
Methods 

Materials for LHP NPLs synthesis. Oleic acid (OLAc, 90% technical grade, Aldrich), n-

decylamine (99%, Acros Organics), methyl ammonium bromide (MABr, 99%, Sigma-Aldrich), 

formamidinium bromide (FABr, 98%, Sigma-Aldrich), lead (II) bromide (PbBr2, 98%, Acros 

Organics), toluene (99.8%, Fisher Chemical), tert-butyl alcohol (t-BuOH, for analysis, Fisher 

Chemical), N,N-dimethylformamide (DMF, >99.8%, Aldrich), Ethanol (EtOH, absolute for 

analysis, Merck). All chemicals listed above were used without any further treatment. 

Materials for perovskite LEDs. Patterned indium tin oxide (ITO) coated glass substrates with 

a sheet resistance of 15 Ω □̸ and a size of 3  3 cm2 were acquired from Lumtech Corp. The 

hole injection material poly(3,4- ethylene-dioxythiophene)-poly(styrene sulfonate) (PEDOT: 

PSS) was procured from Heraeus (Clevios AI 4083). The electron transporting materials, 

2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi; 99%), tris(2,4,6-trimethyl-

3-(pyridin-3-yl)phenyl)borane (3TPYMB; 99%) and 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-

1,3,5-triazine (PO-T2T; 99%), polymeric hole transporting material, poly(N,N’-bis(4-

butylphenyl)-N,N’-bisphenylbenzidine) (Poly-TPD), N,N'-(4,4'-(cyclohexane-1,1-diyl)bis(4,1-

phenylene))bis(N-(4-(6-(2-ethyloxetan-2-yloxy)hexyl)-phenyl)-3,4,5-trifluoro aniline) (X-F6-

TAPC), and N4,N4'-Bis(4-(6-((3-ethyloxetan-3-yl)methoxy)hexyl)phenyl)-N4,N4'-

diphenylbiphenyl-4,4'-diamine (X-OTPD; >99%), and electron injection material, Liq (99.5%), 

were also procured from Lumtech Corp. The electron transporting material, 4,6-bis(3,5-

di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM; 99.5%), was purchased from 

Flask.co.jp. The electron injection material lithium fluoride (LiF; 99.98%) is purchased from 

Acros Organics and Lumtech. Aluminum (Al) pellets (99.999%) were purchased from Kurt J. 

Lesker Co. Ltd. All materials were used without any further purification. 

Synthesis of colloidal LHP NPLs. The colloidal dispersion of anisotropically confined LHP 

nanocrystals of FA0.5MA0.5PbBr3 were synthesized using modified synthetic protocol from our 

earlier report.1 The reaction was carried out under ambient conditions with a relative humidity 

of 50 ± 20% and a room temperature of 25 ºC. Firstly, a 12.5 ml non-polar toluene was taken 

into a round bottle (RB) flask and start vigorous stirring. The 0.625 ml OLAc and 0.03 ml of n-

decylamine (DA) were consequently added in the RB flask. Before mixing in the RB flask, the 

FABr and MABr (0.6 M) precursors were distinctly dissolved in ethanol, while PbBr2 (0.6 M) 

was dissolved in polar N,N-dimethylformamide (DMF) solvent. Moreover, the FABr and MABr 

precursor solutions were premixed in the ratio of 1:1 before mixing in the RB flask. 

Subsequently, the precursor solutions of PbBr2 (0.625 ml) and a mixture of FABr and MABr 

(0.625 ml) were then added dropwise in the RB flask consisting of a non-polar toluene solution 

of long-chain organic surfactants, DA as a long-chain ligand, and OLAc as a stabilizer. An 

instantaneous colloidal crystallization is triggered due to poor solubility of perovskite 



precursors in the non-polar toluene.  Upon centrifugation at 8000 rpm for 10 min, the reaction 

mixture is separated in supernatant and precipitate. The resultant supernatant is discarded 

and the precipitate containing perovskite nanocrystals is redispersed in 2.5 ml of fresh toluene. 

