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Halide perovskites are of great interest for light-

emitting diodes (PeLEDs) in recent years due to 

their excellent photo- and electroluminescence 

properties. However, trap/defects and ion migration 

of devices under high external driving 

voltage/current are yet to be overcome. In this 

work, it is found that upon potassium (K) addition to a CsPbBr3/Cs4PbBr6 (3D:0D = 

0.85:0.15) perovskite, a locally-disordered 0D Cs4-xKxPbBr6 phase is formed with nearly 

0.35:0.65 admixture of 0D:3D, along with an unreacted KBr phase potentially passivating the 

surface and grain boundaries. The formation of CsPbBr3 nanocrystals (~10nm) confined 

within the Cs4-xKxPbBr6 matrix accompanied by larger CsPbBr3 grains (~50nm) is further 

confirmed by high-resolution transmission electron microscopy. In addition, the kinetics of 

ion migration were characterized with Auger electron spectroscopy and double-layer 

polarization using capacitive-frequency measurements, revealing significantly lower 



  

 

hysteresis, halide ion migration and accumulation for the K-incorporated samples during 

device operation, resulting in substantial improvements in LED performances and stability.  

1. Introduction 

Halide perovskites are undergoing a rapid development for optoelectronic applications, 

particularly in solar cells (PSC)1,2 and light-emitting diodes (PeLEDs).3,4 The power 

conversion efficiencies (PCEs) of PSCs have recently been shown to exceed 25%,5 while the 

external quantum efficiencies (EQEs) of PeLEDs exceeding 20% for both green and red, and 

10% for blue have been reported within a short span of time.6-8 However, the quest for 

stabilizing perovskite devices has been challenging and requires continuous investigation into 

different aspects of compositional chemistry for the perovskite compound. In particular, the 

stability of perovskite devices has been associated with moisture/heat instability of the A-site 

organic cation in the ABX3 perovskite crystal structure (where A is a monovalent cation 

(methylammonium (MA+), formamidinium (FA+) or cesium (Cs+)), B is a divalent cation 

(Pb2+, Mn2+ or Zn2+), and  X is a halide anion (I-, Br- or Cl- )), joule heating at operational 

bias, and halide ion migration.9-18 Numerous approaches have been employed to remove joule 

heating by using thermally stable materials and to suppress ion migration by doping or mixing 

with poly(ethylene oxide) (PEO),19,20 phenylethylammonium (PEA),21 (9,9-bis(3-(N,N-

dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN),22 and 3,3-

diphenylpropylamine bromide (DPPA-Br),23,24. Additionally, improving structural stability by 

substitution or doping of A- (MA+, FA+, Cs+), and B- (Pb2+, Mn2+, Zn2+, Ce3+) site cations 

have been explored.10-18 Various efforts have also been made in tuning the dimensionality of 

the perovskite by substituting the A-site cations with organic additives and long chain 

ammonium salts such as alkyl ammonium,25 phenylethylammonium,26-29 1-

naphthylmethylammonium,30-32 and phenylbutylammonium33 to improve the device 

performance. All-inorganic perovskites, having higher decomposition temperatures, also 

benefit from higher operational stability. Thus, studies have increasingly shifted towards 



  

 

substituting or doping the A-site cation with alkali ones such as cesium (Cs+), rubidium 

(Rb+),34-36 and potassium (K+),37-39 away from organic cations such as MA+ and FA+.  

According to Goldschmidt’s tolerance factor, for an all-inorganic halide perovskite, only 

Cs+ can form stable perovskite structures when occupying the A-site of the crystal lattice, 

with the tolerance factor ( , where r is the ionic radius) falling in 

the eligible range between 0.8 and 1.40-42 Indeed, previous reports found that Rb+/K+ ions do 

not incorporate into the 3D perovskite lattice. Instead, potassium complexes with bromide 

form a thin surface passivation layer while rubidium addition results in the formation of 

phase-segregated rubidium halide crystals.37,43-46  Moreover, the presence of Rb+/K+ in 

perovskite precursors has been shown to improve the optoelectronic properties and moisture 

stability of perovskites37,43-46. The lifetime and PCE of triple cation CsFAMA PSCs with Rb+ 

addition have been shown to increase to thousands of hours at elevated temperatures and 

21.6%, respectively. Potassium addition effectively increases the grain size and reduces the 

interfacial defect density in the CsFAMA perovskite layer, leading to hysteresis-free, stable, 

and high PCE (20.56%) quadruple-cation PSCs.47 Hence, defect passivation by small alkali 

cation in perovskites plays an essential role in the device performance, e.g., hysteresis, 

stability, and light emission. However, a systematic investigation of ion migration dynamics 

in cesium lead halide perovskites with K+ addition, along with the effects on PeLED device 

stability, has not yet been explored. Unlike PSCs, which have thicker perovskite layers and 

work at the maximum power point, PeLEDs have thinner films and operate under higher 

external driving voltages and current, which intensify the built-in electric field during device 

operation. As a result, there is a much higher driving force for ion migration in PeLEDs which 

thus demands strategies to mitigate this effect in order to preserve the optoelectronic 

functions. Although both halide and A-site cation migrations have been observed in PSCs, 

halide migration has been identified as the major contributor of operational instability.48,49 



