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ABSTRACT 

The spectral instability issue is a challenge in blue perovskite light-emitting diodes (PeLEDs). Dion-

Jacobson (DJ) phase perovskites are promising alternatives to achieve high-quality blue PeLEDs. 

However, the current exploration of DJ phase perovskites is focused on symmetric divalent cations and 

the corresponding efficiency of blue PeLEDs is still inferior to that of green and red ones. In this work, 

we report a new type of DJ phase CsPb(Br/Cl)3 perovskites via introducing an asymmetric molecular 

configuration as the organic spacer cation in perovskites. The primary and tertiary ammonium groups 

on the asymmetric cations bridge with the lead halide octahedra forming the DJ phase structures. Stable 

photoluminescence spectra were demonstrated in perovskite films owing to the suppressed halide 

segregation. Meanwhile, the radiative recombination efficiency of charges is improved significantly as 

a result of the confinement effects and passivation of charge traps. Finally, we achieved an external 

quantum efficiency of 2.65% in blue PeLEDs with stable spectra emission under applied bias voltages. 

To the best of our knowledge, this is the first report of asymmetric cations used in PeLEDs, which 

provides a facile solution to the halide segregation issue in PeLEDs. 
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INTRODUCTION 

Perovskite light-emitting diodes (PeLEDs) as promising light sources have progressed rapidly.1-16 

Currently, external quantum efficiencies (EQEs) over 20% have been demonstrated for green, red, and 

near-infrared PeLEDs.17-20 However, the efficiency for blue PeLEDs is still substantially inferior as 

compared with other PeLEDs because of the halide segregation in the perovskite emitter films.21, 22 

High-quality blue emitter layers are the prerequisite to pursue high-efficiency blue PeLEDs. Generally, 

tailoring three-dimensional (3D) bromide/chloride (Br/Cl) composition is a straightforward strategy for 

blue emitter perovskite layers. However, the electroluminescence (EL) instability poses a critical 

challenge in terms of Br/Cl phase segregation under applied bias voltage.23, 24 Wang et al. found that 

homogeneous distribution of Br/Cl halides in perovskite layers was favorable to overcome the phase 

segregation. With increasing the homogeneity by cationic surfactants, phase segregation was suppressed 

and therefore spectral stable blue PeLEDs were realized.25 Gao et al. carried out a vapor-assisted 

crystallization technique to control the distribution of Br/Cl halides, and the homogeneous distribution 

led to the stable emission spectra and an encouraging EQE of 11% at 477 nm.26 However, non-radiative 

recombination losses in 3D Br/Cl perovskites still markedly limit the performance of blue PeLEDs.  

The exploration of quasi-2D perovskites, i.e., Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) 

phases, provides a feasible strategy to eliminate the non-radiative recombination losses.27, 28 Because of 

the quantum/dielectric confinement effect from the low dimensional phase perovskites, the quantum 

efficiency was improved.29, 30 The incorporation of organic cations also passivated traps and reduced 

quenching losses effectively.31, 32 These effects synergistically increased the radiative recombination 

efficiency of the injected charges in perovskite emitter layers. For instance, through incorporating 

phenylethylammonium bromide into CsPb(Br/Cl)3 perovskites to prepare quasi-2D phases, non-
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radiative recombination losses were reduced effectively due to the confinement and passivation effects, 

yielding an EQE of 5.7% at the EL peak of 480 nm.31 The chemical properties of organic cations and 

their corresponding 2D phase distribution are crucial factors to device performances.33-35 DJ phase 

perovskites possessing closer and stronger bridges between lead halide octahedra than the RP phases 

are regarded as the potential schemes to achieve stable blue PeLEDs.36-38 Incorporating divalent cations 

is the direct way to form DJ phase structures. There are two classes of divalent cations, i.e., symmetric 

and asymmetric cations. The exploration of organic cations in the DJ phase perovskites up to now is 

only concentrated on the symmetric class. Compared with symmetric cations with the same ammonium 

groups, the asymmetric ones consisting of two different ammonium groups may possess intriguing 

properties in perovskites and its concept has not been explored in PeLEDs yet.  

Herein, an asymmetric divalent organic cation (N,N-Dimethyl-1,3-propanediamine, DPDA) was 

introduced to prepare a new type of DJ phase perovskite for blue PeLEDs. DPDA cations were inserted 

into crystalline domains of CsPb(Br/Cl)3 perovskite, forming 2D phase structures. The accompanying 

confinement effects enhanced the photoluminescence (PL) characteristics of perovskite emitter layers. 