Finally, the solution was centrifuged again, and filtered through a 0.2 m pore size Teflon filter 

to obtain the colloidal dispersion of LHP NCs. 

Synchrotron grazing-incidence wide-angle and small-angle x-ray scattering (GIWAXS) 

and (GISAXS). Synchrotron GIWAXS and GISAXS was conducted at the Taiwan Photon 

Source beamline BL13A at the National Synchrotron Radiation Research Center of Taiwan. 

The incidence angle and beam energy of the X-ray were 0.12 and 12.16 keV, corresponding 

to a wavelength of 1.02143 Å. The MAR165 CCD with a 2D area detector was used to collect 

all of the GISAXS images in reflection mode. 

Absorption spectrum measurement. Absorption spectra were measured using a JASCO 

V670 UV-VIS-NIR Spectrophotometer. 

Photoluminescence (PL) spectra. The PL spectrum was recorded with Hamamatsu CCD 

spectrometer (wavelength resolution < 2 nm). 

Absolute PL quantum efficiency (ηPL). The absolute ηPL was determined using the 

Quantaurus QY (C11347-11) from Hamamatsu equipped with 150 W xenon light source and 

a 3.3 inches integrating sphere, which is coated with highly reflective Spectralon. The ηPL of 

samples were characterized through varying the excitation wavelengths (λext) between 350 – 

500 nm. 

Time resolved photoluminescence (TRPL) spectra. TRPL spectra were characterized using 

a Hamamatsu Quantaurus-Tau (Q-τau) Fluorescence Lifetime Spectrometer (C11367-31) 

equipped with a photon counting measurement system. The samples were exited at 470 nm 

pulsed emission with a repetition rate of 200 kHz and 10000 counts. The excitation wavelength 

of 470 nm was selected to avoid excitation of underneath HTL, X-F6-TAPC and Poly-TPD. The 

PL decay curves of LHP NPLs on different surfaces were fitted using a biexponential decay 

model. 

Scanning transmission electron microscopy (STEM). STEM images of anisotropically 

confined LHP QDs were acquired in cryogenic conditions using Hitachi HD 2700 CS equipped 

with cryo-holder (liquid nitrogen) with high beam acceleration voltage. 

Cross-sectional transmission electron microscopy (TEM). Cross-sectional TEM lamellae 

of devices were fabricated using a Thermo Scientific Helios 5 UX FIB/SEM at ScopeM, the 

Scientific Center for Optical and Electron Microscopy at ETH Zürich. All lamellae were 

prepared in cross-section to device stack. Two amorphous carbon protection cappings were 



deposited to avoid the electron-beam damage during lamellae fabrication and cross-section 

TEM imaging. The first capping layer was deposited using the FIB at an acceleration voltage 

of 2 kV and a current of 6.4 nA with a nominal thickness of 500 nm. Thereafter, the automated 

TEM lamella preparation (AutoTEM 5) was started to deposit the second carbon capping by 

the FIB at 30 kV and 0.26 nA. Subsequently, the coarse trenches were milled at 20 nA and 

polished at 9.4 nA. After the automated transfer to the TEM grid each lamella was thinned 

using a sequence of decreasing currents at 30 kV, followed by one polishing step at 5 kV. 

Finally, the cross-section TEM images was acquired using a FEI Talos F200X operating at 200 

kV using STEM modes. 

Atomic force microscopy (AFM). AFM images of LHP NCs thin film was captured using the 

peak force mode. 

