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Abstract 

Nanocrystals (NCs) of inorganic lead halide perovskites with narrow emission line widths hold great potential for next-

generation color-saturated optoelectronic devices. However, their stability and electroluminescence performance are 

currently hindered by environment-dependent structure deterioration over time and inferior carrier transport. These 

limitations are closely related to the surface defect-mediated nonradiative energy losses of the NCs. Herein, we have 

developed a comprehensive surface optimization strategy for CsPbI3-xBrx NCs, involving molecular passivation, phase stability 

optimization, and effective electron transport for constructing a durable device. This results in a high-efficiency perovskite 

light emitting diode (PeLED) exhibiting red emission with a maximum at 685 nm and an external quantum efficiency (EQE) of 

up to 12.35%. Furthermore, the optimized device shows a much-improved operational stability with a half-lifetime (T50) of 

50 min, which is 7 times higher than the untreated device (T50 = 7 min). Additionally, the passivated NCs exhibit non-blinking 

characteristics at the single-particle level. This work highlights the tremendous potential of amino-rich ligands in stabilizing 

perovskite NCs for efficient and operationally stable LEDs. 

Keywords CsPbI3-xBrx perovskites, Nanocrystals, Light-emitting diodes, Blinking, Fluorescence upconversion 
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1. Introduction 

Over the past decade, incredible advances have been achieved in improving the performance of all-inorganic lead halide 

perovskite-based (LHP) optoelectrical devices, including solar cells1-3, photodetectors4-5, and light-emitting diodes (LEDs)6-8. 

Among the different forms of LHPs, inorganic nanocrystals (NCs) are emerging as one of the most exciting optoelectronic 

materials for LED displays by virtue of their ease of solution processability and excellent photophysical properties, such as 

substantially decreased defect density9, high photoluminescence quantum yield (PLQY), and narrow full-width at half-

maximum (FWHM, ~35 nm) emission bands 10-14. Other competing materials, such as organic fluorophores, typically show 

broader emission line widths (FWHM > 60 nm) and low brightness, hence resulting in LEDs with inferior color purity 15. Due 

to the advancement in material engineering of perovskite NCs in terms of morphology, stoichiometric control, and surface 

treatment, the highest external quantum efficiency (EQE)  reported is 23.4% for green PeLEDs based on CsPbBr3/MABr (MA: 

methylammonium) quasi-core/shell structures16 and  23.0% for red PeLEDs based on CsPbI317. However, the operational 

stability as well as color tunability of such devices, particularly for the red PeLEDs, require further improvement. 

CsPbI3-xBrx NCs have gained significant attention as the most promising material in the inorganic perovskite NCs family18. 

Nonetheless, there are still several challenges in the practical operation of CsPbI3-xBrx NC-based LEDs, such as: (i) the 

operating voltage of NC LEDs is elevated by spatially confined electrons and holes in the NCs, which limits the carrier 

transport among different NCs to efficiently form excitons 19-20. This becomes more profound when the surface area of the 

small-size NCs is wrapped with a massive amount of surface ligands from the colloidal synthesis, forming an insulating layer 

around the NCs.  (ii) pure CsPbI3 perovskite suffers from prominent phase instability problems since it readily transforms 

from metastable black phase to yellow phase at room temperature, thereby reducing the operational stability of the 

fabricated LEDs19, 21-24. (iii) There are still major defect-mediated nonradiative energy losses, mainly at the perovskite NCs 

surface9. Therefore, finding methods to effectively suppress the defects and enhance phase stability of the CsPbI3-xBrx NCs is 

a key target to realize the desirable performance of PeLEDs for practical applications. 

Surface ligands are crucial for maintaining the crystal phase and optical properties of LHP NCs23, 25, and therefore NCs are 

typically synthesized in the presence of high concentrations of ligands. After the complete growth of the NCs, an optimum 

anti-solvent washing step is required to remove the excess surface ligands from the surface without destroying colloidal 

dispersion stability. However, after purification, the ionic nature of LHPs and  non-neglectable dynamics of the binding 

ligands often result in a large number of ionic vacancy defects on the surface of perovskite NCs7, 26-27. To mitigate this issue, 

various surface post-treatment strategies using small organic molecules or metal cations have been applied to passivate 

surface defects and optimize the performance of perovskite NCs19, 23, 28-31. For example, red PeLEDs based on CsPbI3-xBrx NCs 

having an EQE of up to 23% were recently demonstrated by applying potassium iodide surface passivation17. A variety of 

monovalent (in)organic cations can be used to passivate the dangling bonds on the surface of LHP NCs. 

