
for 5 min, the solution of  FAPbBr3 NCs was filtered by the 
0.22 μm filter. The synthesis of PEA NCs and 3-F-PEA NCs 
follows the same steps except that an appropriate amount of 
PEA or 3-F-PEA is added into the A-site precursor solution.

2.3  Device Fabrication

The devices were fabricated on clean glass substrates pre-
coated with an indium tin oxide (ITO) layer with a thickness 
of 120 nm. The ITO surface was cleaned with detergents and 
deionized water by ultrasonication, and then dried at 120 °C 
for 1 h. PEDOT:PSS was spin coated onto the ITO-coated 
glass substrates at 4000 rpm for 30 s and annealed at 150 °C 
for 30 min. The Poly-TPD (8 mg  mL−1 in chlorobenzene) 
was spin coated at 4000 rpm and then dried at 150 °C for 
30 min in a  N2-filled glove box. After that, the 1,3,5-tris 

(bromomethyl) benzene (4.5 mg/mL in toluene) was spin 
coated on the Poly-TPD layer at 5000 rpm for 60 s [42]. 
Next,  FAPbBr3 NCs were spin-coated at 1000 rpm for 60 s. 
Finally, the samples were transferred into a thermal evapora-
tor, and TPBi (40 nm), LiF (1 nm) and Al cathode (120 nm) 
were deposited consecutively onto the perovskite film under 
high vacuum of less than 4 ×  10–4 Pa. The active area of the 
devices is 8  mm2, which is defined by the overlap area of the 
Al cathode and ITO anode.

2.4  Characterizations

The measurements of PL spectra, PLQY were performed with 
a commercialized measurement system of PL-MS(III) from 
Guangzhou BiaoQi Optoelectronics Technology Develop-
ment Co., Ltd., and a 365 nm LED was used as the exci-
tation light source. The ultraviolet–visible absorption spec-
tra were measured with a HP 8453 spectrophotometer. The 
time-resolved photoluminescence (TRPL) decay curves were 
measured by Edinburgh FLS980 with a 375 nm laser. For 
temperature-dependent measurements, the samples were pre-
pared by spin-coating perovskite NCs on quartz substrates and 
then the samples were heated or cooled gradually in a liquid 
nitrogen cryostat. The PL spectra were recorded by Edinburgh 
FLS980 at the desired stable temperatures. The X-ray dif-
fraction (XRD) measurements were performed with a Rigaku 
Smart lab (3 kW) XRD patterns with Bragg–Brentano focus-
ing, a diffracted beam monochromator and a conventional Cu 
target X-ray tube set to 40 kV and 30 mA. The X-ray energy 
of 10 kV, a sample-to-detector distance of 313 mm, and an 
incident angle of 0.30° were selected for the experiment. The 
film samples for XRD measurements were prepared by spin-
coating perovskite NCs on glass substrates. The 1H nuclear 
magnetic resonance (NMR) spectra were recorded by a 
Bruker 600 MHz spectrometer (Advance Neo 600), the sam-
ples were prepared by dissolving the perovskite NCs powders 
into DMSO-d6. The X-ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy (UPS) measure-
ments were conducted by using an Axis Supra + spectrometer 
with a monochromatic Al KR radiation source (1486.6 eV). 
The XPS and UPS samples were prepared by spin-coating 
perovskite NCs on ITO substrates. Transmission electron 
microscopy (TEM) images were taken on a JEOL JEM-
2100F TEM instrument operated at an acceleration voltage 
of 200 keV.
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The current density-luminance-voltage (J-L-V) character-
istics were performed simultaneously using a computer-con-
trolled source meter (Keithley 2450) equipped with a lumi-
nance meter (LS-160, Konica Minolta). The EL spectra were 
recorded with a spectrometer (USB2000 + , Ocean Optics). 
The EQEs were calculated from the luminance, current den-
sity and EL spectrum, assuming a Lambertian distribution. All 
results from the devices were measured in the forward-viewing 
direction without any out-coupling enhancement techniques. 
All measurements were carried out at room temperature under 
ambient conditions.