Non-radiative recombination losses were eliminated effectively. Additionally, the phase segregation of 

Br/Cl was suppressed. The blue PeLEDs with DPDA-based perovskite emitters presented stable spectra 

emission under applied bias voltages. An EQE of 2.65% was obtained in blue PeLEDs at 481 nm. On 

the contrary, when the symmetric 1,3-diaminopropane (PDA) was used as organic cations, Br/Cl 

perovskites exhibited clear phase segregation, and the EL spectra shifted from blue to green.  

RESULTS AND DISCUSSION 

Dion-Jacobson phase perovskites. The nominal formula of DPDA-CsPb(Br/Cl)3 perovskite was 

prepared by depositing a precursor solution containing DPDABr2, CsBr, PbBr2, and PbCl2 in 
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stoichiometric proportions (see Experimental section for details). Figure 1 illustrates the chemical 

structure of the DPDA and PDA organic cations. The DPDA cation displays an asymmetric structure 

consisting of a primary and a tertiary ammonium group. As a comparison, PDA cation consists of two 

symmetric primary ammonium groups. The DPDA cations can be inserted into the perovskite crystals 

during the growth process. The ammonium group attaches with the lead halide octahedra by hydrogen 

bonding, and the adjacent octahedra slabs are bridged by the DPDA cations, forming DJ phase 

perovskites, as shown in the schematic illustration in Figure 1. As a consequence, the absorption curves 

(Figure 1b) of the perovskite films shifted toward short wavelengths upon increasing DPDA ratios, 

because of the confinement effect of the low dimensional phases. X-ray diffraction (XRD) 

measurements were carried out to study the crystal structure of DPDA-perovskites. According to the 

XRD patterns in Figure S1a, the peak width of the 3D diffraction peaks at 15.4° and 31.1° increased 

because the incorporation of organic cations. In comparison with the 3D perovskite, the appearance of 

the new diffraction peak at 8.8° is associating with the incorporation of DPDA cations (Figure 1c), 

which belongs to the 1-layered DJ phase perovskites.39 Meanwhile, as shown in Figure S1b, the 

diffraction peak at 31.1° shifted to a lower degree after incorporating the DPDA cations, which could 

be attributed to the lattice expansion of perovskites. In other words, the DPDA was successfully inserted 

into the crystal structure of the 3D perovskites. The grain size of DPDA-perovskites is reduced 

compared with that of the 3D ones, as shown in scanning electron microscopy (SEM) images (Figure 

S2).  

X-ray photoelectron spectroscopy (XPS) measurements were performed to study the interaction 

between the DPDA cations and perovskites. The XPS survey spectra of different perovskite films are 

shown in Figure S3a. As shown in Figure 1d, the core levels of Pb 4f 7/2 and Pb 4f5/2 shifted toward 
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higher binding energy, and the shifting tendency was enhanced upon increasing the ratio of DPDA. This 

can be attributed to the changes in the chemical environment of Pb2+ in the PbI6 octahedra, which hints 

towards the interaction between Pb2+ and DPDA. XPS curve fitting analyses in the N 1s and Pb 4f7/2 

core level regions for the DPDA- and PDA-perovskite films have been performed to examine the 

interaction between DPDA and CsPb(Br/Cl)3 perovskite. Both XPS spectra in the N 1s region can be 

fitted with a single Gaussian-Lorentzian shape line after the Shirley background fitting (Figure S3b). 

However, the DPDA-perovskite spectrum shows a slightly larger full-width at half-maximum (FWHM) 

when compared to the PDA-perovskite spectrum, which may infer the difference of the Pb2+ 

coordination between the primary amine and tertiary amine of DPDA. The fitted Pb 4f7/2 peaks in Figure 

S3c show similar FWHM values when comparing the pristine perovskite and the perovskites with PDA 

or DPDA molecules. Because (i) the binding energy separation of the N 1s signals from the primary 

amine and tertiary amine in DPDA is small and (ii) the different types of interactions between amine 

groups and the ions in the perovskite film (i.e., not only Pb2+) coexist, it is challenging to thoroughly 

determine the distinction of Pb2+ coordination between primary amine and tertiary amine using the XPS 

technique solely. Therefore, we would like to make a conservative view regarding this point, i.e., our 

XPS results hint that there likely exists a slight difference of the Pb2+ coordination between the primary 

amine and tertiary amine of DPDA but a thorough understanding of this distinction requires further in-

depth investigation. 