In contrast to small inorganic ions, small organic molecules can avoid the use of highly polar solvents in the passivation 

process17. This is important because such polar solvents can lead to additional defects or even alter the structure and 

morphology of perovskite NCs15, 18, 32. Among the different organic cations, guanidinium (GA) is a highly stable small organic 

cation exhibiting an effective resonance stability of three amino groups. Previous reports have shown that due to the 

additional hydrogen bonding via its amino group, GA can simultaneously stabilize the surface and improve charge carrier 

transport in perovskites with alternating cations in the interlayer space (ACI)33-34. From this, the application of NC-based GA 

surface passivation of PeLEDs would be potential. 
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This work demonstrates a facile surface passivation strategy of CsPbI3-xBrx NCs by introducing guanidinium iodide (GAI) to 

fabricate stable red emitting PeLEDs. The obtained GAI-passivated NCs exhibit high brightness, high dispersibility, non-

blinking at a single-particle level, and good stability for months under ambient conditions. Bright red PeLEDs fabricated using 

those NCs displayed an impressive EQE of 12.35% at a low turn-on voltage close to 2.4V, and a maximum luminance of 4624 

cd/m2, with a peak electroluminescence at 685 nm. The operational half-life T50 of the GAI-treated device was 50 mins at the 

current density of 20 mA/cm2, which is superior to the untreated device under the same conditions. Furthermore, PL blinking 

at the single particle level is well suppressed for GAI-passivated NCs, indicating that passivation reduces random switching 

between different PL intensity states, suggesting effective passivation of defects acting as charge traps, which results in the 

improved performance of the PeLED.  

2. Results and Discussion 

CsPbI3 perovskite NCs are usually synthesized with OA and OAm ligands at high temperatures and purified with MeOAc. 

These CsPbI3 NCs readily transform from the photoactive black phase to a non-perovskite yellow phase. Incorporating Br into 

I-based perovskites is a common strategy to stabilize the CsPbI3 structure29, 35. In most cases, PbBr2 is introduced into the 

reaction mixture as a bromine dopant source, leading to the synthesis of CsPbI3-xBrx. However, these I:Br mixed perovskites 

exhibit irreversible phase separation caused by the migration of halide ions under variable environmental conditions 

(temperature, humidity, and voltage bias) during further device applications10, 29, 36-38. In this study, we refer to the earlier 

optimized synthesis of nanocrystalline hexagonal CsPbBr3 by introducing phenacyl bromide as a source of bromine14. This 

strategy includes increasing the PbI2 dissolution temperature to 220 °C, followed by the injection of 2 ml OAm. After the 

reaction is carried out for 20 mins, the temperature of the system is lowered to 150°C until the solution becomes transparent. 

The Cs-oleate precursor is then rapidly injected when the solution temperature reaches 170 °C, to synthesize high-quality 

stable CsPbI3-xBrx NCs. The Br doping by this method is anticipated to promote the crystal grain growth and enhance the 

phase stability with little impact on the absorption features (bandgap, oscillator strength) 14. The stability of NCs under 

environmental conditions is improved by synthesizing high-quality NCs and limiting the amount of bromine to minimize ion 

migration in the NCs.  

After purification by simple centrifugation, we introduce GAI into the NCs. We have performed the surface treatment in 

octane to stabilize the surface of the NCs and purify them without damaging their octahedral structure or changing the 

quantum confinement effect. The pristine sample began to transform to the non-perovskite phase within 2 days under 

ambient condition storage (Figure S1). In contrast, we observed that the CsPbI3-xBrx NCs solution is more robust after adding 

GAI (Figure S2). Investigation of the change in the colour of NCs showed that an excess (50 μL) of GAI or Br doping (more 

than 5%) would cause the colour of the NCs solution to lighten rapidly (Figure S3). Here, we chose the sample with the best 

performance and stability for further processing, being the NC sample with the addition of 5% Br and 20 μL of GAI solution. 

Figure 1a shows the X-ray diffraction (XRD) pattern of the 3 samples (pure CsPbI3 NCs, CsPbI2.85Br0.15 NCs, and GAI-passivated 

CsPbI2.85Br0.15 NCs), which all match the cubic references of bulk CsPbI3 19, 22, 39-40. In the XRD pattern of pure CsPbI3, in addition 

to α-CsPbI3, a small amount of δ-CsPbI3 is observed, which may be due to the poor stability of α-CsPbI3 in the non-treated 

sample. Phase transition might have occurred during the data recording of the XRD experiment. It is reported that the NCs 

stability is closely associated with the phase structure, with a stability sequence of cubic (α-phase) < tetragonal (β-phase) < 

orthorhombic (γ-phase) < yellow phase (δ-phase)40. This was not observed in either CPIB or GAI-CPIB. As seen in Figure 1a, 