3  Results and Discussion

3.1  Synthetic Strategy and Crystallization Dynamics

Herein, the synthesis and purification of  FAPbBr3 NCs 
solutions were accomplished via a LARP method at ambi-
ent temperature, with modifications as depicted in Fig. 1a. 
Initially, the A-site precursor solution was prepared by dis-
solving  FA+ dominant cations (containing small amount of 
 Cs+ and  GA+, see the Experimental Section in Supporting 
Information for details) in OTAC, and PEA or 3-F-PEA 
with a desired amount was added. Subsequently, the B-site 
precursor solution was prepared by dissolving  PbBr2 in 
toluene, accompanied by the addition of TOAB. The A- 
and B-site precursor solutions were then mixed. After 
30 s, DDAB and OAmBr were added as addtional ligands, 
yielding the crude  FAPbBr3 NCs solution. To eliminate 
unreacted impurities, methyl acetate was introduced as 
a flocculation agent. The upper supernatant of the crude 
solution was subsequently discarded, and the remaining 
precipitate at the bottom was re-dispersed in n-octane. 
This mixture was then subjected to re-centrifugation to 
remove any oversized particles or residual impurities from 
the  FAPbBr3 NCs. The resulting  FAPbBr3 NCs colloidal 
solution was stored in a refrigerator, ready for subsequent 
characterization and use in the fabrication of PeLEDs.

The incorporation of PEA with different contents (molar 
ratio to  FA+) into the A-site precursor solution was first 
studied. As shown in Fig. 1b, the PL emission peak of 
the  FAPbBr3 NCs exhibited a blue shift with increasing 
the PEA content. Despite these changes, the shape of the 
absorption peak remained consistent, suggesting that no 
layered perovskite component (2D structure) was formed. 

To examine the morphological changes of the  FAPbBr3 
NCs after the introduction of PEA, TEM measurements 
were conducted (Fig. 1c-f). It is observed that the cubic 
structure of the  FAPbBr3 NCs is unaffected by the addition 
of PEA. However, when the PEA content is 7% (7% PEA 
NCs), the average particle size decreases from 16.66 ± 2.4 
to 11.48 ± 1.2 nm compared to the PEA-free  FAPbBr3 NCs 
(Pristine NCs), and the size distribution is significantly 
narrowed (Fig. S1). For the 7% PEA NCs, the reduction 
in particle size contributes the slight blue shift of its PL 
peak (as shown in Fig. 1b), and the reduced size distribu-
tion signifies that the  FAPbBr3 NCs become more mono-
disperse. On the other hand, when the PEA content is 
increased to 17% (17% PEA NCs), numerous flocculated 
structures are observed in the TEM images (Fig. 1f), and 
the size distribution is broadened (Fig. S1d). The XRD 
results revealed that the diffraction peaks of all  FAPbBr3 
films are located at 14.9° and 29.8°, corresponding to the 
(100) and (200) lattice planes of the  FAPbBr3 cubic phase 
[42], respectively (Fig. 1g). This indicates that the crystal 
structure of the  FAPbBr3 NCs is not altered by the addition 
of PEA. Furthermore, the films of 3% PEA NCs and 7% 
PEA NCs display more pronounced intensities of (100) 
and (200) diffraction peaks compared to the pristine NCs 
film. However, in the 17% PEA NCs film, the intensities 
of corresponding diffraction peaks are significantly dimin-
ished. This suggests that the crystallinity of  FAPbBr3 NCs 
can be improved by the addition of a moderate amount of 
PEA, while an excessive amount of PEA can deteriorate 
the crystallinity of the  FAPbBr3 NCs (Figs. 1f and S1d).

To further investigate the influence of PEA on the crystal-
lization of the  FAPbBr3 NCs, we performed the in-situ PL 
measurements to monitor the spectral changes during the 
reaction process after mixing the A- and B-site precursor 
solutions. The time-dependent PL spectra of the mixture 
solutions without PEA (still denoted as “Pristine NCs”) 
and with 7% PEA (hereafter denoted as “PEA NCs”) are 
shown in Fig. 2a and 2b, respectively. Before adding the 
A-site precursor solution, the B-site precursor solution dis-
plays a narrower PL peak at 450 nm and a broader peak at 
558 nm. These distinct PL peaks are attributed to the emis-
sion of  TOA+-coated Pb-Br groups, specifically  PbBr3