  

 

In this study, we investigated the role of KBr-mixed 0D/3D perovskite admixture on defect 

passivation using X-ray diffraction (XRD), Auger electron spectroscopy (AES), solid-state 

nuclear magnetic resonance (ssNMR), and high-resolution transmission electron microscopy 

(HRTEM). ssNMR is thus far an underutilized technique for the study of lead halide 

perovskites, although recent reports have found it to be highly informative. Characterization 

of lead halide perovskites are mostly conducted in thin films or nanoparticle dispersions, and 

these systems often lack the long-range order necessary for analysis by more traditional 

techniques (i.e. diffraction). Conversely, the short-range, element-specific nature of ssNMR 

allows it to provide structural characterization even in highly disordered materials. A large 

portion of the current ssNMR literature in this field has been focused on the study of cation 

dynamics and molecular rotations in hybrid perovskites using the popular 1H, 13C and 14N 

NMR experiments.50-53 In addition, 207Pb NMR has been proven to be useful in determining 

the phase composition of lead halide perovskites with mixed cations/anions.51,52,54,55 Structural 

and phase characterization can also be provided for all-inorganic (i.e. Cs-based) perovskites 

via 133Cs NMR, which benefits from greater sensitivity and a more accessible chemical shift 

range than 207Pb NMR.43,55,56 Furthermore, ssNMR correlation experiments have begun to be 

used to elucidate the interactions between the perovskite surface and surrounding ligands, 

which can play an important role in the optoelectronic properties of the system.57 In this 

study, we have utilized 133Cs, 207Pb and 79Br to elucidate the structural differences in the K+-

passivated perovskite. 

Additionally, we explored the role of KBr mixed 0D/3D admixture perovskite light emitter 

layer, and investigated the mechanism of ion migration in the corresponding PeLED device. 

To understand the mechanism of ion migration and its role in the devices’ 

electroluminescence (EL) stability, electrical poling and double-layer polarization of these 

K+-doped perovskite devices have been thoroughly examined. 



  

 

2. Results and Discussion 

The unmodified 0D/3D admixture perovskite solution was prepared by mixing CsBr and 

PbBr2 precursor in dimethyl sulfoxide (DMSO) to a total concentration of 0.3 M with 

CsBr:PbBr2 ratio fixed at 1.2:1. Three KBr modified solutions were then prepared by mixing 

0.3 M CsPbBr3 and 0.3 M KBr solutions in v/v ratios of 100:0, 90:10, 80:20, and 70:30. KBr 

mixed 0D/3D films prepared in this manuscript for optical, structural, and device 

characterizations have the same reference and are coated on indium tin oxide (ITO) / 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) substrates. For easier 

reference, KBr mixed 0D/3D admixture  thin films prepared from 0D/3D:KBr  v/v ratio of 

100:0, 90:10, 80:20, and 70:30 will be denoted as K0, K10, K20, and K30, respectively. Fig. 

1a shows the XRD patterns of each film. The diffraction pattern peaks at 15.2, 21.4, and 

30.36° can be indexed to the pure CsPbBr3 orthorhombic phase of (101), (121), and (202) 

planes, respectively.28 Additional XRD peaks were observed upon KBr incoportation at 13.04 

and 29.48°, which are assigned to the (110) and (214) planes of Cs4PbBr6, respectively, while 

the peak at 26.38° can be indexed to the (111) plane of KBr. This reveals that mixing KBr in 

CsPbBr3 results in the formation of three phases; Cs4PbBr6 (0D perovskite), CsPbBr3 (3D 

perovskite), and KBr.  The diffraction peaks for K10 marginally shifts by 0.02° to a lower 

angle (30.34°) as shown in the zoomed-in (202) plane in Fig. 1b. Further doping in the K20 

and K30 films do not observe any additional shift in the diffraction peak. We believe that this 

minute shift in the XRD pattern is within experimental error, and thus the structure is assumed 

to be unchanged upon K+ doping.37,38,58 

Fig. 1c shows the ultraviolet-visible (UV-vis) absorbance onset and the photoluminescence 

(PL) spectra of K0, K10, K20 and K30 thin films. The optical bandgap of CsPbBr3 derived 

from the absorbance onset shifts slightly from 2.36 eV (K0) to 2.34 eV (K30) upon K+ 

incorporation. A recent study by Cao et al. shows a similar observation in a mixed halide, 



  

 

Cs0.11MA0.15FA0.74Pb(Br0.17I0.83)3 perovskite system.36 Similarly, the PL peak red shifts from 

523 nm (K0) to 526 nm (K30). Fig. S1a depicts the PL intensity enhancement of films with 

various KBr addition. In addition, PL quantum yield (PLQY) of the films (Fig. S1b and c) are 

enhanced by 3.5 times upon 20% KBr addition (K20), implying that KBr plays an important 

role in defect passivation. In both cases (K0 and K20), PL intensity and PLQY remain fairly 

constant after 90 h storage in 30% relative humidity (RH), indicating excellent PL stability 

under moisture for the fully-inorganic perovskite system. While the absorbance onset and PL 

peak are slightly red-shifted from K0 to K20, no evidence of incorporation is observed from 

the XRD. Therefore, ssNMR was performed on powder samples of K0 and K20 to confirm 

the state of elemental interaction in the perovskite lattice. The powder of these two samples 

were prepared via drop casting the perovskite precursors on bare glass and scraping multiple 

films after drying on a hot plate at 70 °C.  