Spectroscopic ellipsometry (SE). Colloidal solution of perovskite NPLs and hole transporting 

materials, X-F6-TAPC and Poly-TPD, were spin-coated on oxygen plasma clean Si wafer 

having a 302 nm SiO2 layer. The amplitude (psi; ψ) and phase shift (delta; Δ) plot of acquired 

through a micro-spot Ellipsometer from SENTECH SE850 at an incidence angle of 70° with an 

incident light wavelength ranging between 350 nm and 850 nm. The optical constants of all 

thin films were calculated by fitting the raw data psi (ψ) and delta (Δ) plot with the SENTECH 

SpectraRay2 (SR2) or Fluxim Selfos 4.6 software programme. Firstly, the non-absorbing 

region, 600-850 nm, of optical index data was fitted with the Sellmeier dispersion equation. 

                                                 𝑛 (𝜆) =                                                   (1) 

Generally, the all six Sellmeier parameters (A1, A2, A3 and B1, B2, and B3) as well as film 

thickness (t) were determined using spin-coated film using SpectraRay2 analysis software. 

Furthermore, the analysis was completed when Tauc–Lorentz (TL) model was applied in order 

to account for optical absorption. A reasonable fit was obtained with two TL oscillators in the 

range of 500–700 nm. Moreover, it is important to note that SR2 uses different definition of Δ 

than Setfos 4.6, in which one had to subtract 180° from the values obtained experimentally 

(SR2) in order to process them in Setfos 4.6. 

Orientation of PL transition dipole moment and Momentum-resolved (k-space) 

photoluminescence. The angle dependent photoluminescence (PL) of anisotropically 

confined NCs film was characterized using a commercial Phelos instrument (Fluxim Inc.) 

equipped with a CCD spectrometer and a polarizer with a hemisphere glass lens. This feature 

allows the extraction of photons with a normalized wave vector k/k0 > 1, usually lost in substrate 

modes. First, the colloidal solutions of perovskite samples were spin-casted on the glass 

substrates. Then, the substrate was placed on the top of the hemispherical glass lens using a 



refractive index matching liquid. The latter ensures a lack of air in the substrate-lens interface. 

Thereafter, an LED head emitting light at 365 nm was mounted on top and a 3 x 5 mm2 spot 

of the sample was excited. A typical measurement procedure consisted of simultaneous 

sweeping both polarization (θ) and viewing angles (φ). The PL emission is measured at 

different angles by varying the viewing angle from 0° to 85°, in the steps of 5°, whereas the 

polarizer angle was varied between 0° to 90° with the step size of 10°, where θ = 0° 

corresponds to p- and θ = 90° to s-polarization. 

All measured emission patterns were converted to k-space. For each polarization 

angle, the relation I(φ) vs. φ, which is obtained experimentally, can be transformed into I(k/k0) 

vs. k/k0 using the following relations2: 

 𝑘

𝑘
= 𝑛 ∗ 𝑠𝑖𝑛𝜑 ∗ 𝑐𝑜𝑠𝜃 (2) 

 = 𝑛 ∗ 𝑠𝑖𝑛𝜑 ∗ 𝑠𝑖𝑛𝜃  (3) 

 
𝐼(𝑘/𝑘 ) =

𝐼(𝜑, 𝜃)

𝑐𝑜𝑠𝜑
∗ 𝐶 (4) 

where k/k0 and nsub represent the normalized wave vector and substrate refractive index (n), 

respectively. C equals to √𝜀 ∗ 𝜔 ∗ 𝑐, with ε being the permeability of the glass substrate at the 

emission frequency ω. We observed a narrow PL emission in the nanocrystal samples, which 

remained unchanged with varying the viewing angle as well as polarization angle. Therefore, 

we assumed the emission width to be a constant. Furthermore, in most of the cases shown in 

this work, all intensities were normalized and therefore a quantitative determination of C was 

not necessary. As a result, all transformed data could be plotted as 2D contour plots, thus 

generating k-space radiation patterns. These were then compared to theoretically predicted 

ones. 