all the NCs exhibit the featured diffraction peaks at 14.7 and 28.6°, typically belonging to the (100) and (200) planes of cubic 

perovskite crystals, respectively. The intense diffraction peaks of the (100) and (200) planes indicate that the perovskite NC 
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films are highly crystalline and preferably orientated along (l00) directions. The XRD peaks of the CsPbI3-xBrx NC films gradually 

shifted to higher angles upon adding Br in the precursor. Since the ionic radius of Br− is smaller than that of I−, upon increasing 

the Br content, the unit cell parameters of the CsPbI3-xBrx crystal thin film increase29. According to Bragg’s law, the diffraction 

peak shifts to a larger angle. Interestingly, adding GAI significantly enhances the intensity of the diffraction peak representing 

the (100) crystal plane, indicating improved crystallinity. As such, we infer the passivation of GAI may not only fill the empty 

lattice sites existing at, or near the surface, thereby passivating defect sites. GAI can even affect shrinking the lattice spacing, 

simultaneously providing strain and thus increasing the crystallinity and stability of CsPbI3-xBrx NCs24. Detailed investigations 

through high-resolution X-ray diffraction and scattering measurements would enable to quantify these parameters, however, 

these are out of scope for this study.  

To further understand the GA binding motifs on the CsPbI3-xBrx NCs surface, FTIR spectroscopy was performed to investigate 

the surface chemistry of the NCs. As shown in Figure 2b, the same vibration bands, including COO− stretching and C=C−H 

stretching (1546 cm-1), appear in all three samples, indicating that the OAm ligand was still adsorbed on the NCs surface. GAI 

binding is evident based on the emergence of FTIR peaks at wavenumbers 3340 and 1662 cm-1 that are present in the spectra 

for GAI and the NCs stabilized with GAI (Figure S4), which can be assigned to the −NH2 symmetric and −C=N stretching 

vibrations, respectively41. Meanwhile, the peak intensity increases proportionally with increasing GA incorporation. The 

peaks at 2850-2950 cm-1 correspond to functional groups in the C-H stretching mode of the ligand. Due to the low 

concentration of GAI in the precursor, only slightly enhanced peaks representing GAI can be seen. All the above observations 

suggest that GAI interacts with NCs surface.  

Next, to understand the effect of GAI passivation on the morphology of CsPbI3-xBrx NCs, transmission electron microscopy 

(TEM) was conducted. BF-TEM images (Figure 1c-d) show that non-GAI-passivated and GAI-passivated NCs adopt a cubic 

shape with an edge length of (7 ± 2) nm and (7 ± 1) nm, respectively. As expected, the original CsPbI3 solution showed 

relatively poor stability under ambient conditions. We observed that CsPbI2.85Br0.15 at the time of 14 days of aging had 

aggregated and fused into large particles of several hundreds of nanometers (Figure S6). This typically occurs when CsPbI3-

xBrx based NCs are stored for long periods. Under the same storage conditions, the passivated NCs remained as dispersed 

cubic particles and retained their black phase. The GAI-passivated NCs exhibit much-enhanced morphology and crystallinity 

stability after long-term storage. 
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Figure 1. Guanidinium treatment of ∼7 nm CsPbI2.85Br0.15 QDs and corresponding characterization. (a) XRD patterns and (b) 

FTIR spectra of pristine CsPbI3, CsPbI2.85Br0.15, and GAI-CsPbI2.85Br0.15 NCs. (details in Fig S4) The standard cubic-phase α-CsPbI3 

XRD pattern is obtained from ICSD No. 181288. (c)–(d) BF-TEM images of the (c) CsPbI2.85Br0.15 and (d) GAI-CsPbI2.85Br0.15 NCs 

showing their morphology (inset: the SAED pattern of the corresponding sample, showing crystal structure information, 

details in Figure S5)   

Figure 2a depicts the PL and UV-vis absorbance of CsPbI3, CsPbI2.85Br0.15, and GAI-passivated CsPbI2.85Br0.15 NCs. All the 

samples show a similar onset absorption wavelength of around ~665 nm, resulting from the strong quantum confinement 

effect induced by the reasonably small particle size (exciton Bohr diameter of CsPbI3 is 12 nm)13. Hence, the tiny amount of 

Br doping and GAI passivation did not change the bandgap of the CsPbI3 NCs. It can be observed that Br doping leads to a 

blue shift of the PL peak, which is consistent with previously reported spectral findings. A small amount of Br doping does 

not profoundly change the structure of CsPbI3 NCs, but only helps to reduce the surface defects and thus enhance the stability 

of the NCs in the ambient environment24, 35, 42-43. With further surface treatment by adding GAI, a tiny but clear blue shift in 

PL (about 2 nm) can be observed, which supports the notion of improved crystallinity within the GAI passivated CsPbI2.85Br0.15 

NCs41, 44. 