Fig. 1d-f show the 133Cs, 207Pb and 79Br magic angle spinning (MAS) NMR spectra. Both 

133Cs MAS NMR spectra of K0 and K20 present two resonances which correlate to the Cs 

environments in a CsPbBr3 phase (δiso = 118 ppm) and in a 0D Cs4PbBr6 phase (δiso = 236 

ppm). Although the XRD pattern of the unmodified film (K0) does not show presence of the 

0D peak, it is likely that the 0D phase is in trace amounts and undetected. On the other hand, 

the addition of potassium appears to enhance the formation of the 0D phase. The 133Cs NMR 

spectra were fitted with Gaussian/Lorentzian line shapes, providing the NMR parameters 

given in Table S1, which match the previously reported values for these two perovskite (0D 

and 3D) phases.55 The spectral simulation gives CsPbBr3:Cs4PbBr6 ratios of 85:15 and 65:35 

for the K0 and K20 samples, respectively. The resonance of the CsPbBr3 perovskite phase is 

identical between the K0 and K20 spectra (δiso = 117.6 ± 0.6 ppm; FWHM = 0.36 ± 0.04 

kHz), hence it is unlikely that the K+ ions are integrated into the 3D perovskite lattice. 

Conversely, the Cs4PbBr6 resonance is significantly broader in K20, with a FWHM of roughly 



  

 

4 times larger than the analogous resonance in K0. This broadening is indicative of a 

distribution of Cs environments in a locally disordered 0D perovskite phase inferring partial 

K+ substitution/occupation.44 The bulk observing nature of NMR confirms that the K+ is not 

only acting at grain boundaries or surface sites, but also produces disorder in the 0D 

perovskite lattice as a whole. 

 

FIG. 1 XRD diffraction patterns of each KBr-mixed 0D/3D perovskite films with increasing 
KBr concentration; K0, K10, K20, and K30. (a) Full scan and (b) zoomed-in on the (202) 
plane (normalized). (c) Normalized absorbance and photoluminescence spectra of perovskite 
films with increasing KBr concentration. Solid state (d) 133Cs, (e) 207Pb and (f) 79Br NMR 
spectra of unmodified (K0) and modified (K20) perovskite thin film powders. Deconvolved 
resonances of the simulated NMR line-shapes are shown in red and spinning sidebands are 
marked by asterisks (*). (g) Schematic of lattice distortion upon K+ incorporation into an 
orthorhombic CsPbBr3 lattice. 



  

 

The findings of the 133Cs NMR data are corroborated by the 207Pb MAS NMR spectra of the 

K0 and K20 samples (Fig. 1e). Similarly, both 207Pb MAS NMR spectra present two 

resonances assigned to the 3D and 0D perovskite phases.55 The line shapes of the resonances 

in sample K0 both display a fine structure as a result of Pb-Br scalar coupling. This coupling 

between Pb and the six quadrupolar Br nuclei (nuclear spin of 3/2) in the octahedral units of 

both phases, results in the splitting multiplets observed. By simulating the scalar coupling line 

shapes (see Fig. 1e), J1(207Pb-79/81Br) values of 2.3 ± 0.3 and 2.0 ± 0.2 kHz were obtained for 

the 3D and 0D phase, respectively. These values are in agreement with the limited existing 

reports of 207Pb scalar coupling in lead bromide perovskites.51,56 The full 207Pb NMR 

parameters determined via spectral simulation are given in Table S2. In sample K20, the 

NMR parameters of the CsPbBr3 resonance (δiso = 270 ± 3 ppm) is closely matching (within 

error) those of K0. The Cs4PbBr6 resonance, however, has shifted (from -349 to -366 ppm) 

and the scalar coupling fine structure is no longer present, presumably due to broadening of 

the individual spikelets. Analogous to the 133Cs NMR data, this can be explained by the local 

disorder within the 0D perovskite lattice.  

In addition, 79Br MAS NMR was performed on both samples and the spectra are shown in 

Fig. 1f. Due to the large quadrupole moment of 79Br, detection of 79Br NMR resonances in the 

asymmetric Br environment in perovskites is difficult. However, the cubic symmetry of KBr 

results in negligible electric field gradients, nullifying the quadrupolar interaction, allowing 

the KBr resonance to be easily observed with 79Br NMR. By comparing the 79Br NMR spectra 

of K20 and pure KBr, it is clear that a KBr phase is present in the K20 sample, corroborating 

the XRD results. The confirmed presence of unreacted KBr opens up the possibility of 

surface/grain boundary passivation of both perovskite phases, alongside the observed 

incorporation of K+ into the 0D perovskite phase.43 Fig. 1g depicts the schematic of 3D, 0D, 

and K incorporated 0D phase. 