− and 
 PbBr4

2−, as confirmed by previous report [43, 44]. Upon the 
dropwise addition of the A-site precursor solution, the PL 
spectrum of the solution rapidly narrows, signaling the onset 
of  FAPbBr3 crystal formation within the mixture. Notably, 
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the solution containing PEA shows a more significantly nar-
rowed PL spectrum at 200 ms, compared to the PEA-free 
solution. This observation highlights the role of PEA in 
accelerating the crystallization of  FAPbBr3. As the reaction 
time extends, a gradual redshift in the PL spectra of both 
mixed solutions is observed, indicating the beginning of 
crystal growth for the  FAPbBr3 NCs. Significantly, as shown 
in Fig. 2c, the redshift of the PL peaks in the PEA NCs solu-
tion is markedly less pronounced than that in the PEA-free 

solution. This finding suggests that PEA has a moderating 
effect on the growth of  FAPbBr3 NCs. Previous studies have 
shown that PEA can serve multiple roles, acting as both an 
A-site-like large cation for perovskites and an amine ligand 
adsorbed on their surface, which was known to control the 
crystal growth of perovskites [22, 45, 46]. The process that 
occurs when an A-site precursor solution containing PEA 
is mixed with a B-site precursor can be divided into three 
stages (Fig. 2d). Initially, a swift interdiffusion of diverse 

Fig. 1  a Synthesis procedures of the resulting  FAPbBr3 NCs. b Absorption and PL spectra of the perovskite NCs solutions. c–f TEM images 
of the resulting  FAPbBr3 NCs: c the pristine NCs, d 3% PEA NCs, e, f 7% PEA NCs and 17% PEA NCs. g XRD patterns of the perovskite NCs 
films
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ions occurs. Following this,  PEA+, along with  FA+, acts as 
an A-site large cation to expedite the nucleation of  FAPbBr3 
perovskite crystal. Ultimately, the adsorption of  PEA+ on the 
crystal surface inhibits epitaxy, leading to a more uniform 
grain size distribution.

3.2  Effect of Fluorine Substitution on Ligand 
Engineering

We then replace PEA with an equivalent amount of 3-F-PEA 
with a fluorine substituent, and observe that the size distri-
bution and PL spectrum of the 3-F-PEA modified  FAPbBr3 
NCs (hereafter denoted as “3-F-PEA NCs”) closely resemble 
those of PEA NCs (Fig. S3). This suggests that 3-F-PEA 
and PEA serve comparable functions in the crystallization 
process as illustrated in Fig. 2d. After the purification of the 
perovskite NCs, we conducted the NMR characterization 

to verify the the presence of aromatic ligands. As shown 
in Fig. 3a, obvious signal peaks between 7.0 and 7.5 ppm 
emerge in the NMR spectra of the purified PEA NCs and 
3-F-PEA NCs. These peaks are attributed to the 1H signals 
of the benzene ring, revealing that a portion of  PEA+ and 
3-F-PEA+ ultimately adsorbs onto the perovskite surface as 
ligands. To get insight into the effect of PEA and 3-F-PEA, 
the XPS measurements were performed for the perovskite 
films based on the purified pristine NCs, PEA NCs and 3-F-
PEA NCs. It is observed in Fig. 3b, the core-level spectra 
of the N 1s for all three samples exhibit two distinct peaks 
at 399.8 and 401.6 eV. The peak at 399.8 eV corresponds to 
the deprotonated amine group (–NH2), whereas the peak at 
401.6 eV represents the ammonium group (–NH3

+) associ-
ated with the organic amine ligand [47, 48]. By fitting the N 
1s core-level spectra using these two components, we dis-
cover that the proportion of -NH3

