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Abstract 

The advancement of pure-red perovskite light-emitting diodes (PeLEDs) is still a 

challenge because of surface “wastes” (like surface vacancies and excessive insulating 

ligands) on quantum dots (QDs). Herein, we develop a method to synthesize single-

halide pure-red CsPbI3 QDs, combining strong quantum confinement effect and 

meticulous surface-cleaning induced ligand exchange. We achieve pure-red emitting 

QDs by controlling the size and uniformity under iodide-rich conditions. Subsequently, 

vacancy defects and insulating ligands are cleared through introducing acid. Then this 

surface-cleaning process induces ligand exchange to further inhibit the non-radiative 

recombination and improve electrical property of QDs. These QDs show a pure-red 

photoluminescence (PL) at 635 nm with the PL quantum yield (PLQY) of 99%. Finally, 

PeLEDs, which utilize these QDs, demonstrate a pure-red electroluminescence (EL) 

peak at 638 nm with a maximum external quantum efficiency (EQE) of 26.0% and an 

excellent half-lifetime (T50) of 490 min at an original luminance of 102 cd/m2. 
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Lead halide perovskite quantum dots (QDs) are viewed as favorable successors 
for high-definition display applications1-6, by strengths of the remarkable 
photoluminescence quantum yield (PLQY)7-9, excellent defect tolerance10,11, and 
narrow emission line-width12,13, among other benefits. The unique emission 
characteristics of perovskite QDs help to generate a concentrated energy spectrum, 
resulting in narrow-band emission of the primary color triplets (red, green, blue) with 
high brightness and color purity14-16. Perovskite QDs light-emitting diodes (PeLEDs) 
have earned concern in recently17. Because excellent performance improvement has 
shown tremendous strides. Two of these improvements are very pleasing, including 
extremely high external quantum efficiency (EQE), and a very wide range of emission 
colors with ultra-high luminance2,18. In order to fast replace conventional display 
applications and use perovskite QDs in high-definition, the balanced development of 
red, green, and blue QDs is very important19-21. Because these three colors are the basis 
for the blending of other colors. Owing to the continuing and extensive research on the 
composition and surface engineering of QDs, the development of green PeLEDs has 
made considerable progress. The EQE has already reached 28.9%, which meets the 
requirements of commercial applications22. But it is still difficult to make bright, high-
efficiency PeLEDs with a peak of pure-red electroluminescence (EL) at around 635 nm, 
because red QDs are susceptible to phase changes and phase separation, resulting in the 
deterioration of their optoelectronic properties23. 

In principle, perovskite QDs composed of Br/I mixed halides can be considered as 

widely deployed candidates to achieve pure-red emission. However, serious halide 

segregation causes broadening and a displacement of the EL peak in the PeLEDs24. 

Generally speaking, intrinsic halide vacancies in mixed-halide QDs can act as ion 

migration sites, allowing Br and I ions to reorganize and create localized areas that are 

rich in Br and I ions25. This surface defect problem is not insurmountable. Rationally 

designed surface ligand engineering is an effective way to passivate surface defects in 

QDs. A new method to treat the CsPb(Br/I)3 QDs utilizing mixed ligands of 1-

dodecanethiol and tetrabutylammonium iodide is reported in a recent study26. The high-

efficiency PeLED emitting at 636 nm has a supreme luminance (2653 cd/m2), and a 

peak EQE of 21.8%. However, the spectral stability of this device is not ideal. The 

highest EQE of this device is measured at a luminance of less than 50 cd/m2. In addition, 

oleic acid (OA) and oleylamine (OAm) on mixed halide perovskite QDs are easily 

removed, forming a large number of defects27. The effects of these issues of perovskite 

QDs require an in-depth investigation. Recently, it has been shown that nano-sized 

single-halide CsPbI3 QDs (~ 5 nm) with strong quantum confinement effects can 

achieve pure-red emission and effectively avoid the drawbacks caused by mixed 

halides28. However, there is still much space for improvement in the functioning of 

PeLEDs based on these QDs, due to the existence of “wastes” (such as surface defects 

and excessive insulating ligands). Unlike the large-sized perovskite nanocrystals, 

strongly-confined CsPbI3 QDs may maintain an unstable state for two reasons. Firstly, 

the surface-area-to-volume ratio of these QDs is high. Secondly, plenty of surface 

defects are caused by the disappearance of weakly bound ligands from the QDs surface. 