  

 

 

FIG. 2 Field emission scanning electron microscopy of samples with increasing KBr 
concentration in an admixture of 0D/3D; (a) K0, (b) K10, (c) K20, and (d) K30 films, and  
high-resolution transmission electron microscopy of (e,f) K0, and (g-h) K20 films. The insets 
in (e) and (g) show the SAED pattern of each respective film.   

The field emission scanning electron microscopy (FESEM) image of the K0 sample shows 

large and non-uniform grains with visible pinholes (Fig 2a). With increasing KBr 

concentration however, the average grain size reduces from 193 nm to 118, 65, and 55 nm for 

K10, K20, and K30 films, respectively (deduced from the Gaussian fit on particle size of each 

SEM image as shown in the histogram of Fig. S2). K20 shows an optimum compact 

morphology with minimum pinholes (Fig 2c), while further KBr addition (K30) leads to an 

increased pinhole density with decreased crystallite size and rougher morphology (Fig 2d). 

This morphological evolution can be explained by the fact that the K+ ion does not substitute 

Cs+ inside the 3D lattice of CsPbBr3, but contributes to either the formation of locally 

disordered mixed Cs/K 0D perovskite or secondary KBr phase that surround the 3D 

crystallites. As a result, the growth of 3D perovskite grains becomes inhibited with increasing 

K+, resulting in smaller grains and smoother films. The addition of K+ can also induce more 

nucleation sites which result in grain size reduction. These morphological refinements (i.e. 



  

 

lower pinhole density) facilitate better charge injection and improve device performances as 

discussed subsequently.  

To get a better insight on the morphological and structural changes upon KBr addition, we 

carried out transmission electron microscopy (TEM) along with selected area electron 

diffraction (SAED). Fig. 2e-h show the resulting TEM images of K0 and K20 samples. While 

K0 shows a typical orthorhombic CsPbBr3 perovskite phase with large grain sizes of about 

180 nm, K20 depicts two different perovskite crystallite sizes of 9-10 nm and 45-50 nm. The 

insets in Fig. 2e and g show the SAED patterns, and the magnified images in Fig. 2f and h 

depict the lattice fringes of the K0 and K20 samples. The multiple lattice spacings observed in 

the K20 sample, indicative of different perovskite phases, can be assigned to 3D (0.590±0.1 

nm), 0D (0.343±0.1 nm), and a Moiré fringe pattern (1.324±0.1 nm) resulting from the 

overlapping of two lattice fringes. Mixing of the lattice fringes of the matrix (0D) with the 

lattice of the 3D phase was previously observed by Quan et al.59 and others where they claim 

the formation of an admixture of 3D CsPbBr3 nanocrystals (NCs) embedded in a rhombic 

prism hexabromide 0D Cs4PbBr6 microcrystals.59-61 However, high electron beam currents 

applied to perovskite sample can potentially generate nanostructured artefacts.62,63 To 

minimize this, we exposed specimen for barely 10 sec (lesser than 60s noted for observable 

beam damage in our samples) as shown in Fig. S3. The SAED results evidence the 

coexistence of 0D and 3D NC phases within the crystal, along with the polycrystalline 3D 

perovskite phase. Interestingly, K0 shows a pure 3D lattice fringe (0.292 nm) and an 

overlapped lattice fringe of 3D/0D (1.232 nm), and the proportion of 0D phase is significantly 

lower than that of K20 samples. Additionally, we did not observe confined 3D NCs in the K0 

film from the TEM image. These findings are consistent with the XRD and ssNMR results, 

which show that KBr incorporation assists the formation of the 0D perovskite phase. 

However, TEM did not show the presence of a KBr phase, which indicates that this KBr 



  

 

phase is most likely residing on the grain boundaries. For further verification, elemental 

mapping using AES (Fig. S4) has been performed, which indicated the absence of 

microcrystalline KBr and revealed a uniform distribution of K+ throughout the sample within 

the resolution of the mapping system (~100nm). This indicates that the two phases identified 

in the ssNMR are uniformly distributed with nanocrystalline KBr possibly present at the grain 

boundaries / surface of perovskite as previously reported in the litreacture.37-39, 43-45 

 

FIG. 3 (a) Device architecture and (b) energy levels of the PeLEDs adopted in this work. (c) 
J-V-L, (d) current efficiency, (e) EL spectra, and (f) EL stability of PeLEDs with increasing 
KBr concentration in an admixture of 0D/3D; K0, K10, K20, and K30.  