+ within the N 1s of PEA 

Fig. 2  Time-dependent PL spectra of a PEA-free and b PEA-containing solutions after combining the A- and B-site precursor solutions. c 
Change of PL peaks of PEA-free and PEA-containing solutions during the reaction between the A- and B-site precursors. d Schematic diagram 
of the PEA role in the crystallization process of  FAPbBr3 NCs
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NC and 3-F-PEA NC increases from 22.8% in the pristine 
NC to 28.2% and 28.4%, respectively. This finding suggests 
that the protonated  PEA+ and 3-F-PEA+ adsorb onto the 
surfaces of  FAPbBr3 NCs as ligands. Furthermore, the O/Pb 
ratio in the PEA NCs and 3-F-PEA NCs decreases signifi-
cantly from 0.89 to 0.17 and 0.2, respectively, compared to 
the pristine NCs (Fig. S4). The decrease of O/Pb indicates a 
reduction in the OTAC ligands present on the surfaces of the 
PEA NCs and 3-F-PEA NCs. The primary function of these 
OTAC ligands is to passivate the defects of halogen vacan-
cies on the surface of perovskite NCs [22]. The decrease of 
OTAC ligands suggests that the PEA NCs and 3-F-PEA NCs 
are of fewer halogen vacancy defects than the pristine NCs, 
which can be validated by the elevated Br/Pb ratio (Fig. S4f) 
and improved PLQYs (Fig. S5).

To evaluate the trap density within the perovskite films 
of the  FAPbBr3 NCs, the method of space-charge-limited 
current (SCLC) characterization was carried out. The hole-
only devices with a configuration of indium tin oxide (ITO)/
PEDOT:PSS/Poly-TPD/FAPbBr3 NCs/MoOx/Ag and the 
electron-only devices with an architecture of ITO/ZnO/

FAPbBr3 NCs/TPBi/LiF/Al were fabricated. With increas-
ing applied bias, the trap states can be continuously filled 
until the trap-filling limit voltage (VTFL) is reached. The  VTFL 
values are derived from fitting the current–voltage curves, 
as shown in Figs. 3c and S6. Compared to the pristine NCs, 
the fitted  VTFL values for the hole-only devices of PEA NCs 
and 3-F-PEA NCs decrease from 1.03 to 0.91 and 0.87 V, 
respectively. Similarly, the VTFL values for the electron-only 
devices are 0.76 V for the pristine NCs, 0.58 V for PEA 
NCs, and 0.53 V for 3-F-PEA NCs. The trap state densi-
ties (ntrap) in both electron-only and hole-only devices are 
calculated using the Mott-Gurney relation (Eq. S1). From 
the hole-only devices, the hole  ntrap values in the films of 
pristine NCs, PEA NCs and 3-F-PEA NCs are determined 
to be 3.65 ×  1018, 3.22 ×  1018, and 3.08 ×  1018  cm−3, respec-
tively. The electron ntrap values are reduced from 2.68 ×  1018 
to 2.05 ×  1018 and 1.87 ×  1018  cm−3 after the introduction 
of PEA and 3-F-PEA, respectively. Additionally, the car-
rier mobilities of the pristine NCs, PEA NCs, and 3-F-PEA 
NCs films are obtained by fitting the SCLC curves in the 
trap-free region (yellow dashed line) with the Mott-Gurney 

Fig. 3  a 1H NMR spectra of the perovskite NCs. b XPS spectra of N 1s, c Double logarithmic current density–voltage curves of the hole-only 
devices based on the pristine NCs, PEA NCs and 3-F-PEA NCs. d–f AFM images of the pristine NCs, PEA NCs and 3-F-PEA NCs films
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law (Eq. S2) [49]. The hole mobilities in these films are 
calculated to be 6.54 ×  10–7 (pristine NCs), 7.21 ×  10–6 (PEA 
NCs), and 9.35 ×  10–6 (3-F-PEA NCs)  cm2  V−1  s−1, and the 
electron mobilities are 4.08 ×  10–7 (pristine NCs), 3.85 ×  10–6 
(PEA NCs), and 6.94 ×  10–6 (3-F-PEA NCs)  cm2  V−1  s−1. 
These results demonstrate that the decrease of long-chain 
ligands and the incorporation of short-chain ligands of  PEA+ 
and 3-F-PEA+ can effectively reduce surface defects and 
improve carrier transportation in the  FAPbBr3 NCs films. 
Furthermore, the ligand engineering does not adversely 
affect the film-forming capabilities of the perovskite NCs. 
Atomic force microscope (AFM) was used to study the mor-
phological characteristics of the perovskite films (Fig. 3d–f). 
The root mean square (RMS) roughness of the PEA NCs and 
3-F-PEA NCs films decrease from 10.4 to 9.77 and 9.65 nm, 
respectively, indicating a little smoother surface compared 
to the pristine NCs film.