Femtosecond fluorescence upconversion measurements were carried out to elucidate the photo-induced exciton generation 

and consecutive relaxation processes (Figure 2b). For both CsPbI2.85Br0.15, and GAI-CsPbI2.85Br0.15 NCs, we detect a fast rise 

followed by two decay components within the 60 ps detection window at the detection wavelength of 680 nm. The  time 

constants are 3.5 ps, 4.5 ps, 26 ps for the CsPbI3 NCs, 3.2 ps, 7.6 ps, 38 ps for the CsPbI2.85Br0.15 NCs and 3.6 ps, 4 ps, 19 ps 
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for the GAI-CsPbI2.85Br0.15 NCs, respectively. The fast components (3.5, 3.2 and 3.6 ps) can be attributed to exciton formation 

whereas the slower ones indicate relaxation and exciton recombination processes. Hence, exciton generation, relaxation and 

recombination processes are closely related for both samples and not significantly vary within this time scale. The longer 

exciton decay and free carrier-related radiative recombination are more precisely monitored at longer time scales.     

 

 

Figure 2. (a) PL, and UV-vis characterizations, (b) Femtosecond fluorescence upconversion measurements, (c) TRPL decays 

of pristine CsPbI3, CsPbI2.85Br0.15 and GAI-CsPbI2.85Br0.15 NCs.  (d) Schematic illustration of the passivation of surface defect 

sites by the GA cation. 

Time-resolved PL measurements of CsPbI3, CsPbI2.85Br0.15, and GAI-CsPbI2.85Br0.15 NCs were measured (Figure 2c) over the ps-

ns time scale, as these strongly correlate with the charge carrier diffusion dynamics and recorded efficiency of the LED 

devices (see last section). In fact, the PL decay time is related to many factors, such as crystal size, crystal shape, related 

excited state process, defect types, and defect density. Clearly, for defects that promote nonradiative recombination, lower 

defect densities favour longer lifetimes45. PL lifetime information has been extracted by fitting the decay curves using a tri-

exponential function. The parameters obtained from the TRPL fit are shown in Table S1. The PL decay of pristine CsPbI3 and 

CsPbI2.85Br0.15 perovskite samples was faster compared to the GAI-treated samples. The amplitude-averaged lifetimes of 

pristine CsPbI3 and CsPbI2.85Br0.15 samples were obtained by numerically integrating the decay curves and were at 14.22 ns 

and 19.01 ns, respectively, while for GAI-CsPbI2.85Br0.15 sample, this value was 20.55 ns. Furthermore, the τ3 value of the GAI-

passivated sample is nearly two times higher than that of the pure CsPbI3 sample (108.67 ns vs 57 ns). This is presumably 

due to fact that the GAI treatment effectively suppresses the surface defects associated with free charge carrier trapping, 
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thereby reducing the defect-induced nonradiative decay and increasing the efficiency of the radiative rate processes46. A 

long diffusion length of the free charge carriers is beneficial for uniform charge injection throughout LED devices. A similar 

phenomenon was reported for CsPbI3 passivated by potassium iodide17 and phenacyl ammonium iodide39. It was found that, 

following passivation, the average lifetime increases, a higher contribution of the longer lifetime results from an increased 

number of free charge carriers, indicating a strongly suppressed defect-assisted non-radiative recombination.  

PL lifetime components are associated to different photophysical origins across different time scales. The shorter 

components (ps-ns) are associated with the exciton formation and relaxation processes, and the intermediate lifetimes (ns) 

are assigned to the radiative recombination decay of excitons. Longer lifetime components (ns-μs) are linked to radiative 

and nonradiative recombination of free carriers (electron/hole) through defect trapping in the material17, 47. From the above, 

it can be shown that there are a large number of trap-related defects in the pristine CsPbI3 NCs samples. The presence of 

these defects is partly reduced by Br doping and, notably, can be efficiently passivated by introducing GAI. Guanidinium 

cations are expected to exist on the surface as shown in Figure 2d. Both positively charged cation and negatively charged 

anion vacancy defects exist in NCs. GA+ compensates for the defects on the NCs surface by interacting with surface 

vacancies/undercoordinated halide ions and generates hydrogen bonds by interacting with undercoordinated Pb2+ at the NC 

surface41-42, 44, 48. The hydrogen bonds attract additional halide ions (iodide) to stabilize the structure. Meanwhile, the halide 

ions lost in the preparation process can also be compensated by the iodide ions of GAI. Therefore, complete defect 

passivation is essential to achieving the high-efficiency LEDs as described in this study.  