Fig. 3a-c illustrate the device architecture, energy band levels and the resultant current 

density–voltage–luminance (J–V–L) plots of KBr-mixed 0D/3D PeLEDs using the following 

device architecture: ITO/PEDOT:PSS(40nm)/Perovskite(100nm)/TPBi(45nm) /LiF(0.8nm)/ 

Al(100nm). Fig. 3d-f depict the current efficiency, EL spectra, and EL stability of K0, K10, 

K20, and K30 PeLEDs. Notably, the J-V-L plots show an approximately ten-fold 

enhancement in maximum luminance from 2249 to 10205, 19785, and 23480 cd m-2, and 



  

 

reduction in turn on voltage from 3.3 to 2.9, 2.8, and 2.7 V with increasing KBr concentration 

from K0 to K10, K20, and K30, respectively. The turn on voltage indicates the lowest voltage 

required for radiative recombination in the device, usually defined as the voltage at which 

luminance reaches 1 cd m-2. The low turn on voltage in K10, K20, and K30 devices indicate 

that K+ addition enhances the radiative recombination by physically passivating the defects. 

Additionally, energy can funnel from 0D to confined 3D NCs and larger 3D domains which 

will contribute in total emission enhancement of the films as the emission range of 3D NCs 

overlaps with the larger 3D perovskite region.59-61 Similarly, current efficiency and EQE 

values escalate rapidly from 0.54 to 2.06, 7.03, and 5.64 cd A-1, and 0.14 to 0.53, 1.78, and 

1.45%, as K+ increases from K0 to K10, K20, and K30, respectively (Fig. 3d and Fig. S5a). 

The substantial enhancement in EL performances upon K+ incorporation is attributed to the 

combinatorial effects of defect passivation, confinement of the 3D perovskite phase in the 0D 

matrix, along with improved film morphology (i.e. less pinhole density). Concomitantly, grain 

size reduction of the 3D NCs in the 0D matrix also improves the spatial confinement of 

injected charge carriers, and facilitates the formation of a compact film, resulting in reduced 

leakage current in the K20 device. At a higher KBr concentration (K30), a low turn on voltage 

and high brightness were observed but with poorer efficiencies, indicating electrical losses 

due to an increase in the pinhole density as shown from the SEM images (Fig. 2d). The EL 

spectrum of the K0 device shows a sharp emission peak centered at 524 nm, which shifts to 

526 nm upon K-incorporation (K20), similar to that observed in the PL spectra. Additionally, 

the narrow and stable EL spectra of each KBr–modified devices (K10, K20, and K30) enable 

high color purity. The resultant full width at half maximum (FWHM) of the EL spectra saw a 

reduction from 20 nm (K0) to 18 nm (K20). The Commission Internationale de l'éclairage 

(CIE) coordinates of the K0 and K20 devices are (0.18, 0.82) and (0.14, 0.77), respectively, 

indicating a purer green emission for the KBr-modified PeLED (90.8%, Fig. S5b). Fig. 3f 

illustrates the EL stability of K0, K10, K20, and K30 devices observed at constant current and 



  

 

an initial luminance of 100 cd.m-2. The K0 PeLED device degrades to 50% of its initial 

luminance in about 3 min. Notably, the KBr-modified PeLEDs (K10, K20, and K30) exhibit 

half-lifetimes (T50) of 25, 90, and 42 min, respectively. A thirty-fold enhancement in device 

stability with K20 confirms the superior passivation of grain boundaries and surface defects 

by the K+ ions. Our practice of PeLED device testing has addressed each of the point on the 

checklist for reporting new LED materials published recently,64 which presented a very clear 

guideline and standardized measurement protocol allowing for easier comparison across 

publications.  

  Importantly, the instability of PeLEDs can be associated with ionic migration, which triggers 

ion accumulation and formation of injection barriers at the interfaces. To investigate the 

potential effect of the 0D/3D admixture and KBr-passivated perovskite films on reducing the 

ion migration in PeLEDs under operation, the hysteresis of the devices were measured. We 

tracked the hysteresis of K0, K10, K20, and K30 samples under constant applied biases of 1, 

2, and 3 as shown in Fig. 4a and Fig. S6. Prior to a full scan from 0 to 5 V, each device was 

given a polarization time of 1 min at each poling voltage. The electrical poling at lower (<1 

V), and higher biases (2-3 V, before turn on voltage of the devices) were done to fill the 

shallow and deep traps, respectively. Fig. 4a illustrates the number of fold enhancement in the 

current density at 1 V (i.e. before current turn on / leakage current) before and after electrical 

poling at different biases. Each device was first polarized at 1 V with a polarization time of 1 

min, and then reset to 0V for another 1 min. This cycle was repeated for five times before 

collecting the J-V, and then increased to 2 V and 3 V, subsequently. Current density of the K0 

sample increases to about 40, 100, and 500 folds under a constant applied poling bias of 1, 2, 

and 3 V, respectively.   



  

 

 

FIG. 4 (a) The number of fold enhancement in the current density @ 1 V after electrical 
poling at 1 V, 2 V, and 3 V. (b) The number of fold enhancement in the current density @ 1 V 
with multiple scans from 0-5 V. (c) Capacitance-frequency plot of impedance spectroscopy 
carried out on each K-doped device with increasing KBr concentration. Schematic 
representation of ion migration under static bias in (d) K0 and (e) K20 PeLED devices. Auger 
electron spectroscopy images and elemental mapping of (f,g) K0 and (h,i) K20 perovskite 
films before (f,h) and after (g,i) applied bias.  