3.3  Emission Thermal Quenching Effect

To explore the thermal quenching of emission, we monitored 
the changes in PL intensity of the pristine NCs, PEA NCs 
and 3-F-PEA NCs films under dark and sealed conditions 
while increasing the temperature from T = 300 to 400 K. As 
depicted in Figs. 4a and S7, the emission from the pristine 
NCs film diminishs progressively with temperature, and 
the PL intensity at 380 K is dropped to 65% of its initial 
value at 300 K. Moreover, the PL kinetics of the pristine 
film undergo notable alterations, signifying that some inac-
tive carriers can be activated for radiative recombination 
at elevated temperatures (Fig. 4b). Remarkably, the incor-
poration of PEA and 3-F-PEA significantly suppresses the 
thermal quenching in the perovskite NCs films. At 380 K, 
the PL intensities of the PEA and 3-F-PEA NCs films retain 
80% and 90% of their initial values at 300 K, respectively, 
with their PL kinetics, particularly for the 3-F-PEA NCs, 
remaining largely unaffected by temperature (Fig. 4c, d). 
This indicates that the addition of PEA and 3-F-PEA can 
improve the thermostability of the  FAPbBr3 NCs, leading 
to the preservation of their efficient PL at elevated tempera-
tures. Furthermore, after undergoing twice “heating–cool-
ing” cycles between T = 300 and 380 K, the PL intensities 
of the PEA and 3-F-PEA NCs films are fully recovered 
(Fig. 4e), indicating the absence of thermal degradation in 
these perovskite NCs.

To further analyze the effect of temperature on the PL 
quenching, we estimated the thermal activation energy ( E

a
 ) 

by fitting the temperature-dependent PL intensity IPL(T) with 
Eq. (1) [50, 51]:

Here, I0
PL

 represents the low-temperature PL intensity, 
k
B
 is the Boltzmann constant, and �T3∕2 is associated with 

the temperature dependence of the radiative lifetime [52]. 
The derived values of E

a
 are presented in Fig. 4f. The 

pristine NCs exhibit a thermal activation energy of E
a

=303 meV, which increases to 379 and 406 meV upon 
the introduction of PEA and 3-F-PEA, respectively. The 
increased thermal activation energies contribute to the 
superior thermal stability of the PEA and 3-F-PEA NCs. 
Additionally, through calculations of the band structure 
and local density of states (LDOS), as shown in Fig. 4g, 
i, we observe that the introduction of PEA and 3-F-PEA 
causes the maximum value of the conduction band (CB) 
in the ligated surface of the PEA NCs and 3-F-PEA NCs 
to shift to higher energy, while the minimum value of the 
valence band (VB) shiftes slightly to lower energy com-
pared to the pristine NCs. This implies that the carriers 
in the PEA NCs and 3-F-PEA NCs need to overcome a 
larger barrier when transitioning from the bulk phase to 
the surface compared to the pristine NCs. The formation of 
an I-type junction with a larger barrier between the surface 
and bulk is conducive to suppressing the non-radiative loss 
of surface recombination in the PEA NCs and 3-F-PEA 
NCs, enabling the decrease of thermal quenching caused 
by surface states [33].

To further clarify the influence of PEA and 3-F-PEA on 
the thermal stability of  FAPbBr3 NCs, we performed the 
low-temperature PL measurements to study the interaction 
between exciton and phonon (Figs. 4i and S8). When heating 
the perovskite NCs, the vibrations of atoms or ions can be 
intensified and be transmitted to surrounding atoms through 
interactions between adjacent atoms, thereby facilitating the 
transfer of heat. This process of heat transfer through lat-
tice vibrations is known as lattice thermal conduction or 
phonon thermal conduction [53, 54]. Iaru et al. investigated 
the coupling between excitons and longitudinal optical (LO) 
phonons induced by the Fröhlich interaction in perovskites 
and proposed a method to quantify the Fröhlich interaction 