This may eventually lead to the decomposition of QDs. Because iodide defects can 



induce agglomeration and phase change of CsPbI3 QDs29,30. Furthermore, the existence 

of long-chain ligands on the QD surface is unfavorable for charge transport. 

Consequently, this leads to a reduction in the luminance of the device31. This 

emphasizes the need for improved ligand modulations to achieve pure-red PeLEDs in 

real-world applications. Finally, the exciton binding energy (EB) for a strongly confined 

system is generally high, resulting in severe Auger recombination32, which could cause 

an accumulation of charges in PeLEDs, leading to the roll-off of EQE. 

Here, a type of high-performance pure-red PeLEDs via strongly-confined single-

halide CsPbI3 QDs is reported. Initially, QDs, whose size is about 5 nm, are synthesized 

under iodide-rich conditions, which can efficiently control the nucleus and growth 

process of QDs. Subsequently, we introduce a strategy of surface cleaning and ligand 

exchange to remove “wastes” on the surface of the QDs. Acid is employed to clean the 

octahedra with defects on the QDs surface, and creates binding sites for ligand 

exchange between short-chain 3-phenyl-1-propylamine (3-PA) and initial long-chain 

ligands, engendering the extremely low occurrence of defects and high carrier mobility. 

Calculations based on the Density Functional Theory (DFT) have demonstrated that the 

3-PA exhibits stronger binding to the QDs, which can effectively passivate surface 

vacancies and act as efficient electron acceptors to attract and store excess charge 

carriers in QDs. Hence, the accumulation of carriers is alleviated and the EB of the QDs 

is minimized. And Auger recombination of the QDs is changed to a direction of 

decreasing. The optimized QDs exhibit a pure-red peak at around 635 nm, whose full-

width-at-half-maximum (FWHM) is 31 nm. And the PLQY of these QDs is 99%. The 

PeLEDs display a pure-red electroluminescent (EL) peak emitting at precisely 638 nm. 

This EL peak can be precisely quantified in terms of Commission Internationale de 

l'Illumination (CIE) coordinates, which is determined to be (0.701, 0.297). Our devices 

have a peak EQE as high as 26.0%. These devices show a slow efficiency roll-off, and 

the top luminance is 18500 cd/m2. Under an original luminance of 102 cd/m2, the long 

operational half-life (T50) of these devices is 490 min. 

In general, mixed-halides CsPbBrxI3-x QDs synthesized by hot-injection method26 
are used to achieve pure-red emission (Figure 1a), called QDs-M. Nevertheless, a great 
deal of halide vacancies is left on the outside of QDs-M, after the surface halide anions 
and the long-chain ligands are lost, deteriorating the PLQY and stability33. In addition, 
ultrafast growth dynamics of QDs-M result in a poor size distribution7,34, whereas 
halide ion diffusion in the QDs-M will accelerate phase separation and eventually form 
Br-rich and I-rich QDs with different emissions35. Therefore, we have designed pure-
red QDs based on single-halide and strongly-confined confinement (SQDs) with a 
consistent variety of diameter distribution and an average size of only ~ 5 nm. The 
growth dynamics of SQDs are controlled by plenty of iodide sources in the synthetic 
technique. This process efficiently avoids the disadvantages caused by mixed halides. 
However, there are usually a large number of incomplete octahedra and free organic 
ligands presenting on the perovskite QDs surface, which are called “wastes”. The 
electrical and optical characteristics of SQDs are severely affected by these “wastes”. 
Commonly surface ligands are easily stripped off under external stimuli36, leading to 
the low PLQY and agglomeration of SQDs. Subsequently, we introduce a hydrobromic 



