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ABSTRACT 

Quasi-2D halide perovskites have gained much interest as a promising material for light-

emitting diodes (LEDs) due to their tunability in quantum confinement and halide alloy 

formation to modulate the energy bandgap and emission color. However, two-factor phase 

separations with respect to heterogeneous quantum-well thicknesses and halide segregation are 

still a crucial issue in quasi-2D perovskite LEDs, leading to low external quantum efficiencies 

(EQEs) and color shifts. Herein, we compare quasi-2D perovskite films using different cations 

to unveil the key contributions from the chemical design of organic cations. While mixing 

halide ions in conventional quasi-2D perovskite films induces micrometer scale heterogeneity, 

new extended and twisted conjugated cations suppress the two-factor phase separations, 

leading to high EQEs of over 25% and controllable emission wavelengths across red and near-

infrared regions. The fundamental insights in this work will provide guidance for advancing 

materials design and device performance in the future.  
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MAIN TEXT 

Metal halide perovskite materials with ABX3 crystal structure, where A indicates a small 

organic cation, B represents a metal cation and X is a halide anion, have been widely used in 

many applications due to their superior optoelectronic properties and remarkable tenability.1-5 

The energy bandgap of perovskite materials can be tuned and controlled by combining halide 

ions with various ratios, such as mixing I- + Br- or Br- + Cl-, allowing a wide coverage of photon 

absorption and emission throughout the visible light spectrum.5-8 Mixed-halide perovskites 

have been intensively investigated in the fields of color-tunable light-emitting diodes (LEDs) 

and tandem solar cells.5-7,9  However, mixed-halide perovskite thin films generally suffer from 

spatial heterogeneity of halide distributions, forming different kinds of halide-rich regions.10-15 

Halide segregation from ion migration contributes to nonuniform optoelectronic properties and 

low stability of the mixed-halide perovskite films. Therefore, inhibiting ion migration in 

mixed-halide perovskite films is critical to developing efficient and stable perovskite-based 

optoelectronic devices.16,17 

To suppress ion migration in perovskite films, their lattice dimensionality can be tailored from 

3D to layered 2D and further to 0D nanocrystals.18-22 Among them, quasi-2D perovskite 

materials are emerging as a promising candidate owing to their unique quantum well structure 

and enhanced stabilities.23-25 Quasi-2D perovskite materials adopt a general chemical formula 

of L2An-1BnX3n+1, where L is a large organic cation, n is the number of inorganic BX64- 

octahedra layers sandwiched between two large organic layers. The quantum well properties 

can be effectively modulated by controlling both the n number and composition of quasi-2D 

perovskites.26 More importantly, incorporating large organic cations has been demonstrated to 

suppress ion diffusion in quasi-2D perovskite films.27 

Recently, LEDs emitting at different wavelength regions have been achieved utilizing mixed-

halide quasi-2D perovskite systems. However, managing two-factor phase separations which 

are a jumbled combination of halide species and n-phases in mixed-halide quasi-2D perovskite 

films remains a grand challenge because the nature of ionic bonds within the material enables 

ions to easily migrate in the crystal lattice and the formation of multiple-n phases in the film is 

thermodynamically favored.28-30 Many research groups have been trying to overcome these 

two-factor phase separations issues by designing novel large organic ligands or manipulating 

the crystallization kinetics.4,31-39 Nevertheless, the field still lacks a clear understanding on how 



the organic ligands affect both distributions of n-phases and halide compositions, thus 

restricting further improvement in device performance. 

In this work, we present a systematic approach to draw a clear physical picture of two distinct 

kinds of phase separations in mixed-halide quasi-2D perovskite films, thus yielding highly 

efficient wavelength-tunable LEDs with uniform phase distribution. Compared with 

conventional organic ligands, the newly synthesized organic ligands show well-suppressed 

two-factor phase separations. Molecular types and bulkiness of the organic ligands affect halide 

segregation and n-phase separation, which were imaged by nanoprobe X-ray fluorescence (n-

XRF) and laser scanning confocal microscopy. We also uncover adverse effects of adding too 

much Br- ions into the system which worsens n-phase separation, leading to declining device 

performances in mixed-halide quasi-2D perovskite LEDs. Therefore, systems with well-

suppressed n-phase separation must be achieved before varying the Br- composition to control 

the emission wavelengths of LED devices. These findings provide a deep understanding on 

how the organic ligands affect phase distributions, and could open up a new avenue for further 

improvement of mixed-halide quasi-2D perovskite based optoelectronic devices. 