To further support the above results and hypothesis on the suppression of nonradiative recombination pathways after post-

synthetic treatment of CsPbI2.85Br0.15 with GAI, we examined single-particle PL blinking in the NCs. The investigation of PL 

blinking traces is a reliable method to explore the charge carrier dynamics in perovskite single particles49-51. In general, PL 

blinking is the phenomenon that the PL intensity switches between a bright, neutral state (weak PL quenching = “ON” state) 

and a charged state (strong PL quenching = “OFF” state) 52-56. In other terms, PL blinking is attributed to switching between 

radiative (ON) and nonradiative (OFF) states.  
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Figure 3. Single-particle PL blinking. (i) Representative PL intensity trajectory and (ii) corresponding PL intensity occurrences 

of (a) single CsPbI3 NC, (b) single CsPbI2.85Br0.15 NC and (c) single GAI-CsPbI2.85Br0.15 NC with their respective background. 

Inset: The PL images of corresponding NCs collected from the EMCCD camera, scale bar: 1 μm. The excitation power intensity 

of the 561 nm laser was 0.28 mW cm-2 for (a) and 90 μW cm-2 for (b) and (c).  

Defect activities that strongly influence charge carrier dynamics can be revealed by analyzing the PL blinking data from 

individual particles. Here, we anticipate understanding the influence of GA+ post-treatment on individual particles by 

monitoring PL intensity trajectories (Figure 3). We examined more than 100 single-particle PL trajectories of CsPbI3 NCs with 

and without GA+ post-treatment. Firstly, we observed single particles of CsPbI3 NCs in the 55 µm x 55 µm field of view. A 

representable PL intensity trajectory is shown in Figure 3a (i). In CsPbI3 NCs, we observed fast and random PL blinking with a 

gradual decrease in PL intensity. The gradual decrease and low PL intensity are due to the degradation of CsPbI3 NCs57. We 

found similar characteristics in non-GAI-treated CsPbI2.85Br0.15 NCs (Figure 3b(i), Figure S7). Then, we examined single-particle 

PL blinking of CsPbI2.85Br0.15 NCs treated with GAI (Figure 3c (i)). In this experiment, we observed that the switching between 

the “ON” and “OFF” states of some particles was inhibited, and a more stable blinking trace could be observed. Furthermore, 

there is no gradual decrease in the PL intensity in passivated NCs, at least not within the time window of the PL intensity 

transients that have been collected (120 s), suggesting increased stability of light-induced perovskite degradation. In 

addition, compare with pure CsPbI3 and CsPbI2.85Br0.15 occurrences plot (Figure 3a (ii), 3b (ii)), the PL intensities of GAI- 

CsPbI2.85Br0.15 NCs are primarily in the higher intensity region (Figure 3c (ii)), which suggests the improvement in the PL 

brightness with the passivation of GAI. Although the effect of GAI on individual NCs requires further research, our work 
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provides direct evidence that GAI surface passivation is effective in obtaining defect-suppressed CsPbI3-xBrx NCs. This can 

offer a particle-level reference for future mechanistic studies of surface passivation. 

We next fabricated LED devices using CsPbI3, CsPbI2.85Br0.15, and GAI- CsPbI2.85Br0.15 NCs films as emitting layers, respectively, 

to explore how the phenacyl bromide doping and GAI passivation influence the LED performance and stability. The device 

configuration was ITO/PEDOT: PSS/PVK/ CsPbI3-xBrx NCs/PO-T2T/LiF/Al and the corresponding schematic of the energy level 

diagram is illustrated in Figure 4a. The bandgap widths of three perovskite NCs samples are calculated theoretically by Tauc 

Plot (Figure S10). The normalized EL spectra in Figure 4b are about 5 nm red-shifted relative to the PL spectra potentially 

owing to the dielectric dispersion of the solvent58. Furthermore, in a PeLED, the existence of a multi-layer optical stack 

modifies the EL peak position compared to a standalone film. Under different applied voltages, GAI-CsPbI2.85Br0.15 PeLEDs 

exhibit stable spectra, and no extra emission can be observed from the carrier transport layers of PEDOT: PSS or PVK, 

indicating that the injected carriers effectively radiatively recombine in the NCs emission layer. The LEDs with GAI-

CsPbI2.85Br0.15 NCs exhibit a pure deep red EL emission with a maximum at 685 nm and a FWHM of 30 nm (Figure 4b). This 

implies that the GAI treatment partly affects the electronic band structure of CsPbI2.85Br0.15 NCs presumably due to the 

change in the perovskite structure following surface passivation of the NCs.  