acidic solution (HBr) to clean the surface wastes of SQDs (SQDs cleaned by HBr are 
called SQDs-H), which efficiently removes surface defects and excessive insulating 
ligands. However, this process can also leave undercoordinated sites on the SQDs 
surface, which will lead to poor stability, such as phase change and degradation, of 
SQDs-H. Hence, we have used these sites to induce subsequent ligand exchange. Short-
chain benzene ring ligands are added to passivate the surface defects, improving the 
conductivity and stability of SQDs. Finally, we have obtained pure-red emitting SQDs 
with excellent properties, and named as SQDs-T. SQDs-T are treated by surface-
cleaning and ligand exchange. 

 

Figure 1. A description of fabrication and optical properties of QDs. (a) Schematic depicting the process of 

ligand exchange caused by surface-cleaning; Transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM) images of (b) QDs-M, (d) SQDs, (f) SQDs-H, and (h) SQDs-T; 

UV-vis absorption (grey line) as well as photoluminescence (PL) spectra (color line) of (c) QDs-M, SQDs, (g) 

SQDs-H, and (i) SQDs-T. 

We have synthesized a series of QDs with red emission according to the above 



design based on the traditional hot-injection method. TEM images are obtained to 
analyze the shape and size of different QDs. UV-visible absorption and PL spectrums 
are utilized to probe their optical characteristics. There is little uniformity in the size 
distribution of QDs-M which is 9.6 ± 3.3 nm and the lattice spacing of it is measured 
to be 0.608 nm (Figure 1b, Figures S1a and S2a). Additionally, the FWHM of 41 nm 
and lower PLQY are demonstrated by these QDs, which display a maximum intensity 
of emission at 646 nm. (Figure 1c). In contrast, SQDs show a more homogeneous size 
distribution of 4.6 ± 0.9 nm (Figure 1d and Figure S1b). In Figure 1e, the SQDs 
exhibit a sharper absorption peak compared to QDs-M cause of the stronger quantum 
confinement and narrower size distribution. They exhibit a pure-red emission, which 
has a PL emission at 644 nm. The FWHM of SQDs (35 nm) is narrower, compared with 
QDs-M. The PLQY increases to 78%. All of them indicate that the performance of 
SQDs is slightly better than QDs-M because of the relatively reduced trap density. This 
appearance can be attributed to the optimized nucleation and growth process in an 
iodide-rich environment. We compare the in-situ PL spectra of the growing process and 
the UV-vis spectra of Pb-precursor solutions of QDs-M and SQDs. QDs-M and SQDs 
have various quantities of halide, so we use these differences in observations to further 
illustrate the growth mechanism of SQDs (Figures S3 and S4). These measurements 
indicate the formation of [PbI6]4- octahedra in the iodine-rich ion environment. This 
ultimately leads to a fast nucleation and growth speed of QDs. The Ostwald ripening 
process is effectively inhibited. In order to provide the Ostwald ripening process in 
SQDs is suppressed, we compare the optical and morphological properties of QDs-M 
and SQDs produced at different quenching speeds (Figure S5). Thereby the final 
perovskite QDs achieve a narrow size-distribution37. Although the growth dynamics 
improves the quality of SDQs compared to QDs-M, there are still a large number of 
defects on the surface, especially the naked vacancy defects (Figure 1d). After the 
surface cleaning process by HBr solution, SQDs-H show a smaller average size with a 
more uniform size distribution of (4.4 ± 0.5 nm) and a clearer boundary (Figure 1f and 
Figure S1c). During the surface cleaning process, incomplete octahedra and excessive 
long-chain ligands are taken out, which causes the size reduction of the SQDs-H. The 
SQDs-H also exhibit a slight blue-shifted trend, mainly in the form of excitonic 
absorption peak and PL emission peak (639 nm) with a narrow FWHM of 33 nm 
(Figure 1g). These are appertaining to the smaller size and more consistent shape 
distribution of SQDs-H, which is confirmed by TEM results. Also, the blue-shift of 
spectra also arises from the reduced surface defects due to the peeling of incomplete 
octahedrons during the surface cleaning rather than the incorporation of Br- (Figure 
S6). In addition, the significantly improved PLQY of SQDs-H (95%) indicates the 
efficient removal of halide vacancies during the surface-cleaning process. We observe 
I/Pb ratios of 2.87 for SQDs and 3.29 for SQDs-H, the Energy Dispersive Spectroscopy 
(EDS) findings can back up these conclusions (Figure S7 and Table S1). However, Br- 