The experimental data was evaluated with the computation software Setfos 4.6 provided by 

Fluxim Inc. A precise film thickness (t) as well as a relation between emitter n value and incident 

light wavelength (λ) were obtained by means of SE and used as input parameters for the optical 

model. We assumed the dispersion of n value with respect to λ is considered. Setfos allows to 

compute the coherent light propagation in individual optical layers/cavities as well as across 

multilayer stacks by considering the respective polarization-dependent Fresnel reflection and 

transmission coefficients at each of the interfaces.3,4 Light generation inside an active layer is 

described as power radiated by spatially distributed electrical dipoles (dipole moment 𝑝)5-7. 

Here, Setfos 4.6 was used to simulate the angle-dependent s- and p-polarized PL intensity, 

Ip(φ) and Is(φ), from the perovskite NC solids sample attached to the hemispherical glass lens, 



for the given input parameters t, nSL(λ). The only fitting parameter, namely the emission dipole 

orientation 

 
𝑅 =

∑ 𝑝 + 𝑝

∑ 𝑝
 (5) 

representing the fraction of in-plane oriented dipoles, was determined by fitting of p-polarized 

emission Ip as a function of φ. Based on the computed RIP and other input parameters, the s-

polarized emission Is was calculated afterwards and compared to experimental data. 

For the sake of comparability with the measurement, the simulated emission patterns for 

polarization angles 0° < θ < 90° were calculated as a superposition of Ip(φ) and Is(φ), 

 𝐼(𝜃, 𝜑) = 𝐼 (𝜑) ∗ (cos 𝜃) + 𝐼 (𝜑) ∗ (sin 𝜃) . (6) 

Finally, all computed I(θ, φ) were treated analogously to experimental data, using equations 

(1) – (3). 

Optical simulations for light out-coupling. The light out-coupling in the optimized perovskite 

LED device was computed using a commercial software programme Setfos 4.6 from Fluxim 

Inc. The device with a stacking layer sequence of ITO (120 nm) / PEDOT:PSS (35 nm) / X-F6-

TAPC (x nm) / perovskite QD film (32 nm) / 3TPYMB (y nm) / Liq (3 nm) / Al (70 nm) was 

utilized for computations. The x and y values were varied between 5 to 200 nm to compute the 

out-coupling efficiency (ηout). The experimental characteristics, such as, refractive index (n), 

individual thickness of each layer, photoluminescence spectra, and orientation of emission 

transition dipole moment (Θ) of anisotropically confined QDs were independently characterized 

to simulate the ηout by varying the thicknesses of carrier transporting layers, X-F6-TAPC and 

3TPYMB. Moreover, the Gaussian distribution of recombination profile was assumed for mode 

analysis to obtain the various mode of losses, including substrate, absorption, waveguide, and 

evanescent losses. 

Setfos computes the propagation of electromagnetic plane waves through a stack of 

individual optical layers by considering the respective polarization-dependent Fresnel 

reflection and transmission coefficients at each of the interfaces through a transfer-matrix 

method.4 The electric field of the emitting dipole sources E is given by  

 

                                  𝐄 = 𝑘 𝚷 +  𝛁(𝛁 ∙ 𝚷)                                                                   (7) 

 

where 𝚷 is the Hertz vector which can be written in terms of a Sommerfeld expansion8 in 

cylindrical coordinates (𝑟,𝜙,𝑧). 

 



 

                          𝚷 = ∫ exp(𝑖𝑙|𝑧|) 𝐽 (𝑢𝑟) 𝑑𝑢                                                   (8)                                     

where p is the dipole moment, u is the normalized surface-parallel wave vector and J0 is the 

zeroth order Bessel function. In the specific case of a dipole located within a planar 

multilayered structure, the source term is extended by the respective Fresnel reflection 

coefficients. The outcoupling efficiency is then obtained by integrating the normal component 

of the Poynting vector within the escape cone and normalizing it by the dipole decay rate. 

Similarly, the power coupled in the other modes is calculated by selecting the appropriate 

integration intervals. 