Mixing I- and Br- can induce inhomogeneity in 3D perovskite films resulting in local I-rich 

and Br-rich regions.11 In addition, quasi-2D perovskite films may have nonuniform multi-n 

distributions.28,32-37 Therefore, dual pathways of phase separations may occur in mixed-halide 

quasi-2D perovskites, and 4 plausible scenarios of film formation are illustrated in Scheme 1. 

“A type” shows uniform halide distribution with narrow n distribution, “B type” exhibits halide 

segregation with narrow n distribution, “C type” has uniform halide distribution but with n 

phase separation and “D type” depicts both halide and n phase separations. The primary goal 

is to achieve a mixed-halide quasi-2D perovskite film with uniformity closest to “A type” while 

understanding the role of organic ligands and thin film processing conditions to limit the two-

factor phase separations in the films.  

Two widely used organic ligands, thiophenylethylammonium iodide (TEA) and 

phenylethylammonium iodide (PEA), with their molecular structure shown in Figure 1a, were 

included in this work as references. To further examine how heteroatom (sulfur), conjugation 

length and molecular twist (planarity) affect the halide segregation and n-phase separation, we 

introduced 2-(5-(2,2ʹ-dimethyl-[1,1ʹ-biphenyl]-4-yl)thiophen-2-yl)ethyl-1-ammonium iodide 

(PPT),40 and a newly synthesized 2-(2'',3'-dimethyl-[1,1':4',1''-terphenyl]-4-yl)ethyl-1-

ammounium iodide (PPP) with their chemical structures shown in Figure 1a. Different halide 



compositions, nominal <n> numbers in precursor solution and processing conditions (e.g., 

annealing temperatures and interface materials) were systematically studied in this work. 

We first examined the device performance incorporating different ligands and found that the 

new molecular design improved the device performance significantly. The complete LED 

device architecture is indium tin oxide (ITO) / Poly(N,N'-bis-4-butylphenyl-N,N'-

bisphenyl)benzidine (Poly-TPD) / polyvinylpyrrolidone (PVP) / quasi-2D perovskite / 1,3,5-

tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) / LiF / Al (Figure 1b). For LED devices, 

the n number in quasi-2D perovskites highly affects device performances and emission 

wavelengths due to its quantum well structure.28,32-37 In the aspect of external quantum 

efficiencies (EQE), nominal <n> = 4 is the optimum stoichiometric ratio for PPT and PPP based 

devices (Figure S1). In this system, the mixed-halide ratios of Br and I were controlled from 

pure Br to pure I. Photoluminescence (PL) spectra of thin films with Br-rich ratios show very 

low PL intensity compared to those with pure Br or I-rich ratios due to higher energy disorder 

in Br-rich films (Figure S2).41 To achieve high EQEs of mixed-halide quasi-2D perovskite 

LEDs, the mixed-halide ratios were set as I-rich (I:Br) ratios of 10:0, 9:1, 6:1 and 3:1. Hereafter, 

the I:Br ratios are referred to as L100, L91, L61 and L31 (L: PPT, TEA, PPP and PEA), 

respectively, for convenience. To further increase EQE in mixed-halide quasi-2D perovskite 

LED, thermal annealing conditions, compositions, the thickness of hole and electron injection 

layers as well as passivation agents were fully optimized (Figures S3-7). Mixed-halide quasi-

2D perovskite LEDs using PPT ligand all deliver EQEs of over 20% except for the 3:1 ratio 

(Figure 1c). Especially, PPT100 and PPT91 LED devices show high peak EQEs of 25.5% and 

26.2%, respectively. Likewise, PPP LED devices also demonstrate high EQEs of nearly 20% 

except for the 3:1 ratio (Figure 1e). Thus, high ratio of Br- ions (3:1) can decrease EQEs of 

mixed-halide quasi-2D perovskite LEDs using PPT and PPP ligands. On the other hand, no 

matter how much Br- added, all TEA and PEA LED devices show lower EQEs of ~ 1% and 2% 

under similar processing conditions, respectively (Figure 1d and f). Current density-voltage-

radiance curves and EQE statistics of all LED devices are shown in Figures S8 and S9.  

Besides EQE results, the device emission profiles also exhibit distinct response to I/Br ratios. 