and Zn2+ do not enter the lattice. This result is also consistent with XPS results (Figure 
S8). The percentage of surface halides is significantly increased after surface cleaning. 
However, these SQDs-H exhibit extremely poor stability, leading to decomposition 
after storage for one day (Figure S9b). High-energy exposed surfaces after cleaning 



would cause aggregation and phase transitions of the QDs38. 
We therefore introduce short-chain ligands (3-PA) to exchange the long ligands 

which are the initial ligands to be used, such as OA and OAm ligands, for further 
passivating surface traps and improving stability. Under electron beam irradiation, the 
SQDs-T still demonstrate a very clear morphology and boundary within the size of 4.4 
± 0.4 nm (Figure 1h and Figure S1d). In contrast to the SQDs-H, SQDs-T exhibit a 
similar excitonic peak, a slightly blue-shifted emission peak, the emission peak 
eventually moves to 635 nm. The FWHM is also significantly narrower, only 31 nm, 
which is consistent with its more concentrated size distribution. Moreover, the PLQY 
can increase to 99%, which illustrates a further decrease in defects on the SQDs-T by 
ligand exchange of 3-PA (Figure 1i). In Figure S9, comparative images of SQDs, 
SQDs-H and SQDs-T place in the air for one month. Furthermore, SQDs-T exhibit an 
I/Pb ratio of 3.44. Based on these results, 3-PA has the capacity to successfully attach 
to exposed areas on SQDs-H surfaces, hence reducing surface imperfections and 
enhancing the stability of QDs. We observe the lattice spacing of the QDs by using 
HRTEM. All of them are 0.628 nm (Figure S2b, c, d). Thus, affirming that the 
meticulous surface-cleansing techniques and ligand exchange processes do not disrupt 
the inherent crystalline arrangement (Figure S10). And there are no noticeable peak 
shifts in the XRD pattern of SQDs-H and SQDs-T compared with that of SQDs, 
verifying that there is no incorporation of Br- during the surface-cleaning process. 

 

Figure 2. Surface environment of the CsPbI3 QDs. X-ray photoelectron spectroscopy (XPS) spectra for SQDs, 

SQDs-H and SQDs-T about (a) Pb 4f, (b) I 3d and (c) Time-resolved PL (TRPL) decay spectra of SQDs, 

SQDs-H and SQDs-T. 

To understand the surface coordination environment, we employe XPS. A slow 

transform towards a low binding energy for I 3d can be observe in SQDs-H and SQDs-

T, as compared to the SQDs (Figure 2a), which for SQDs-H is attributed to the 

formation of I--rich QDs surfaces after surface-cleaning by acid. And the chemical 

environment surrounding by iodine atoms is changed, leading to a big change in the 

binding energy measured by XPS. For SQDs-T, this observation can potentially be 

related to the existence of 3-PA on the surface, which results from the competition 

between 3-PA and I- for binding to Pb2+, leading to a difference in the local environment 

around the iodide ions. In contrast, the SQDs-H and SQDs-T show a step-by-step 

transition to high binding energies for Pb 4f compared to the SQDs (Figure 2b). There 

are stronger interactions between Pb and I in [PbI6]
4- octahedra. Also, 3-PA on the 



surface of the SQDs-T interacts with Pb2+ in the form of unprotonated and strongly 

bound species, effectively passivating the surface iodide vacancies39. 