Finite elements optical simulations. The electric dipole fields have been calculated using 

the commercial finite element software COMSOL Multiphysics (Electromagnetic Waves 

Frequency Domain Module). An electrical point dipole source has been placed into a NC of 

specified AR and dielectric constant 𝜖 . The NC is embedded in a thin layer of dielectric 

constant 𝜖  which lies on top of a semi-infinite glass substrate plane (n = 1.52). The radiation 

pattern is calculated by evaluating the magnitude of the real part of the Poynting vector on a 

circle boundary enclosing the source whose radius (𝑟 > ) is selected to ensure the radiation 

patterns are probed in the farfield. 

Fabrication of perovskite LED devices. Patterned ITO coated glass substrates were rinsed 

with Extran MA02 neutral detergent and deionized (DI) water mixture (1:3). Afterward, these 

substrates were sequentially sonicated in acetone and isopropanol, each for 20 minutes. The 

substrates were then exposed to oxygen plasma for 10 min. in diener plasma cleaner using 

80% lamp power. Thereafter, the aqueous PEDOT: PSS solution was spin-coated on the pre-

cleaned ITO glass at a spin speed of 4000 rpm for 50 s. All substrates were then transported 

to nitrogen atmosphere glovebox. These substrates were annealed at 120 oC for 0.5 h in the 

glovebox. Then successive layers were deposited through spin-casting and thermal 

evaporation, respectively. A hole transporting layer, Poly-TPD or X-F6-TAPC, was deposited 

on the PEDOT:PSS layer with a spin rate of 2500 rpm for 40 s. Subsequently, the 

anisotropically confined LHP NPL films were casted at a spin rate of 2500 rpm for 40 s. On the 

one hand, the cross-linking reaction of X-F6-TAPC layer was initiated through exposing a 365 

nm UV irradiation for 20 s then cross-linked at 120 oC for 0.5 h. On the other hand, the Poly-

TPD layer was then annealed at 120 oC for 0.5 h. Subsequently, a 32 nm LHP NCs film was 

also spin-casted at 2500 rpm with acceleration rate of 400 rpm for 40 s. All substrates were 

mounted on a substrate holder, which is then transferred into an ultrahigh vacuum evaporation 

chamber. Thus, a 50 nm ETL was deposited on the EML by the thermal evaporation. Lastly, a 

1 nm LiF or a 3 nm Liq electron injection layer and a 70 nm Al cathode layer were also 

deposited in a high vacuum chamber (1×10-7 mbar) by using a shadow mask. Each substrate 



is patterned to realize device active area, which was 25 mm2 for the small area devices and 

225 mm2 for the large area devices, as defined by the overlapping between bottom ITO anode 

and top Al cathode layers. Finally, these devices were stored in the glove box and 

characterized in the ambient atmosphere at a room temperature of 25±5 oC and relative 

humidity (RH) of 50±20%. Note that the double HTL layers, X-OTPD and X-F6-TAPC, were 

spin-casted between PEDOT:PSS and EML to reduce the efficiency roll-off by minimizing the 

hole injection barrier. Moreover, a 40 nm thick 3TPYMB electron-transporting layer was 

deposited on the perovskite emission layer then 20 wt% Liq doped 3TPYMB layer was also 

deposited through co-evaporation. The cross-linking of the X-OTPD layer was also carried out 

using a similar procedure as performed for X-F6-TAPC. 

Characterization of perovskite LED devices. Current density-voltage-luminance (J-V-L) 

characteristics of the perovskite QD LEDs were measured using a Photo Research PR 655 

SpectraScan spectrometer and Keithley 2400 source meter. The electroluminance (EL) 

spectra of all the devices were also recorded by using a PR 655 spectrometer. The ext was 

calculated as the total number of emitted photons divided by the total number of injected 

electrons. Moreover, the angular distribution of EL emission of perovskite QD LEDs exhibited 

a Lambertian-type emission profile, which is characterized by the Phelos (Fluxim Inc.) 

measurement system. The operational lifetime of perovskite QD LED devices was measured 

using smart Ossila Lifetime System (E642) under a constant current. 
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