  This indicates that electrical polarization even at a small bias (1 V) can severely degrade the 

device by creating shunt paths on the devices. With a small amount of KBr mixing, the K10 

devices remarkably reduce the current gain to 40, 85 and 95 folds at 1, 2, and 3 V, 

respectively. The current gain reduces further to just 10 fold, and 20 fold in the K20 and K30 

devices at 3 V, respectively, showing that the effect of electrical poling reduces remarkably 

on the electrical properties of the KBr-mixed devices. Fig. 4b and S7 show the number of 

fold enhancement in the current density at 1 V with multiple scans from 0 to 5 V, which also 

takes into consideration the heating effect. Here, the current gain after 60 scan cycles 

decreases from 700 to 350, 20 and 30 folds with increasing KBr concentration from K0 to 

K10, K20, and K30, respectively. These results are consistent with the EL stability of the K0 



  

 

and KBr-mixed PeLEDs (Fig. 3f), underlining the important role of K+ doping in maintaining 

the device integrity.  

It is hypothesized that shunt paths are caused by the creation of defects due to ion migration 

and/or extended ion accumulation at the interface and through the bulk emitter layer.37 To 

study the ion accumulation at the external interfaces and the double-layer polarization of the 

electrode, capacitive techniques have been explored.49,65 Fig. 4c depicts the capacitance-

frequency plots of K0, K10, K20, and K30 devices under zero applied direct current (DC) 

bias and a modulated alternating current (AC) voltage perturbation. Above 100 Hz, all devices 

show low capacitance due to the lack of time for ions to migrate. At low frequency (10 mHz) 

however, K0, K10, K20, and K30 devices show capacitance in the range of 1000, 200, 0.5, 

and 6 µF.cm-2, respectively.  The high capacitance observed in the K0 device is ascribed to 

ion migration and accumulation that creates a double layer polarization at the interfaces. The 

remarkable reduction in the measured capacitance with K+-doping (> 3 orders of magnitude) 

confirms its role in suppressing ion migration and accumulation at the interfaces, which is in 

direct agreement with the improved operational stability of the KBr-modified 0D/3D 

admixture devices. In a forward bias poling, when a positive voltage is applied to the ITO 

electrode in the K0 film, negatively charged Br- ions migrate towards the grain boundaries or 

the hole transporting layer (HTL) interface. Migration of Br- ions leads to a reservoir of halide 

vacancies in the perovskite layer accumulating from the interface of the electron transporting 

layer (ETL) to the HTL interface, as illustrated in Fig. 4d. Ion accumulation at the interfaces 

and grain boundaries modifies the built-in field, which results in current gain in the 

electrically-polarized devices (Fig. 4a-c, Fig. S6, S7). In the KBr-mixed perovskites however, 

the presence of the secondary phase (KBr) impedes the movement and migration of the ions 

as illustrated in Fig. 4e, which leads to significantly lower capacitance and current gain in 

these devices. Furthermore, Auger electron spectroscopy (AES) was performed on K0 and 



  

 

K20 films before and after the constant applied bias to investigate the movement of ions. Fig. 

S8a shows the current plot under a constant applied bias of 200 V for 150 s. The K20 film 

shows a constant low current while the K0 film shows current gain with time at a static 

applied bias, suggesting formation of conductive shunt paths in a pure Cs system due to ionic 

migration. Fig. S8b shows the presence of Cs+, Br- and K+ in the AES spectra and Fig. S8c-f 

show the elemental mapping of Cs in both the films before and after applying bias. Prior to 

the applied static bias, the Cs element is uniformly distributed across the film. However, after 

applying the bias, the Cs element starts to agglomerate towards the negative electrodes. On 

the contrary, although the Cs intensity is low due to partial substitution of K+ in the K20 film, 

its elemental distribution remains unchanged after applying bias, implying that doping with 

K+ stabilizes the perovskite phase and impedes ion migration. Similar results are observed 

from the Br- and K+ elemental mapping as shown in Fig. 4f-i.  The initial uniformly 

distributed Br- ions in the CsPbBr3 sample drifted towards the positive electrode interfaces 

after the static applied electric field. It is to be noted that the solution-processed perovskites 

were spread across the top of the electrode and the channel. However, upon KBr mixing, the 

Br- ion migration is significantly reduced as shown in the uniformly distributed Br- mapping 

in Fig. 4h and i, confirming that the incorporation of K+ largely suppresses ion migration 

upon the formation of an admixture of 0D and 3D phases along with the passivation of 3D 

perovskite with KBr.  

