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Metal halide perovskites are being increasingly explored for use in light emitting diodes 

(LEDs), with achievements in efficiency and brightness charted across the spectrum. One 

path to further boosting the fraction of useful photons generated by injected electrical 

charges will be to tailor the emission patterns of devices. Here we investigate directional 
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2

emission from layered metal halide perovskites. We quantify the proportion of in-plane 

versus out-of-plane transition dipole components for a suite of layered perovskites. We 

find that certain perovskite single crystals have highly anisotropic emissions and up to 

90% of their transition dipole in-plane. For thin films, emission anisotropy increases as 

the nominal layer thickness decreases and is generally greater with butylammonium 

cations than with phenethylammonium cations. Numerical simulations reveal that 

anisotropic emission from layered perovskites in thin film LEDs may lead to external 

quantum efficiencies of 45%—an absolute gain of 13% over equivalent films with isotropic 

emitters.
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KEYWORDS transition dipole moment, photoluminescence, quantum well, solution 

processed, out-coupling

Metal halide perovskites are capable of highly efficient emission at wavelengths spanning 

the visible light spectrum. Their impressive photoluminescence quantum yields, along 

with their electronic attributes as semiconductors and their solution processing, have led 

to successes as the active materials in inexpensive thin film light emitting-diodes (LEDs). 

These devices have been able to achieve impressive external quantum efficiencies (EQE) 

and brightness at red (21% EQE1, 2000 cd∙m-2 brightness2), green (20% EQE3, 91000 

cd∙m-2 brightness4), and blue (9.5% EQE5, 4000 cd∙m-2 brightness6) emission 

wavelengths. These accomplishments have propelled metal halide perovskites as 

candidates for use in new display and lighting technologies.

While advances in materials quality and composition offer possible further 

improvements to LED performance, device design enhancements have the potential to 

also boost performance. One major optical loss in current thin film devices is the photons 

that become trapped through waveguiding and total internal reflection. A strategy to 
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4

overcome this is to employ an active material with an anisotropic emission pattern, 

preferentially directed normal to the thin film stack and thereby leading to a greater 

fraction of useful photons generated. This approach has been leveraged and studied for 

organic LEDs7–9 and inorganic nanocrystals10,11 but remains largely untouched for 

perovskite LEDs. Only a few recent works have broached the topics of out-coupling and 

orientational emission from a select few perovskite materials.12–17 Researchers have 

shown that thin films of perovskite nanocrystals can be engineered to improve light 

extraction12,16, studied optical anisotropy in purely 2D perovskites13, and examined out-

coupling from LEDs with bulk perovskite films15,17.

 Different morphological variations of metal halide perovskites have shown success 

as LED materials: bulk-like crystallites,3,4 nanocrystals and nanoplatelets,1,18 and layered 

structures.6,19,20 Layered perovskites, in particular, can possess exceptionally high 

exciton binding energies and radiative recombination rates.21–23 This is due to strong 

quantum and dielectric confinement effects that arise from the disruption of the normally 

periodic perovskite lattice with bisecting organic layers. These organic layers typically 

consist of ammonium terminated alkyl or aryl molecules that bind to and terminate the 
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5

perovskite lattice. Perovskite quantum wells with widths defined by the number of 

perovskite octahedral units (n) can be synthesized. These layered perovskites, although 

fundamentally anisotropic in nature, can be highly disordered when synthesized as thin 

films19,24,25 for use in LEDs.

Here, we investigate the orientational emission patterns of a broad range of 

layered metal halide perovskite systems with the aim of revealing opportunities for 

directed emission and improved emission efficiency from LEDs. We use single crystals 

of layered perovskite to understand the ultimate potential of these materials for directed 

emission and find that they can have 90% of their transition dipole moment in the plane 

of the quantum wells. This preferential alignment of the excitonic state then translates to 

a large portion of the emission being oriented about the normal direction. As contrast to 

the ideality of single crystals, we report similar measurements for a spectrum of layered 

perovskite thin film materials that have optoelectronic relevance. Their emission patterns 

vary but can still be substantially orientational with around 80% of their transition dipole 

moment in the plane of the film. In general, because of disorder and funneling, the films 

exhibit more isotropic emissions than the crystals. This illustrates that further advances 
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6

in LED efficiency can be made by engineering perovskite films that have an ordered 

structure akin to that of single crystals. We complement our measurements with an 

analysis of the improvements to be made to device efficiency and find that EQE’s of 45% 

are possible with entirely oriented layered perovskites.