In order to further elucidate the defect density of QDs, we carry out the TRPL 
decay spectrum. The detailed conclusions can be observed in Figure 2c and Table S240. 
Compared with the dynamics of QDs-M (Figure S11), we find that SQDs, SQDs-H and 
SQDs-T exhibit a nearly single-exponential decay (Figure 2c). The PL lifetime of the 
SQDs-T and SQDs-H are 15.3 and 14.9 ns, separately. Both of them are significantly 
longer than SQDs (12.6 ns), suggesting much reduced trap-assisted non-radiative 
channels in the SQDs-H and SQDs-T. These results serve as compelling evidence of 
the significantly reduced nonradiative rate by surface-cleaning and ligand exchange. 
Urbach energy of QDs is calculated (Figure S12), which is corroborated by the TRPL 
results. Figures S13 and S14 demonstrate the monitoring of the PL peak variations of 
QDs-M and SQDs-T. In contrast, SQDs-T exhibit excellent UV stability, in which 
FWHM and the peak of the PL spectrum remain almost unchanged under UV exposure 
for 180 min. With the time prolongation, the SQDs-T maintain excellent and stable 
pure-red PL emission at 635 nm. 

 
Figure 3. Photoexcited Carrier dynamics of QDs. Pseudo color image of femtosecond transient absorption 

(TA) spectra of (a) SQDs, (b) SQDs-H, and (c) SQDs-T; TA bleach recovery kinetics of (d) SQDs, (e) SQDs-

H, and (f) SQDs-T at different pulse energy density; Temperature-dependent spectra of (g) SQDs, (h) SQDs-

H, and (i) SQDs-T; Integrated PL intensity for (j) SQDs, (k) SQDs-H, and (l) SQDs-T about the reciprocal 

temperature ranging from 80 to 220 K. 

TA measurements are conducted to corroborate the exceptional optical 
performance of SQDs-T. Using a 420 nm femtosecond laser as the pump source, the 
SQDs show a negative probe bleaching at 631 nm (Figure 3a). Meanwhile, the 



bleaching signals of SQDs-H and SQDs-T are observed at 627 nm (Figure 3b, c), which 
is similar to the absorption peak in the UV spectra. Ground-state bleaching (GSB) 
occurs when the absorption of photons reduces the population of the ground electronic 
state41. In general, there is serious Auger recombination in strongly-confined QDs42,43. 
Subsequently, we delve into the exploration of various dynamic processes within QDs 
through the manipulation of the pump intensity. It becomes evident from Figure 3d, e, 
f and Figure S15 that distinct decay processes are observed among SQDs, SQDs-H, 
and SQDs-T when expose to varying degrees of pump intensity. The accompanying 
data in the Supplementary Information provides a comprehensive analysis. The fitting 
curve of SQDs-T displays a slower decline and follows a single-exponential decay trend. 
The fitting value of SQDs-T is 4061.1 ps under the low pulse energy density of 50 
μJ/cm2. In contrast, the decay times for both SQDs (821.5 ps) and SQDs-H (1678.1 ps) 
are notably shorter than SQDs-T, indicating a considerably lower density of trapping 
sites in SQDs-T (Table S3). SQDs can be characterized by double-exponential bleach 
recovery kinetics once the pump power approaches 900 μJ/cm2 (Table S4). This 
behavior is observed as a fast component with a duration of 23.1 ps (τ1, 13.2%) and a 
long component lasting 1181.9 ps (τ2, 86.8%). The fast component (τ1) can be ascribed 
to trap-assisted Auger recombination. And the longer component (τ2) arises from 
intrinsic edge exciton recombination44. SQDs-H show a slower decay rate than the 
SQDs under the same pump intensity with a fast component of 15.1 ps (τ1, 4.8%) and a 
long component of 1223.5 ps (τ2, 94.2%), which indicates that the removal of defects 
during the surface cleaning can suppress trap-assisted Auger recombination. The bleach 
recovery dynamics of SQDs-T show a nearly single exponential characterized by two 
constants: 58.1 ps (τ1, 1.01%) and 2235.5 ps (τ2, 98.9%). And we calculate the biexciton 
lifetime of three QDs (Figure S16). SQDs-T show a much longer-biexciton lifetime 
(74.9 ps) compared with SQDs (37.6 ps) and SQDs-H (23.0 ps), indicating that Auger 
recombination inside SQDs-T is significantly inhibited. 