3. Conclusion 

  In summary, we have explored the effect of mixing KBr in a 0D/3D admixture perovskite on 

the optoelectronic properties and PeLED performances, and investigated its role in ion 

migration. The results from HRTEM, ssNMR, and AES reveal that KBr-modified 0D/3D 

admixture leads to the formation of a locally disordered Cs/K 0D (Cs4-xKxPbBr6) phase, 

which exists in a 0.35:0.65 admixture with the 3D phase, and an unreacted KBr phase which 



  

 

is speculated to passivate the surface/defect sites of the 3D perovskite. The resultant KBr-

passivation and the formation of 0D/3D admixture improves the PeLED efficiencies by 

fourteen-fold and stability by thirty-fold as compared to the unmodified device. The halide 

ion migration under an applied electric field appears to be the main cause of device instability 

in an unmodified device due to creation of additional shunt pathways and leakage channels. 

Additionally, with experimental evidences from electrical poling and capacitance-frequency 

measurement, we established that the K-doped samples largely suppress ion migration and 

accumulation, which opens up an important path towards more stable devices for practical 

applications.  

4. Experimental Section 

Perovskite preparation: CsPbBr3 perovskite solution was prepared by mixing CsBr 

(Aldrich, 99.9%) and PbBr2 (TCI Chemicals) in dimethyl sulfoxide (DMSO) to a 

concentration of 0.3 M and stirred overnight. The KBr mixed CsPbBr3 solutions were 

prepared by mixing the as-prepared CsPbBr3 solution and 0.3 M KBr solution in different v/v 

ratios of 90:10 (K10), 80:20 (K20), and 70:30 (K30). 

Device fabrication: PeLED devices were fabricated on indium-doped tin oxide (ITO, 7 

Ωꞏcm−2) coated glass substrates. The substrates were cleaned by successive bath sonication in 

decon soap, deionized water, acetone, isopropanol and ethanol. They were then dried and 

treated in oxygen plasma for 30 min. Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) or PEDOT:PSS (Clevios P VP AI 4083) was spin-coated on the 

cleaned substrates at 4000 rpm for 60 s and annealed at 130°C for 30 min to remove any 

residual water. The perovskite films were deposited in an argon-filled glove box by spin 

coating the prepared solutions at 5000 rpm for 30 s on the PEDOT:PSS coated ITO substrate. 

Thereafter, the films were left to dry for 30 mins at ambient temperature before placing in a 

thermal evaporator. 1,3,5-Tris(1-phenyl-1-H-benzimidazol-2-yl)benzene or TPBi (LumTec, 



  

 

sublimed > 99.5%) (45 nm) and cathode (LiF (0.8 nm) / Al (100 nm)) were thermally 

evaporated at a base pressure of < 3 × 10−6 Torr to complete the process of device fabrication. 

The devices were finally encapsulated inside the glove box. The final cell size was measured 

to be 8 mm2. 
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Films and device Characterization:  

The XRD measurements were performed with Bruker D8 Advance X-ray diffractometer using 

Ni-filtered Cu Kα radiation.  

The absorption spectra were recorded using UV-Vis-NIR spectrophotometer (UV-3600, 

Shimadzu) equipped with an integrating sphere.  

The steady state PL spectra were measured using Fluoromax-4 (Horiba Jobin Yvon) 

spectrofluorometer at an excitation wavelength of 350 nm.  

The FESEM imaging of perovskite films (on ITO/PEDOT:PSS substrates) was performed 

using a JEOL JSM-7600F scanning electron microscope at 5-10 kV with a working distance 

of ~8 mm.  

A JEOL 2100F was used for the HR-TEM analyses at an accelerating voltage of 200 kV and 

beam current of 146 μA. Samples were prepared by spin coating the precursor solution 

on carbon support copper grids. To collect the HRTEM micrograph, the perovskite samples 

were exposed not more than 10 seconds to minimize beam damage. 

Capacitance–voltage (C–V) measurements were carried out at 200 kHz in 

Autolab PGSTAT302N. The measurements were done under dark at an AC voltage of 20mV 

at room temperature.  

Auger electron spectroscopy (AES) was performed with a field-emission Auger 

microprobe (JEOL JAMP-7830F) with a primary electron beam having an accelerating 

voltage of 10 keV and a probe current of 10 nA. The sample was tilted at 55° throughout the 

analysis. Auger mapping was collected from an area of 5x5 um2 corresponding to 

magnification of 300x, with a dwell time of 5 ms and averaged over 10 accumulations for 

Cs/Br and 1 accumulation for K. The analyser was operated at a constant retarding 



  

 

ratio (CRR) mode (energy resolution < 0.5%) for both spectroscopy and mapping. The 

surface composition was determined by considering the peak-to-peak distance of the 

differentiated Auger spectra and the relative sensitive factor (RSF) for the elements of interest, 

i.e., K, Cs, and Br. 