For example, electroluminescence (EL) spectra of PPT and PPP LED devices are gradually 

blue shifted as the amount of Br- ions increases: 724, 716, 702 and 682 nm (PPT), and 730, 

720, 706 and 679 nm (PPP) for 10:0, 9:1, 6:1 and 3:1 I:Br ratios, respectively (Figure 1g and 

i). In contrast, EL emission wavelengths of TEA and PEA based devices exhibit very small 



shifts (Figure 1h and j) due to possible phase separation (formation of high n phase) and halide 

segregation (formation of I-rich domain). Correlation between the EL emission wavelength, 

EQE and the amount of Br- ions shows that halide ratios must be carefully controlled in quasi-

2D perovskite LEDs to achieve optimal performance. It is noteworthy that the device 

performace of PPT LEDs with I-rich compositions is competitive with other efficient quasi-2D 

perovskite LEDs (Figure S10). In addition, the operational stability of PPT and PPP LED 

devices is overall much higher than that of TEA and PEA LED devices (Figure S11). These 

devices serve as an excellent platform for further characterizing and elucidating the two-factor 

phase separation in mixed-halide quasi-2D perovskite systems. 

To analyze the difference in the characteristics of quasi-2D perovskite LEDs, frequency-

domain fluorescence lifetime imaging microscopy (FLIM) measurement was utilized to 

examine the optical homogeneity of the perovskite films. While PL intensity can be affected 

by the thickness of films, PL lifetime is considered as an intrinsic property of the materials, 

which gives precise images of phase distribution through lifetime mapping. FLIM 

measurement was carried out by fitting the lifetime of PL intensity to the selected area in a map 

with confocal PL microscope (Figure S12), thus lifetime maps can be compared with the PL 

images of the same areas. Mixed-halide quasi-2D perovskite films using PPT and PPP ligands 

show uniform PL intensity compared to TEA and PEA ligands (Figures 2 and S12). Although 

some dots with high and low PL intensities exist within small regions of PPT and PPP samples, 

they exhibit nearly identical lifetimes (Figures 2a and c, and S13). This suggests that this 

feature originates from topographic differences of polycrystalline films evident from atomic 

force microscopy (AFM) images rather than intrinsic differences in the material composition 

(Figure S14). On the other hand, homogeneity of PL intensity in TEA films is very poor 

regardless of the mixed-halide ratios, showing small particles of high PL intensity with 

background of low PL intensity (Figures 2b and f, and S13). Also, there are regions that have 

low PL intensities, but long lifetimes in TEA films. Since the 3D perovskites normally have 

longer PL lifetimes than 2D perovskites, the regions may originate from the 3D phase or a 

higher n phase compared to other regions. Likewise, there are some areas with longer PL 

lifetime in PEA samples shown as white colored regions in FLIM images for both 10:0 and 6:1 

I:Br ratios (Figure 2d and h). On the contrary, red circled areas in Figure 2d show regions with 

high PL intensity and shorter PL lifetime from lower n phase compared to the rest. As the 

amount of Br- ions increases, uniformity of PL intensity in PEA films decreases due to the 

formation of small particles (Figure S12). Small particles in TEA and PEA31 films are also 



found in AFM images (Figure S14). However, whether the heterogeneity of PL intensity and 

morphology in TEA and PEA films comes from halide segregation or multi-n phase separation 

remains inconclusive only based on FLIM measurements. Since the lifetime depends on carrier 

density, power-dependent time-resolved PL between quasi-2D perovskite films was also 

compared in Figure S15.  

Therefore, further characterizations were carried out to clarify origin of the inhomogeneity 

and the role of organic ligand design in regulating the two-factor phase separations. The 

evolution of halide heterogeneity in perovskite films was assessed using in-situ synchrotron-

based n-XRF. The n-XRF measurement, using a 300 nm (full width at half maximum) focused 

X-ray beam at 14 keV, is sensitive in detecting trace concentrations of high-Z elements such as 

I, Br and Pb, but not the C, H and N in the perovskite films.42 Owing to the long penetration 

length of high-energy X-ray photons, n-XRF can probe the elemental distribution in a buried 

layer in operational semiconducting devices, without exposing perovskite films directly to the 

incident X-ray beam as shown in Figure 3a.43 The halide distributions in various perovskite 

LED devices under bias are shown in Figures 3b-e. To reduce beam-induced degradation during 

the in-situ measurement, an initial scan with a large pixel size was performed before applying 

bias which was followed by a fine scan with bias over the same region of the sample except 

for PPP61 film. As a result, degradation from the beam is negligible during repeating the 

measurement (Figure S16). Quasi-2D perovskite LED devices with I:Br = 6:1 ratio were 

selected for in-situ n-XRF characterization to satisfy the minimum amount of Br concentration 

required to exceed n-XRF detection limits without compromising performance as PPT61 and 

PPP61 LED devices possess high EQEs over 20%. While I distribution appears to be relatively 

uniform, Br distribution is heterogeneous in some of quasi-2D perovskite films (Figure S17). 