The directional emission patterns for single crystals were measured using a 

Fourier-space microscopy setup, which measures photoluminescence (PL) as a function 

of the in-plane momentum, k. Single crystal flakes of layered methylammonium lead 

iodide perovskites with butylammonium ligands (BTA2MAn-1PbnI3n+1, n = 1, 2, 3) were 

synthesized according to a reported slow-cooling precipitation method26, exfoliated onto 

substrates, and probed with the microscopy setup. Panels a) and b) in Figure 1 show the 

intensity of p- and s-polarized emission, respectively, as a function of the in-plane 

wavevector for an n = 3 crystal. We also provide the corresponding emission spectrum 

and a photograph of the crystal in panel c). The PL spectrum shows a single well-defined 

peak at 650 nm (PL peaks for all materials provided in Table S1), illustrating the n = 3 

phase and crystal purity.
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7

 The k-space intensity profiles were fit to the result obtained from a dyadic Green’s 

function calculation27,28, which accounts for anisotropy in the dipole orientation and in the 

refractive index of the perovskite layer. This allows us to determine the fraction of the 

transition-dipoles that align along the plane of the crystal flakes—and so too the plane of 

the quantum wells. This fraction, α, is plotted in Figure 1d for the different n values. A 

purely isotropic emitter would have an α value of about 0.66 as two thirds of its emissions 

will match to the plane of the two-dimensional material, while a purely anisotropic emitter 

with its transition dipole oriented within the plane of the two-dimensional material would 

have an α value of unity. All three crystals yielded α values near 0.9, indicating strongly 

anisotropic emissions. The layer-upon-layer ordering within the single crystals then 

suggests that the transition dipole moments of excitons bound within the perovskite 

quantum wells are similarly anisotropic. The α values for the three materials do show a 

slight increase with increasing n; however, we note that the data points overlap with the 

neighbouring confidence intervals, and so we do not purport any trends across well 

widths. Given that the bulk material should have an isotropic distribution, the α values 
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should decrease as n increases. As the layered perovskites have quantum wells that are 

only a few atomic units wide, this trend may not be resolvable until higher n values.

Figure 1. Directional emission from layered perovskite single crystals. a) and b) PL intensity as a function 

of k-space wavevector for p- and s-polarized emission respectively. Data was obtained from an n = 3 

BTA2MA2Pb3I10 single crystal flake with a PL emission spectrum provided in c). Inset shows the single 

crystal flake. Fitting indicated that 95% of the transition dipole was in-plane. d) Fraction of in-plane transition 
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dipoles for butylammonium/methylammonium lead iodide layered perovskite single crystals. Vertical 

shading indicates the 95% confidence interval.

In addition to the single crystal experiments, we studied the directional emission 

patterns of layered perovskite thin films on glass substrates. In this case, thin films were 

mounted to a hemisphere with index matching fluid and the angle-resolved PL was 

directly measured. We varied the film compositions across three parameters: ligand 

(butylammonium, BTA; phenethylammonium PEA, hexylammonium, HXA), organic 

cation (methylammonium, MA; formamidinium, FA), and well width. Three series of 

compositions were measured: BTA2MAn-1PbnI3n+1, PEA2MAn-1PbnI3n+1, and BTA2FAn-

1PbnI3n+1. For these series, we denote the well width as , reflecting that these are 〈𝑛〉

nominal values and that a distribution of layer widths exists in the films.19,24 The films in 

these  series were fabricated using the spin-casting method with antisolvent 〈𝑛〉

quenching.19 We also measured two other films at the extremes of the  film series. The 〈𝑛〉

first was a film comprised of  nanoplatelets having a composition of hexylammonium 𝑛 = 1

lead iodide. The nanoplatelets were synthesized using a drop-wise precipitation method 
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10

and deposited onto substrates centrifugally.29,30 The second film was the bulk perovskite 

archetype—methylammonium lead iodide ( ). Panel a) in Figure 2 shows a sample 𝑛 = ∞

dataset for a film of  methylammonium lead iodide perovskite with butylammonium 〈𝑛〉 = 3

ligands. The solid lines in this figure are fits to the optical dipole emission model.27,28 This 

allows us to determine the α parameter for each film; the values are plotted in panel b) of 

Figure 2. In the case of thin films, α does not necessarily indicate the fraction of the 

transition dipole moment that is in the plane of the quantum wells as disorder within the 

films may randomize the orientations of the quantum wells themselves.  

Several trends are clear amongst the thin film samples. Both films with BTA ligands 

exhibit α values around 0.8 for the studied  series. In contrast, the films with PEA show 〈𝑛〉

a sudden transition from anisotropic to isotropic emission immediately as 

methylammonium is incorporated into the films. The remaining two films at the n 

extremes, the nanoplatelet and bulk films, have correspondingly extreme α values: the 

 nanoplatelet film exhibits highly anisotropic emission, while the bulk film shows 𝑛 = 1

nearly isotropic emission (within one standard deviation). 
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11

Figure 2. Emission pattern from thin films. a) PL emission intensity as a function of angle in substrate for a 

BTA2MA2Pb3I10  thin film on glass. The fraction of in-plane dipoles was determined to be 0.74. b) 〈𝑛〉 = 3

Fraction of in-plane dipoles for thin film samples with different compositions. The largest standard deviation 

for any of these measurements was ±0.07.