Too high exciton binding energy (EB) of strongly confined QDs can also cause the 
Auger recombination process45. A temperature dependence of PL measurements is used 
to calculate the EB of QDs (Figure 3g, h, i), where we estimate the EB of QDs based on 
the function between I(T) and T from 80 to 220 K. SQDs-T show a much lower EB (108 
meV) than the SQDs (151 meV) and SQDs-H (149 meV) (Figure 3j, k, l). We consider 
that the introduction of 3-PA not only removes defects, but also can change the 
superficial charge distribution of SQDs-T as an electron acceptor, affecting the 
interaction between carriers and excitons, and resulting in a decrease of EB. It appears 
that the diminished Auger recombination is also an outcome of the low EB which is 
observed in this study. This observation result is consistent with the theoretical basis. 
Additionally, the mechanism of the suppressed Auger recombination has been clarified 
by first-principles calculations based on the DFT. Based on this analysis, we can see 
how 3-PA affects the charge distribution on QD surfaces to inhibit trap-assisted 
nonradiative recombination and Auger recombination. This is further elucidated and 
discussed in Figures S17-S19. The results acquire from the DFT computations and the 
temperature-dependent PL spectra provide clear evidence. 



 

Figure 4. A comparison of the performance of PeLEDs. (a) Illustration showing the structural layout of the 

LED; (b) EL spectrum of PeLEDs employed SQDs and SQDs-T, the inset displays an image of the PeLEDs 

employed SQDs-T working at 3.5 V; (c) PeLED coordinates according to CIE; Curves for (d) Current density-

voltage-luminance (J-V-L) and (e) EQE-L for PeLEDs used SQDs and SQDs-T; (f) T50 is calculated for 

PeLEDs using SQDs and SQDs-T, with an original luminance of 101 cd m-2 and 102 cd m-2, respectively. 

We have fabricated PeLEDs using these QDs (Figure 4a). Due to the serious 

phase separation of QDs-M and poor stability of SQDs-H, there are no EL properties 

of PeLEDs based on these two QDs. Figure S20 shows a schematic diagram of the 

LED valence band edge of SQDs and SQDs-T, in which the hole injection barrier shows 

a significant decrease from 0.12 to 0.09 eV with the help of 3-PA. The PeLEDs, which 

are based on SQDs-T, exhibit a perfectly symmetric pure-red EL peak at a wavelength 

of 638 nm. The FWHM is only 32 nm (Figure 4b). This can be understood in terms of 

the CIE coordinates, specifically denoted as (0.701, 0.297) as presented in Figure 4c. 