With 6:1 I:Br ratio, TEA shows a degree of bromine segregation before and after applying bias 

(Figure 3c), while the other organic ligands of PPT, PPP and PEA have homogenous Br 

distribution (Figure 3b, d and e). At a high voltage (8 V), EL spectra of TEA61 LED device is 

red-shifted (Figure S18), which may be from halide segregation by the bias, not n phase 

separation. TEA film starts halide-segregated even without the bias, as shown in the fine scan 

(Figure 3f). Both excess Br region (red circle) and Br-lacking region (blue circle) exist in the 

TEA film. The in-situ n-XRF data suggest that having the phenyl functional group within 

organic ligands can further aid in suppressing halide segregation, which is evident from 

homogenized halide distribution in PPT, PPP and PEA LED devices in contrast to halide-

segregated TEA LED device.  



To distinguish multi-n phase separation from halide segregation in these films, confocal PL 

images from different wavelength ranges were acquired to analyze the spatial distribution of 

different n-phases. Due to the difference in quantum confinement effects among different n-

phases, small n numbers can be detected at shorter wavelength of PL spectra, while high n 

numbers and 3D phase can be seen at longer wavelength regions. PPT100 and PPP100 films 

do not show obvious 3D phase emissions and are dominated by high-n phase emission ranging 

from 597 nm to 695 nm (Figure 4a and c). On the other hand, the confocal images suggest that 

TEA100 and PEA100 films have significant amount of 3D phase mixed with small n phases 

formed as local particles, showing emissions from 553 nm to 597 nm (Figure 4b and d). Even 

in pure I systems, TEA and PEA ligands cannot effectively suppress the formation of multi-n 

phases compared to PPT and PPP ligands. As the amount of Br- ions increases, the PL 

wavelengths of PPT and PPP films are shifted to shorter wavelength without 3D phase because 

n phase separation is well-suppressed (Figures S19-21). However, the ratio of 3D phase 

increases in TEA and PEA films proportional to the ratio of Br- ions, even to an extent where 

3D phase dominates over the ratio of small n numbers of quasi-2D perovskite in the films. 

Therefore, the n phase separation to 3D phase is accelerated by Br- ions in TEA and PEA films, 

while PPT and PPP films maintain spatially homogeneous n distribution. To systematically 

gain insight on how molecular structure of ligands can affect n phase separation, PL and 

absorption spectra of quasi-2D perovskite films using two ligands of two-phenyl and two 

thiophene groups are also compared (Figure S22). Unfortunately, only extending the 

conjugation length cannot well-suppress ion migration in quasi-2D perovskite films since a 

more planar ligand with the same chemical formula as PPT also shows multi-n phases in the 

thin film due to difference in their effective bulkiness.40 In conclusion, PPT and PPP ligands 

having extended and twisted molecular structures can efficiently suppress n phase separation 

compared to TEA and PEA ligands with short and simple moieties.  

Overall PL spectra in PPT and PPP films show continuous shifts to shorter wavelength as the 

amount of Br- ions increases (Figure S23a and b). In contrast, both small n numbers and 3D 

phase exist in TEA films with PL emissions from 520 nm to 600 nm for small n phases and 

from 700 nm to 850 nm for the 3D phase (Figure 5a). Both of the phases have shifted to shorter 

wavelength of PL spectra as adding more Br- ions, which means Br- ions are incorporated into 

both 2D and 3D phases. However, which dimension quantatively has more Br- ions is difficult 

to be predicted by PL spectra.44 Similarly, 3D phase exists in PEA films, although there is a 

negligible amount of small n phase observed in PEA100 film (Figure 5b). Likewise, as 



indicated in X-ray diffraction (XRD) patterns, crystallinity of n = 2 phase in TEA films 

decreases in high Br ratio, while PEA films show 3D phase in PEA91 and PEA61 films (Figure 

5c and d). Note that the crystallinity of quasi-2D perovskite films is low and some phases are 

missing in the XRD patterns. However, PEA films clearly show more 3D phase than TEA films. 

Thereby, PEA ligand is less effective in decreasing the 3D phase separation compared to TEA 

ligand in quasi-2D perovskite films. Because there is no strong peak in XRD pattern in PPT 

and PPP films (Figure S23c and d), grazing-incidence small-angle X-ray scattering (GISAXS) 

was performed to provide more structural information in PPT and PPP films (Figure S24). 