All solid state NMR experiments in this study were completed on a 14.1 T Bruker Avance III 

HD 600 MHz spectrometer with a Bruker 4mm HX MAS probe operating at an MAS 

frequency of 14 KHz. The 133Cs NMR (𝜐0(133Cs) = 78.73 MHz) experiments employed a one-

pulse sequence, utilising a selective  pulse of 7.5 μs (determined on CsCl(s)) and a recycle 

delay of 1025 s. The resulting data was referenced with respect to 0.1 M CsNO3(aq) (δiso = 0 

ppm). The 133Cs spin-lattice relaxation times (T1) were determined using a saturation recovery 

pulse sequence with a 200 pulse saturation pulse train.  The 207Pb NMR (𝜐0(207Pb) = 125.55 

MHz) experiments employed a Hahn-echo pulse sequence, utilising  and π pulses of 5.0 

and 10.0 μs (determined on 1.1 M Pb(NO3)2(aq)), a recycle delay of 10 s, and a rotor 

synchronised echo delay of 63.9 μs. The resulting data was referenced with respect to 1.1 M 

Pb(NO3)2(aq) (δiso = −2965.7 ppm). The 79Br NMR (𝜐0(79Br) = 150.38 MHz) experiments 

employed a one-pulse sequence, utilising a selective  pulse of 3.6 μs (determined on 

KBr(s)) and a recycle delay of 0.25 s. The resulting data was referenced with respect to 0.01 M 

NaBr(aq) (δiso = 0 ppm). Spectra simulation was performed using the DMFit software package 

(Ref. 10.1002/mrc.984). 

The electrical poling was performed using the same Keithley 2612B by applying a fixed 

constant bias (1, 2 and 3 V) for a set duration of 1 min.  

All PeLED devices were tested at ambient conditions. The characteristic current density–

voltage–luminance (J-V-L) were recorded with a Keithley 2612B source meter and an 

OceanOptics QE Pro spectrometer connected to an integrating sphere and operated using 

Ciemo LabVIEW software.  

 

 



  

 

 

FIG. S1 (a) Photoluminescence intensity with increasing K+ concentration in KBr mixed 
CsPbBr3 films; K0, K10, K20, and K30. The PL intensity increases 1.6, 1.8, and 2.4 fold with 
respect to K0 in K10, K20, and K30, respectively. PL and PLQY stability for 90 hr of (b) K20, 
and (c) K0 perovskite films.  

 

FIG. S2 Histogram of crystallite size calculated from field emission scanning electron 
microscopy (FIG 2) of perovskite films with increasing KBr concentration; K0, K10, K20, 
and  K30. 

 

FIG. S3 HR-TEM images of K20 sample with increasing electron beam exposure time on the 
specimen for (a) 0 min (b) 1 min, and (c) 2 min. 



  

 

 

FIG. S4 Auger electron spectroscopy (AES) of (a) K0 (unmodified) and (b) K20 (KBr 
modified) films. The inset depicts the zoomed AES elemental mapping of Cs, Br, K, and 
overlapped area of these elements.  

 

FIG. S5 (a) EQE, and (b) CIE- co-ordinate of PeLEDs with increasing KBr concentration.  



  

 

 

FIG. S6 J-V-L plots before (0) and after electrical poling at 1 V, 2 V, and 3 V with increasing 
KBr concentration; (a) K0, (b) K10, (c) K20, and (d) K30. 



  

 

FIG. S7 J-V-L plots with multiple scan of PeLED devices from 0-5V with increasing KBr 
concentration; (a) K0, (b) K10, (c) K20, and (d) K30. 



  

 

 

FIG. S8 (a) Current plots of K0 (unmodified) and K20 (KBr modified) films at applied 
constant bias of 200V for 150 sec. The inset depicts the device preparations for Auger 
electron spectroscopy (AES). (b) AES full scan of K0 and K20 perovskite films before and 
after applied bias. Cs+ mapping of (c,d) K0 and (e,f) K20 perovskite films before (c,e) and 
after (d,f) applied bias. Extended figure of (e) depicts K+ elemental mapping with decreasing 
Auger current from 50 nA to 1nA. 
 
 

Table S1. The 133Cs NMR parameters of the K0, and K20 thin film samples determined via 

Gaussian/Lorentzian fitting and saturation recovery relaxation experiments. 

Sample Assignment δiso(133Cs) 

(ppm) 

FWHM 

(KHz) 

T1 relaxation  

(s) 

Relative intensity 

(%) 

K0 
CsPbBr3 117.6 ± 0.6 0.36 ± 0.04 175 ± 8 59 

Cs4PbBr6 235.5 ± 0.9 0.57 ± 0.07 190 ± 20 41 

K20 
CsPbBr3 117.6 ± 0.6 0.36 ± 0.04 160 ± 10 32 

Cs4PbBr6 239 ± 3 2.3 ± 0.3 200 ± 60 68 

 

 



  

 

Table S2: The 207Pb NMR parameters of the K0 and K20 thin film samples determined via J-

coupling spectral simulation. 

Sample Assignment δiso(207Pb) 

(ppm) 

FWHM 

(KHz) 

1J(207Pb – 79/81Br) 

(KHz) 

Relative intensity

(%) 

K0 
CsPbBr3 269 ± 3 2.6 ± 0.3 2.3 ± 0.3 83 

Cs4PbBr6 −349 ± 2 1.5 ± 0.2 2.0 ± 0.2 17 

K20 
CsPbBr3 270 ± 3 2.8 ± 0.3 2.3 ± 0.3 62 

Cs4PbBr6 −366 ± 4 >4 2.0 38 

 