(1)I
PL(T) =

I
0

PL

1 + �T3∕2e−Ea∕kBT
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strength using low-temperature PL results [55]. Based on the 
Bose–Einstein thermal distribution, the LO phonon coupling 
can be assessed by extending the PL spectrum using Eq. (2):

where Γ
0
 is the temperature-independent inhomogeneous 

broadening and Γ
LO

 is the homogeneous broadening due to 
the interaction between optical phonons and excitons. The 
E
LO

 is attributed to the longitudinal optical-phonon energy, 

(2)Γ(T) = Γ
0
+ Γ

LO(T) = Γ
0
+

Υ
LO

eELO∕kT − 1

while Υ
LO

 represents the exciton-phonon coupling energy 
[56, 57]. As shown in Fig. 4i, the PEA NCs ( Υ

LO
=288 meV) 

and 3-F-PEA NCs ( Υ
LO

=298 meV) demonstrate stronger 
coupling compared to the pristine NCs ( Υ

LO
=267 meV). 

This suggests that the PEA NCs and 3-F-PEA NCs possess 
smaller thermal vibrations and more stable lattice structures, 
which are partly responsible for their improved thermal sta-
bility. We also calculated the total energy ( E

total
 ) to assess 

structural stability of the perovskite NCs with the introduc-
tion of PEA and 3-F-PEA. As shown in Table S1, the PEA 

Fig. 4  a Changes of the PL intensity of the perovskite NCs films when elevating the temperatures from 300 to 400 K. b–d PL decay curves of 
the pristine NCs, PEA NCs and 3-F-PEA NCs films at various temperatures. e Changes of PL intensity during two “heating–cooling” cycles 
between 300 and 380 K. The inset shows the pictures of patterned perovskite NCs under UV radiation at 298 and 373 K. (From top to bottom: 
the pristine NCs, PEA NCs, and 3-F-PEA NCs). f Characterizations of I

PL
(T)/I

PL
(240 K) versus 1,000/T derived from the temperature-depend-

ent PL intensity. The solid lines are the fitting curves using Eq. (1). g Band alignments between bulk and surface layers. The bottom and top bars 
represent VB and CB, respectively. h Local density of states (LDOS) of bulk and surface layers of the perovskite NCs. i Temperature depend-
ences of FWHM from 80 to 300 K
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and 3-F-PEA NCs display greater structural stability com-
pared to the pristine NCs.

3.4  Performance of Perovskite LEDs

To validate the performance of the perovskite NCs in opto-
electronic devices, we developed PeLED devices with 
pristine NCs, PEA NCs, and 3-F-PEA NCs films serving 
as the emissive layers (EMLs). The PeLEDs were assem-
bled with a standard device architecture consisting of ITO/
PEDOT:PSS/Poly-TPD/Perovskite NCs/TPBi/LiF/Al, as 
depicted in Fig. 5a, 5b. The energy level alignment of the 

devices is illustrated in Fig. 5c, with all energy levels, except 
for the EMLs of the perovskite NCs, sourced from previous 
studies [58, 59]. The energy levels of the perovskite NCs 
are confirmed using ultraviolet photoelectron spectroscopy 
(UPS), as seen in Fig. S9. The examination of the current 
density–voltage-luminance (J-V-L) curves reveals that the 
PeLEDs with PEA NCs and 3-F-PEA NCs, particularly with 
3-F-PEA NCs, exhibit significantly higher current densities 
and luminance throughout the operational range compared 
to those with pristine NCs (Fig. 5d). These results suggest 
that the EMLs containing PEA NCs and 3-F-PEA NCs have 
improved the charge carrier transport properties, with par-
ticularly significant enhancements observed for the 3-F-PEA 