7 
 

 

Figure 1. (a) Schematic illustration of the DJ phase perovskites and the chemical structure of the DPDA 

and PDA organic cations; (b) Absorption spectra, (c) XRD patterns, and (d) XPS spectra of the Pb 4f 7/2 

and Pb 4f 5/2 core levels of the CsPb(Br/Cl)3 perovskite films with different DPDA ratios (0 M, 0.02 M, 

0.04 M, and 0.06 M). 

 

Photoluminescence characteristics. The confocal laser scanning fluorescence microscopy 

(CLSFM) technique was carried out to characterize the spatial uniformity of the perovskite phase by 

the PL distribution. As shown in Figure 2a, the control 3D perovskite film showed a non-uniform PL 

distribution with many dark regions. These dark regions were caused by the quenching of charges, i.e., 

a large number of charges lost through non-radiative recombination pathways in 3D perovskite films. 

When 0.02 M DPDA was incorporated into perovskites, the PL distribution (Figure 2b) became more 

uniform compared with the film without DPDA. When the ratio of DPDA was increased to 0.04 M 

(Figure 2c) and 0.06 M (Figure 2d), a reasonably uniform PL distribution was obtained, in which the 

dark regions were eliminated dramatically. Meanwhile, the fluctuation of the time-dependent PL 
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intensity was acquired by monitoring 10 individual points from the CLSFM mapping images. As shown 

in Figure 2e, a fast decay tendency of the PL intensity was detected for the 3D perovskite film. The 

decay tendency became slower as the DPDA ratio increased. With the incorporation of 0.04 M DPDA, 

the PL intensity of the perovskite film maintained nearly constant as a function of time, which indicated 

that the non-radiative recombination pathway was eliminated effectively, and consequently the 

utilization of charges became effective.  

Additionally, PL characterizations were applied to further check the recombination condition of 

perovskite films. According to the steady-state PL spectra in Figure 2f, the PL intensity was increased 

significantly upon incorporating DPDA, in which the champion intensity was acquired at the DPDA 

ratio of 0.04 M. The improved PL property is mainly ascribed to the following aspects: (i) low 

dimensional phase increased the radiative recombination efficiency of charges through confinement 

effects;29, 30 (ii)organic cations passivated the traps in perovskite, reducing the quenching losses.31, 32 

Figure S4 is the optical photograph of the perovskite films without or with DPDA under ultraviolet 

radiation, in which it demonstrated a stronger PL emission of DPDA-perovskite films than that of 3D 

ones. Meanwhile, both the average PL lifetime and photoluminescence quantum yield (PLQY) 

demonstrate the same tendency with the PL intensity. As shown in Figure 2g, the average PL lifetime 

(i.e., the period of time that it takes for the PL intensity to drop to 1/e of the initial intensity) of the 3D 

perovskite film was 1.3 ns. The average PL lifetimes reached 1.7 ns, 2.9 ns, and 2.1 ns, corresponding 

to the DPDA ratio of 0.02 M, 0.04 M, and 0.06 M, respectively. The average PL lifetime of the 

perovskite-DPDA (0.04 M) film was more than twice that of the 3D one. As shown in Figure S5, the 

PLQY of perovskite films increased from below 1% (0 M) to 10.7% after incorporating 0.02 M DPDA. 

When the ratio reached 0.04 M, a PLQY value of 43.17% was realized. However, the PLQY value 
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showed a decreased tendency once the incorporating ratio reached 0.06 M (PLQY of 24.6%). 

 

Figure 2. Confocal laser scanning fluorescence microscopy of the perovskite films with different DPDA 

ratios of (a) 0 M, (b) 0.02 M, (c) 0.04 M and (d) 0.06 M (all scale bars are 1 μm.); (e) fluctuation of 

time-dependent PL intensities of the perovskite films; (f) steady-state PL spectra of the perovskite films; 

(g) time-resolved PL spectra of the perovskite films.  

 

Phase segregation. Furthermore, the phase stability of perovskites with asymmetric DPDA and 

symmetric PDA was studied. Absorption spectra and steady-state PL spectra of perovskite films with 

DPDA (0.04 M) and PDA (0.04 M) were presented in Figure S6. PL spectra measurements were carried 

out to examine the influences of DPDA and PDA on the dynamics of halide segregation in perovskite 

films. In case Br/Cl halide segregation takes place, new peaks would be observed during the continuous 

monitoring of the PL spectra.40 Figure 3a displayed the steady-state PL spectra of DPDA-perovskite 

films within 30 min continuous irradiation. The PL peaks were stable without the appearance of 

additional peaks. On the contrary, new peaks appeared between 500-525 nm, when PDA based 

perovskite films were exposed under continuous irradiation (Figure 3b and Figure S7a). The PL peaks 
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between 500-525 nm came from Br-rich phase perovskite. In other words, phase segregation existed in 

PDA based perovskite films, forming Br-rich domains. Additionally, the property of phase stability in 

air condition was measured with a relative humidity of 15~20% and a temperature of 15~20 ℃. 