The current density-voltage (J-V) and luminance-voltage (L-V) curves of the LEDs based on the three investigated samples 

are presented in Figure 4c. All three devices show a low turn-on voltage when the luminance exceeds 1 cd m-2 . The relatively 

low turn-on voltage (3.35 V) of the GAI-CsPbI2.85Br0.15 NCs-based LED indicates that the treatment of GAI is beneficial for the 

efficient charge injection into the emitting layers and enhanced electronic conductivity within close-packed films. In 

particular, the LED-based on GAI-CsPbI2.85Br0.15 NCs exhibited a much higher luminance with a maximum of 4624 cd/m2 at 

an applied voltage of 8V. In contrast, the luminance of CsPbI3 and CsPbI2.85Br0.15 NCs-based LED devices only reached 610 

cd/m2 and 1601 cd/m2, respectively. 
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Figure 4. Red PeLED device fabrication and performance evaluation. (a) Illustration and band structure of CsPbI3 NCs LEDs 

device configuration (detailed in Figure S11). (b) Electroluminescence of the LEDs device made from pristine CsPbI2.85Br0.15 

and GAI-CsPbI2.85Br0.15 NCs, respectively (100mA cm-2, ~ 8V). Operational characteristics for PeLEDs based on pristine, 

CsPbI2.85Br0.15 and GAI-CsPbI2.85Br0.15 NCs: (c) Current density−voltage curves (dotted line) and luminance−voltage curves 

(solid line). (d) EQE−current density curves. (e) EL spectral stability under continuous operation at a constant current density 

of 20 mA cm−2 (The EQE of the three samples at 20 mA cm−2 are 12%, 6% and 2% respectively). (f) EL spectral stability of GAI-

CsPbI2.85Br0.15 NCs-based PeLED under different bias voltage. 

Furthermore, the LED devices with GAI-CsPbI2.85Br0.15 NCs showed a high EQE of 12.35%, which is remarkably higher than the 

device based on pristine CsPbI3 NCs (2.28%) and CsPbI2.85Br0.15 NCs (6.16%) (Figure 4d). Such significantly improved GAI-

CsPbI2.85Br0.15 NCs LED performance should be attributed to the improved building blocks, resulting in excellent emission 

properties (high luminescence and high current density) due to improved charge transport. To better understand the role of 

phenacyl bromide post-treatment and MeOAC anti-solvent purification in photonic devices, we also fabricated LED devices 

based on i) typical Br doping with PbBr2, PbBr2-CsPbI2.85Br0.15, and ii) CsPbI3 NCs secondary purification by MeOAC. It can be 

observed that the excess MeOAC washing significantly deteriorated the performance of the NCs as evidenced by a reduced 
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EQE from 2.3% to 1.7% and lower current density (Figure S8). The maximum EQE of the PbBr2-CsPbI2.85Br0.15 device is 5.7%. 

Still, the radiance luminance is relatively lower than the phenacyl bromide post-treated CsPbI2.85Br0.15 device, indicating more 

nonradiative combination losses existed inside the typical PbBr2-doped NC film (Figure S8). From the top-view SEM images 

of the CsPbI3 NCs films (Figure S9), all three studied cases exhibit homogeneous films with good coverage, avoiding the 

possible current leakage during device operation. 

To examine the operational stability in our optimized perovskite films, we measured the EL spectra of devices using GAI-

CsPbI2.85Br0.15 emitting layers either under constant current density (20 mA/cm2) (Figure 4e) and luminance spectra under 

increasing voltage bias (Figure 4f). Previous works shows that Br-rich perovskites exhibit irreversible phase segregation, 

prominently induced by halide ion migration under applied voltage bias59. In our case, no changes in EL spectra were 

observed under different biases, confirming no phase segregation in the perovskite layer composition. The device was then 

operated at a constant current density (20 mA/cm2), and the luminance of the device was recorded. Benefiting from the 

enhanced phase stability and the suppressed defects, the LED-based on GAI-CsPbI2.85Br0.15 NCs films showed optimized 

operational stability with an operating half-lifetime T50 of 50 mins. In contrast, the LED-based on CsPbI2.85Br0.15 NCs exhibited 

a T50 of 20 min, and the EL emission intensity of the LED with pristine CsPbI3 NCs dropped rapidly to half of the initial value 

in 7 min. The performances of recently developed CsPbI3-xBrx NC-based LEDs employing different surface treatment methods 

are summarized in comparison with the devices developed in our work, in Table S2. To better compare with the device 

stability in the literature, we also measured the operational stability of our optimized device at different constant current 

densities (Figure S12). The optimized device operational stability exceeds 7 hrs when the device is operated at 5 mA cm-2 

current density. Compared to the literature, our LED devices exhibit excellent luminance and operational stability 

simultaneously. All results above clearly demonstrate the beneficial effect of the phenacyl bromide doping and GAI 

passivation method on the device performance and stability of CsPbI3-xBrx NCs-based LEDs. 