Fig. 5  a Device structure of the resulting PeLEDs. b Cross-sectional scanning electron microscopy (SEM) image of one PeLED device. c 
Energy alignment of the PeLEDs. d Current density-luminance-voltage characteristics. e Luminance-dependent external quantum efficiency 
(EQE) characteristics. f Box distribution of the maximum EQE. g Operational  T50 lifetime under an initial luminance of 1000 cd  m−2. h Normal-
ized EL spectra. The inset shows the CIE coordinates of the PeLEDs (top), and a digital photograph of a working PeLEDs (bottom). i Summary 
of peak EQE achieved at corresponding luminance for pure green PeLEDs based on perovskite NCs reported in literatures and this work
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NCs, aligning with the findings from single-carrier device 
characterizations. When compared to the pristine NCs 
device, which has a maximum EQE of 12.1%, the devices 
based on PEA NCs and 3-F-PEA NCs have achieved sub-
stantial improvement in their maximum EQEs, reaching 
20.6% and 21.9%, respectively (Fig. 5e). Moreover, a statis-
tical analysis of the EQEs across multiple batches of PeLED 
devices shows that the average EQEs of the devices based on 
PEA NCs and 3-F-PEA NCs are considerably higher than 
that of the device based on pristine NCs (Fig. 5f). Further-
more, at an initial luminance of 1000 cd  m−2, the lifetimes of 
the PeLEDs have been significantly improved after incorpo-
rating PEA and 3-F-PEA in the  FAPbBr3 NCs (Fig. 5g). As 
depicted in Fig. 5h, the EL spectra of the PeLEDs based on 
PEA NCs and 3-F-PEA NCs are centered at 530 nm with a 
narrow FWHM of 20 nm, resulting in a pure green chroma-
ticity with the CIE coordinate of (0.183, 0.768) that is closer 
to (0.170, 0.797) specified by Rec.2020 for the green pri-
mary color. This makes the  FAPbBr3 NCs be a more viable 
contender than the  CsPbBr3 NCs for next-generation high-
resolution display technology. Moreover, the PeLEDs based 
on 3-F-PEA NCs are capable of achieving a high EQE of 
more than 20% at the luminance exceeding 1000 cd  m−2. In 
this context, Fig. 5i and Table S2 provide a summary of the 
performances of state-of-the-art pure green PeLEDs based 
on the  FAPbBr3 NCs, showing that our devices with high 
efficiency at high luminance can rival the most advanced 
pure green PeLEDs reported so far.

Finally, to assess the operational thermal stability of 
the PeLEDs fabricated with pristine NCs, PEA NCs and 
3-F-PEA NCs, we conducted device performance evalu-
ations across a temperature range from 293 to 343 K. As 
illustrated in Fig. S10a, the J-V characteristics of the pris-
tine NCs-based PeLEDs exhibit more pronounced temper-
ature sensitivity, with their EQEmax at 343 K dropping to 
only 38% of its initial value (293 K). Conversely, the J-V 
curves of the PeLEDs based on PEA NCs and 3-F-PEA 
NCs display minimal temperature dependence, retaining 
74% and 88% of their initial EQEmax at 343 K, respec-
tively (Fig. S10d). These findings are consistent with the 
thermal quenching behaviors of the perovskite NCs films, 
confirming that the resulting PeLEDs constructed with 
PEA NCs and 3-F-PEA NCs exhibit exceptional thermal 
stability.

4  Conclusions

In this study, we synthesized  FAPbBr3 NCs with a uniform 
grain size by incorporating PEA and 3-F-PEA into the 
A-site precursor solution, using a room-temperature LARP 
method. By employing in-situ PL spectroscopy to monitor 
the crystallization process of the  FAPbBr3 NCs, we found 
that  PEA+ not only accelerated the crystallization rate, but 
also effectively controlled the subsequent crystal growth. 
Interestingly, the introduction of PEA and 3-F-PEA not 
only resulted in better carrier transport capability in the 
 FAPbBr3 NCs films, but also significantly enhanced their 
thermal stability, particularly with the addition of 3-F-
PEA. This improvement was attributed to increasing the 
thermal activation energies of the  FAPbBr3 NCs by surface 
modification with ligand engineering. Furthermore, the 
ligand engineering effectively reduced the thermal vibra-
tions within the  FAPbBr3 NCs. Consequently, the PEA 
NCs and 3-F-PEA NCs possessed more stable crystal 
structures and exhibited excellent thermal stability. The 
PeLEDs constructed with PEA NCs and 3-F-PEA NCs 
films achieved the EQEmax of 20.6% and 21.9%, respec-
tively. Remarkably, even at an elevated temperature of 
343 K, these devices were able to maintain nearly 80% of 
their initial room-temperature EQEmax. Moreover, these 
devices displayed green EL emission peaking at 530 nm 
with a narrow FWHM of 20 nm, reflecting an ultra-pure 
green chromaticity that closely matches Rec.2020 color 
gamut, making them highly suitable for high-resolution 
display applications. Our work provides valuable insights 
into the synthesis of high-quality perovskite NCs for use 
in high-performance PeLEDs and other optoelectronic 
devices.
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