There is no major difference between the PPT and PPP films structurewise. Finally, even if 

PPT and PPP ligands can suppress the two-factor phase separations in most of the quasi-2D 

perovskite films with low Br- concentration, there is still small n phase separation when more 

Br- is added (e.g., the PPP31 film) as shown in the confocal PL mapping (Figure 5e). Empty 

spaces in short wavelength and brighter spaces in long wavelength at the same regions (red 

circles) means higher n number compared to other regions. In addition, there are smaller n 

phases (blue circles) in the film. The n phase separation can induce heterogeneity at 3:1 (I:Br) 

ratio, which may decrease EQE and operational stability of mixed-halide quasi-2D perovskite 

LED devices. These results indicate that the addition of Br- ions in mixed-halide quasi-2D 

perovskite can induce further n phase separation, leading to red-shift in emission and decrease 

in EQE. In other words, this means that the two distinct processes are both highly intertwined 

by Br- ions rather than clearly separated. Therefore, judicious materials and processing designs 

are needed to better control the two-factor phase separations. Note that energy transfer between 

uniform n distribution or 2D to 3D phases are compared by temperature-dependent PL spectra 

and transient absorption (TA) spectroscopy in Figure S25 and S26, respectively, and 

photoluminescence quantum yields of PPT and PPP films have higher than that of TEA and 

PEA films (Figure S27).   

In summary, we have thoroughly investigated mixed-halide quasi-2D perovskite LEDs with 

4 different ligands to understand and detangle the two-factor phase separations. Compared with 

the possible scenarios listed in the Scheme 1, most PPT and PPP films show “A type” of 

uniform halide distribution and narrow n distribution, while PPP31 film becomes more toward 

“C type”. TEA films show “D type” of the two-factor phase separations having both halide 

segregation and n phase separation. PEA films have high ratio of “C type” of n phase separation 

to 3D phase. Therefore, PPT and PPP ligands can better suppress the two-factor phase 

separations compared to TEA and PEA ligands in mixed-halide quasi-2D perovskite. Despite 



the adverse effects observed from Br- rich films, control over emission wavelength is acheived 

with adequate amounts of Br- ions present with PPT and PPP ligands to suppress the two-factor 

phase separations. Accordingly, we were able to demonstrate highly efficient and color-tunable 

LED devices using PPT and PPP ligands. Depending on different ligands, possible mechanisms 

of phase separation in quasi-2D perovskites are suggested in Scheme S1. These results provide 

new insights in controlling the two-factor phase behaviors in mixed-halide quasi-2D 

perovskites and suggest new design criteria for future materials design and device optimization.    

 

EXPERIMENTAL SECTION 

Experimental details including materials, deposition of perovskite films, LED device 

fabrication, characterization and detailed measurement information are noted in the Supporting 

Information.  
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Scheme 1. Scheme of 4 possible phase distribution scenarios in mixed-halide quasi-2D 
perovskites. Yellow octahedral, [PbI6]4-; green octahedral, [PbIxBr6-x]4-; brown line, organic 
ligand; and blue spheres, small organic cation. 

  



Figure 1. Ligand design and device characteristics. (a) Scheme of the quasi-2D perovskite 
layer (nominal <n> = 4) and 4 organic ligands of PPT, TEA, PPP and PEA. (b) Schematic 
diagram of LED device architecture. EQE characteristic of LED devices based on (c) PPT, (d) 
TEA, (e) PPP and (f) PEA ligands. Normalized EL spectra of (g) PPT, (h) TEA, (i) PPP and (j) 
PEA-based LED devices.   

  



 

Figure 2. Homogeneity of the quasi-2D perovskite films in mixed-halide system. PL intensity 
(top) and PL lifetime (bottom) images of (a) PPT100, (b) TEA100, (c) PPP100 and (d) PEA100. 
PL intensity (top) and PL lifetime (bottom) images of (e) PPT61, (f) TEA61, (g) PPP61 and (h) 
PEA61 films. Scale bars: 20 μm. 

  



 

Figure 3. Resolving halide distribution under bias. (a) Scheme of in-situ XRF measurement. 
XRF mapping of (b) PPT61, (c) TEA61, (d) PPP61 and (e) PEA61 LED devices before and 
after applying voltage at 3 V and 8 V. (f) XRF mapping of TEA61 LED device at 0 V with high 
resolution. Scale bars: 5 μm. 

  



 

 

Figure 4. Visualizing n phase distribution in pure I system. Confocal PL images of (a) PPT100, 
(b) TEA100, (c) PPP100 and (d) PEA100 films. * Images in yellow frame were taken from 
different confocal PL measurement system in order to detect longer wavelength (760-793 nm). 
Scale bars: 20 μm. 

  



   

Figure 5. n phase distribution in mixed-halide systems. PL spectra of (a) TEA, (b) PEA films 
in mixed-halide system. XRD patterns of (c) TEA and (d) PEA films in mixed-halide system. 
(e) Confocal PL images of PPP31 film. Scale bars: 20 μm.  
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