3. Conclusions 

In conclusion, our work demonstrates guanidinium iodide post-treatment as a facile and feasible passivation strategy for all-

inorganic perovskite NCs, resulting in outstanding optoelectronic properties. Due to the excellent surface passivation 

property of the guanidinium cation with multiple amino groups, the surface treatment led to the enhanced luminescence 

and stability of the NCs. Outstanding properties of the passivated CsPbI3-xBrx NCs are identified, including increased PL 

lifetimes and reduced PL blinking probability. These stable NCs were used to produce bright-red LEDs that exhibit narrow 

electroluminescence at 685 nm, a lower turn-on voltage, and reach a maximum luminance of 4624 cd/m2 at 8 V. The devices 

exhibit spectrally stable electroluminescence at 5.5 V and achieve an excellent EQE of 12.35%. The operational half-life 

improved by a 7-folds relative to control devices, reaching T50 of 50 min at 20 mA/cm2. Our work uncovers a new approach 

for the stabilization of perovskite NCs for higher-performance photonic devices by using amino-rich ligands. 

4. Experimental Section 

4.1. Materials  

Lead iodide (PbI2, super dry, 99%), cesium carbonate (Cs2CO3, 99.95%), oleic acid (OA, ≥90%), 1-octadecene (ODE, 90%), 

oleylamine (OAm, 80-90%), methyl acetate (MeOAC, 99.9%), hexane, tetrahydrofuran (THF, 99.99%), toluene (anhydrous, 

99.8%), N, N-dimethylformamide (DMF, anhydrous, 99.8%) and lithium fluoride (LiF) were obtained from Sigma-Aldrich. 

Guanidine iodide (GAI, 99%), phenacyl bromide (99%) were purchased from Alfa Aesar. Poly(3,4-ethylene dioxythiophene) 
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(PEDOT:PSS) was obtained from Heraeus, Poly[N,N′-bis (4-butyl phenyl)-N,N′-bis(phenyl)-benzidine] (PolyTPD), 

(Polyvinylcarbazole) PVK, and 2,4,6-Tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) were purchased from 

American Dye Source and Lumtec, respectively. Moisture sensitive compounds were stored in glovebox before use. All the 

commercial materials were used as received without further purification. 

4.2. Synthesis of Perovskite NCs 

The synthesis protocols were carried out by a typical hot-injection method38, 60-61 with some modifications. First, Cs-oleate 

was prepared by adding 400 mg Cs2CO3 and 15 mL ODE into a 100 mL three-neck round bottom flask. The flask was then 

degassed under vacuum at 120 °C for 30 min. Subsequently, 1.725 mL OA was added to the solution, and the system was 

heated under a vacuum and stirred until the Cs2CO3 was dissolved entirely, resulting in a clear solution. Afterwards, the 

mixture was heated to 150 °C under nitrogen and degassed for another 30 min. The Cs-oleate solution was then stored under 

nitrogen for further use. 

For pure CsPbI3 NCs synthesis, 334 mg PbI2, 10 mL ODE, 2 mL OA, and 2 mL OAm were loaded in a three-neck round bottom 

flask. The flask was degassed and dried under vacuum for 1 hr at 120 °C with stirring. After PbI2 was dissolved entirely, the 

system was transferred to N2 gas and further stirred for 20 mins. Afterwards, the temperature was raised; once the 

temperature reached to 170 °C, 1.6 mL of as-prepared Cs-oleate (preheated at 100 °C) was quickly injected into the solution. 

About 5 s later, the reaction was quenched by quickly immersing the flask in an ice-water bucket. After the flask was cooled 

down to room temperature, the solution was equally transferred to two 50 mL centrifuge vials, and 10 mL of MeOAC was 

added to precipitate and purify the NCs. The NCs were then collected by centrifugation at 8700 rpm for 10 min. After that, 

the supernatant is discarded, and the collected NCs are dispersed in 2 mL of octane. The collected NCs are stored at 4 °C for 

48 h. After this stage, unreacted precursor agents and any excess of surface ligands would precipitate the final supernatant 

was collected for further measurement and applications. CsPb(I/Br)3 NCs with different Br doping percentages were obtained 

by changing the amount of phenacyl bromide (14.9 mg, 29.8mg, and 59.7 mg, respectively representing 5%, 10%, and 20% 

Br-doped samples). Since we introduced phenacyl bromide as the source of bromine, the PbI2 dissolution temperature was 

increased to 220 °C, 2 ml OAm was injected, and after 20 minutes of reaction, the system temperature was reduced to 150 °C 

until the solution became transparent. Then the Cs-oleate precursor was rapidly injected while increasing the solution 

temperature to 170 °C and ice bathing after 5 s reaction to synthesize high-quality and stable CsPbI3-xBrx NCs. Purification 

and storage procedures are similar to pure CsPbI3. 