Similarly, DPDA-perovskite films demonstrated phase-stable property (Figure 3c), while PDA-

perovskite films cannot keep phase stability and extra PL peaks (Figure 3d and Figure S7b) appeared 

after storing in air condition. Therefore, DPDA is more favorable to maintain the Br/Cl mixed perovskite 

phases than PDA.  

 

Figure 3. Steady-state PL spectra of the perovskite films with the DPDA or PDA cations. (a) DPDA- 

and (b) PDA-perovskite films under irradiation for 30 min; (c) DPDA- and (d) PDA-perovskite films 

stored in air for 20 days. 

 

Several reports have proposed the microscopic origins for the halide-segregation phenomena.41-48 
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The dynamics of ion migration is complex, and may involve a number of factors, such as trap state 

density, halide stoichiometry, light intensity, and so on play the role. Nevertheless, more and more 

researchers have reached the understanding that the excited charge carriers generated by photon 

absorption process42,43 or applied bias (or charge injection)44,45 are the major driving force for halide 

segregation. The unbalanced remaining charges, for example, hole accumulation on the halide site was 

reported to induce the iodide to move from its original lattice away toward the grain boundary induced 

by the local electric fields.48 Therefore, efficient extraction of electrons and holes without accumulation 

from the perovskite is key for reducing ion migration. Recently, the A-cation site (size and dipole 

strength) has been reported to have a particular strong influence on the dynamics of halide 

segregation.41,46,47 Based on theoretical calculations, it has been proposed that the activation energies 

for the halide movement follow the same trend as the dipole strength of A-cations.41 The stronger dipole 

of A-cation can interact more effectively with the halide vacancy, leading to an effective 

screening/dispersion of the local charges (and local electric fields). This vacancy-dipole interaction 

results in a smaller distortion of the octahedra upon the halide vacancy formation, which increases the 

energy barrier for the halide migration.41 Based on the aforementioned analyses, it is likely not a single 

factor, but the convoluted effects proposed above lead to the overall stability improvement. One of the 

plausible reasons that DPDA-perovskite maintained better phase stability is the dipole moment of the 

DPDA cations. Ion migration of Br/Cl halides is expected to be facilitated by the vacancies in 

perovskites. The asymmetric primary ammonium and tertiary ammonium groups on DPDA cations 

generate a dipole moment that can interact with these vacancies.  

Ultraviolet photoemission spectroscopy (UPS) measurements were performed to study the dipole 

moment of the DPDA cations, as shown in Figure S8. The work function of the ITO film did not have 
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a distinct change after depositing the PDA film. As a comparison, there was an improvement of ~0.4 

eV when PDA was replaced by the DPDA cations in perovskite films. Therefore, the dipole moment 

was associated with the DPDA cations. This vacancy-dipole interaction increases the activation energy 

of ion migration in perovskite films, eliminating the ion migration path effectively (Figure S9a).41 As a 

consequence, the ion migration of Br/Cl is suppressed, and the stability of perovskite improves. To 

further verify this point, we measured the current-voltage characteristic curves of the perovskite films 

after poling at 1 V bias for 1 min.49 A constant bias voltage was applied to the two parallel Au electrodes 

as shown in Figure s9b, and the electric field creates a driving force for ions migration in perovskite 

films. When ion migration takes place in the perovskite films under the poling condition, the perovskite 

film will be changed into p/n types, and as a consequence, there is built-in potential (voltage) in the 

perovskite films (more severe ion migration results in a higher voltage). According to the current-

voltage characteristic curves in Figure S9c, when the current is 0, the corresponding voltage of the 

device based on the PDA-perovskite is larger than that of the device with the DPDA-perovskite. This 

result indicates that ion migration in the PDA-perovskite is more severe than that in the DPDA-

perovskite. 