The coordinate of PeLEDs based on SQDs-T is very close to the National Television 

System Committee (NTSC) standard. The SQDs-T devices exhibit a slightly narrower 

FWHM than that of PeLEDs based on SQDs, which is associated with the better 

distribution of SQDs-T sizes. The J-V-L curves of the PeLEDs are displayed in Figure 

4d. PeLEDs based on SQDs-T exhibit a lower activation voltage of 2.0 V, but SQDs 

devices require 2.3 V. In addition, the PeLEDs based on SQDs-T demonstrate lower 

leak current and higher maximum luminance (18500 cd/m2) at the same voltage than 

those of SQDs PeLEDs (5060 cd/m2). PeLEDs based on SQDs-T exhibit a peak EQE 

of 26.0%, much higher than that of SQDs PeLEDs with a low EQE of 14.5% (Figure 

4e). The average peak EQE (counting 50 devices) of PeLEDs with SQDs-T (22.0%) 

manifest good reproducibility of the device performances (Figure S21). We find that 

PeLEDs based on SQDs-T achieve the maximum EQE at a higher luminance (280.8 

cd/m2) than PeLEDs based on SQDs (8.7 cd/m2). This difference is likely attributed to 

the inhibition of Auger recombination within SQDs-T. And the PeLEDs employing 

SQDs-T exhibit significantly reduced efficiency roll-off as opposed to the SQDs at high 



luminance conditions. With a 10000 cd/m2 device luminance, the EQE of the SQDs-T 

PeLEDs drops to 21.0%. However, the EQE of SQD PeLEDs drops to only 5.0% when 

the luminance is increased to 5000 cd/m2. These results indicate that SQDs-T PeLEDs 

achieve high EQE at high brightness, which is important for display applications. 

SQDs-T PeLEDs exhibit a high EQE at high luminance, which is crucial for monitor 

applications. It suggests that SQDs-T PeLEDs have less Auger recombination, leading 

to improved performance. 

There is an essential requirement for PeLEDs to have stable spectral and 
operational characteristics in order to be used for various applications. In order to assess 

the stability of these devices, a strict test is conducted using a constant current density 

(Figure S22). The luminance of the initial luminance is 102 cd/m2, and the operational 

T50 of the SQDs-T device is 490 min (Figure 4f). Notably, the SQDs-T based device 

has a negligible change in the emission wavelength and shape of the EL spectra (Figure 

S23). SQDs-T device has a life expectancy nearly 11 times longer than SQDs-based 

device (T50 = 43 min, the original luminance is 101 cd/m2). Furthermore, the hysteresis 

of LED based SQDs and SQDs-T have been examined by measuring the J-V curves in 

various scanning orientations (Figure S24). Compared to the reported advanced pure-

red QD PeLEDs published in the literature, our device exhibits a comprehensive set of 

excellent properties (EQE, luminance, spectral and operational stability) (Table S5). 

In this work, a novel strategy for obtaining CsPbI3 QDs with strong confinement 

and suppressed nonradiative recombination has been developed. Firstly, we construct 

the iodide-rich environment to synthesize pure-red single-halide CsPbI3 QDs (size only 

~ 5 nm), achieving a small size with a narrow distribution. Subsequently, we propose a 

surface cleaning and ligand exchange to remove wastes from the QDs surface. 

Additionally, the ligand exchange between 3-PA and long-chain ligands will further 

improve the electrical properties of QDs. The resulting QDs achieve pure-red emission 

at 635 nm. It is noteworthy that the FWHM is only 31 nm, and the PLQY is 99%. DFT 

simulations confirm that the 3-PA effectively stores electrons and reduces the build-up 

of charge in QDs. Auger recombination in QDs can be suppressed by reduced EB and 

trap-assisted Auger recombination process. Finally, we made additional advancements 

in the development of PeLEDs devices that exhibit spectrum stability and generate a 

pure red light. These devices have an EL peak at 638 nm. The max luminance is 18500 

cd/m2, and the maximum EQE is 26.0%. Moreover, the PeLEDs exhibit a suppressed 

efficiency roll-off. And the PeLEDs also demonstrate a remarkable stability of the EL 

spectrum by its persistent absence of serious shifts, even when expose to high working 

voltages. The PeLEDs show excellent operational stability with a long T50 (490 min) 

and the original luminance is 102 cd/m2, which represents one of the most advanced 

pure-red LEDs nowadays. 
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