4.3. Surface treatment 

The as-synthesized NCs were diluted in octane to a specific concentration (20 mg/mL). 74.8 mg GAI was dissolved in 2 mL 

THF to make the passivation solution. Then, different quantities of the GAI solution were added to 2 mL of the CsPbI3 NCs 

solution and stirred for 3 min. After that, the NCs were recollected by centrifuging at 8700 rpm for 5 min. The supernatant 

was discarded, and the precipitate was collected and dispersed into 2 ml octane for further use. 

4.4. Light-Emitting Diode Fabrication 

LED devices using pristine or GAI-treated CsPbI3-xBrx NCs as light-emitting layers were fabricated using pre-patterned ITO 

(Colorado Concept Coatings) deposited glass substrates. Before fabrication, the ITO substrates were ultra-sonicated in soap 

water, Milli-Q water, acetone, and isopropanol consecutively, for 10 min each. The ITO substrates were blow-dried with 

compressed N2 gas and UV-Ozone treated for 15 min before spin-coating other layers. A PEDOT-PVK tightly bound coating 

was used as a hole injection layer in all LED devices in the experiments. PEDOT was filtered by a 0.45 μm PVDF filter and then 

spin-coated on precleaned ITO at 5000 rpm for 60 s using a spincoater (Laurell Technologies). The spin-coated PEDOT ITO 
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substrates were placed on a heating plate and then annealed at 120 °C for 20 min. After annealing, the substrates were 

transferred to a glove box system with low moisture and oxygen (sub-ppm) levels. PVK was spin-coated at 4000 rpm for 60 

s, followed by thermal annealing at 150 °C for 20 min. After that, the homogenous perovskite emitting layer was deposited 

by optimized spin-coating conditions (4000 rpm for 40s) in the N2-filled glove box. After emitting layer deposition, samples 

were transferred to another glove box. Then, PO-T2T, LiF, and Al layers were thermally evaporated on top of the perovskite 

films sequentially, with thicknesses of 40, 1.2, and 120 nm, respectively, at pressures of  ~ 10-7 mbar. The device area was 

0.125 cm2 with dimensions of 2.5 × 5 mm. 

4.5. Characterizations 

The ultraviolet-visible (UV-vis) diffuse reflectance spectra were measured using a Lambda 950 UV-vis spectrophotometer. PL 

measurements were performed on an Edinburgh FLS980 using a He-Cd laser with a 470 nm excitation wavelength at room 

temperature. Lifetime spectra were measured using Leica TCS SP8 X ‘FLIM’ measurements with a 470 nm laser at a 10 MHz 

repetition rate.  

Bright-field Transmission Electron Microscopy (BF-TEM) analyses were performed by means of a JEM-1400Plus microscope 

(JEOL) equipped with LaB6 thermionic gun, operated at 120 kV. Specimens were prepared drop-casting 2 μL of  NCs hexane 

suspension on an ultrathin carbon coated copper grid. Size distribution of NCs was obtained from TEM images measuring 

the edge size of approximately 100 NCs using Gatan Digital Micrograph software. Selected Area Electron Diffraction (SAED) 

patterns were processed thanks to Scikit-ued Python package. The film XRD pattern was obtained on a Bruker AXS D8 

diffractometer using Cu Kα radiation. Stability measurements of the NCs structure were carried out by measuring the XRD 

pattern at different time intervals after the film was stored in ambient conditions. The Fourier transform infrared (FTIR) 

spectra of the NC thin films were recorded using an Agilent Technologies FTIR spectrometer. The NCs were spin-coated on a 

glass substrate and FTIR spectra were recorded after the solvent was evaporated.  

The response of the photodiode was calibrated applying the integrating sphere by Thorlabs. In addition, the J-V and L-V 

characteristics were measured by an Agilent 4156C Semiconductor Parameter Analyzer, which also records the 

corresponding photodiode current simultaneously. 

The single-particle PL intensity time traces were recorded by an inverted wide-field fluorescence microscope (Olympus IX83) 

equipped with 60 x objective lens and 2.5 projection lens. On a glass coverslip (24 × 24 mm, Thermo Scientific), a very dilute 

solution of CsPbI3-xBrx NCs was drop-casted, the sample was excited with the laser, and the emission signals were recorded. 

The emission light was collected by an EM-CCD camera (Image-EM X2, Hamamatsu). All data were recorded over 4000 frames 

with an exposure time of 30 ms (total duration of 120 s). A 561 nm continuous wave laser and 665 nm long-pass emission 

filter were used for the experiment.  
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