Furthermore, we propose two other possible scenarios: (i) incorporation of asymmetric large 

cations results in stronger interactions between DPDA and the inorganic framework, which leads to 

perovskite grains with a more rigid structure;50-52 (ii) organic cation-assisted high quality growth of 

perovskite grains with uniformly ordered cations surrounding the DJ perovskite grains and suppressed 

local strains (induced by grain boundaries) leads to suppression of ion migration.52-54 The rigidity of the 

perovskite structure can be inferred from our XRD results (Figure S1b). When DPDA is incorporated, 

the perovskite peak at 31.1° shifted to a lower angle of ~30.8° (0.04 M) corresponding to a total shift 
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of ~0.3° signifying the expansion in the lattice parameter. However, when PDA is incorporated in 

perovskite the diffraction peak shift is much more significant: from ~30.7° to ~30.1°, corresponding to 

a total shift of ~0.6°.37 Because the shift of the diffraction peak to a lower angle signifies expansion in 

the lattice parameter of the perovskite crystal structure, the incorporation of asymmetric DPDA induces 

a lower lattice expansion, which leads to a higher structural rigidity in the perovskite framework in 

comparison to that employing the symmetric PDA molecules (justifying point (i)). Regarding point (ii), 

we conducted the detailed XPS curve fitting analyses of the high-resolution N 1s and Pb 4f7/2 core-level 

regions to compare the DPDA- and DPA-perovskite films. Interestingly, the peak FWHM broadening 

is observed for the DPDA-perovskite film when compared to the PDA-perovskite film. This finding is 

consonant with the two different end groups in the asymmetric cation and the peak position shift 

(indicating the strength of the different interactions between the cations and perovskite), which suggests 

the stronger affinity between DPDA and the inorganic framework of perovskite. 

 

Device performance. The PeLED structure was composed of indium tin oxide (ITO)/modified-

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS)/perovskites/2,2’,2’’-(1,3,5-

benzenetriyl) tris-(1-phenyl-1Hbenzimidazole) (TPBi)/8-hydroxyquinolinolato-lithium 

(Liq)/aluminum (Al). Figure 4a shows the current density-luminance-voltage curves of the devices. The 

highest luminance of the DPDA-perovskite device reached 1068 cd m-2. However, it is hard to compare 

the highest luminance of the PDA-perovskite device, because the electroluminescence (EL) spectra kept 

shifting during the characterization. The EQE-current density curves of the devices are displayed in 

Figure 4b. When DPDA-perovskite and PDA-perovskite were used as the emitter layers, the EQE 

reached 2.65% and 2.72%, respectively. Both are much higher than that of the 3D perovskite based 
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devices with an EQE below 0.1%. Figure 4c shows the EL spectra of a device with DPDA-perovskite 

emitter layer. The corresponding EL peaks were located at 481 nm, and without obvious shift, as the 

applied bias voltage was increased from 3 to 8 V. As a comparison, the EL spectra of the PDA-perovskite 

based device had a severe spectral shift from the blue to green regions (Figure 4d). This spectral shift 

was caused by the phase segregation under the bias voltage. Hence, the perovskite film can maintain its 

phase structure under bias voltage, when DPDA was used as organic cations. The working half-lifetime 

of devices with DPDA-perovskite as emitter layers is shown in Figure S10a. When the initial luminance 

was 100 cd/m2, the half-lifetime of the device was ~2 min. Meanwhile, according to the half-lifetime 

values, the EL spectra have no obvious shift during the operation period as shown in Figure S10b. In 

our study via introduction of asymmetric DPDA cations, we have alleviated the phase segregation issue 

and increased the radiative recombination efficiency. On the other hand, the efficiency and lifetime of 

our DPDA-perovskite-based PeLED devices still have room to further improve. For example, to further 

increase phase stability in Br/Cl mixed perovskite films, composition engineering will be a promising 

strategy to control halide migration and/or phase segregation to achieve highly efficient and stable 

PeLEDs.36, 55, 56 

CONCLUSION 

In conclusion, phase stable blue PeLEDs were realized by incorporating asymmetric divalent organic 

cations. The DPDA cations lead to the formation of DJ phase perovskites. Radiative recombination 

efficiency is improved as a result of the confinement and passivation effects. Meanwhile, compared 

with the symmetric PDA cations, DPDA is more effective to suppress the phase segregation of Br/Cl 

halides. Finally, an EQE of 2.65% is realized in blue PeLEDs with stable EL emission.  
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Figure 4. Optoelectronic characterization of devices. (a) Current density-luminance-voltage curves of 

the devices; (b) EQE-current density curves of the devices; (c) EL spectra of the devices with DPDA as 

the organic cations; (d) EL spectra of the device with PDA as the organic cations. 
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