A combination of material differences amongst the perovskite materials causes the 

differences in observed α values. Key factors include the quantum well width, well-to-well 

disorder, heterogeneity of wells, and electronic transfer.

Large fractions of in-plane dipole moment for layered perovskites derive from their 

two-dimensional structure. The organic barrier ligands confine the excitonic 
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12

wavefunctions to the lead halide octahedra, such that they primarily exist over only a few 

atomic units in the normal direction. In contrast, within the plane of the lead halide layers, 

the wavefunctions remain delocalized periodic functions. We provide illustrations of the 

highest occupied and lowest unoccupied molecular orbital wavefunctions calculated 

using density functional theory (DFT) in Figure 3a that show this. The exciton, 

represented as the RMS expectation value of the separation between these hole and 

electron states, follows an oblate shape. While this representation is not truly 

characteristic of the transition dipole moment for the exciton, it illustrates the anisotropic 

nature. Moreover, prior computational work has analyzed the symmetries of the band 

edge wavefunctions in two-dimensional metal halide perovskites and predicted that the 

fundamental transition exhibits transverse electric (TE) character.31,32 Thus, optical 

activity would be restricted to light with an electrical polarization parallel to the perovskite 

layers. As n increases towards the bulk n = ∞ case, the transition dipole moment should 

tend towards an isotropic distribution. The extrema of the film studies support these ideas, 

but the intermediate films exhibit dissimilar trends that depend on film composition. 
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Prior experimental work24,33 has revealed key differences between spin-casted 

films with PEA and BTA ligands. Transient absorption spectroscopy has revealed 

disparateness in the distributions of quantum wells. By fitting the ultrafast bleach features 

corresponding to the individual wells, the distributions have been elucidated. Films with 

BTA ligands tend to show considerably greater proportions of low-n wells than films with 

PEA ligands. Grazing incidence wide-angle x-ray scattering measurements has 

corroborated this finding as well as revealed a preferential tendency of low-n wells to align 

parallel to the substrate and high-n wells to align perpendicular to the substrate. These 

findings, and the widely reported notion of carrier transfer from between wells, support a 

picture of more isotropic emission from PEA films than from BTA films, which is what we 

observe in measured α values.

The anisotropic nature of the excitons can ultimately translate to spatial variations 

in the power radiated during emission. In Figure 3b, we provide the power radiated per 

solid angle as a function of angular position for BTA2MA2Pb3I10  thin films and n = 〈𝑛〉 = 3

3 single crystals, as calculated using the experimentally determined fractions of in-plane 

and out-of-plane dipole moments. The only mildly anisotropic dipole distribution for the 
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thin film samples has an emission pattern that then is similarly only mildly anisotropic, 

with slight differences in power radiated along different directions. The power radiated in 

in the directions normal to the films can be evaluated by considering the integrated power 

radiated into a pair of cones centered about the normal axes. For cones with half-angles 

of 25 degrees—conservative representations of the optical escape cones for a film on 

glass, only 32% of the total radiated power from an  thin film is emitted within the 〈𝑛〉 = 3

cones. Alternatively, the single crystal sample’s large fraction of in-plane dipole moments 

results in an emission pattern directed primarily normal to the planes of the layered 

structure; in this case 45% of the total radiated power is directed in these cones.

Page 14 of 30

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

Figure 3. Layered perovskites anisotropic emission. a) DFT calculated highest occupied and lowest 

unoccupied molecular orbitals for layered perovskites showing localization of the wavefunctions to the lead 

iodide quantum wells. The excitons, calculated as the RMS expectation value of the separation between 

electron and hole states, exhibit highly anisotropic shapes. b) Angular power radiation pattern for 

anisotropic dipole distributions found from the experimentally determined fractions of in-plane and out-of-

plane dipole components for BTA2MA2Pb3I10  thin films and n = 3 single crystals. Shaded areas 〈𝑛〉 = 3
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display the radiation patterns for a purely in-plane anisotropic dipole distribution and an isotropic 

distribution. The total power radiated has been normalized for each curve.

The use of anisotropic emitters is a well-accepted strategy for boosting the out-

coupling and overall efficiency of thin film LEDs. The anisotropic structure and directed 

emission of some of the layered perovskites that we have studied, particularly the single 

crystalline forms, suggests that these perovskites may be capable of device efficiencies 

unusual amongst thin film materials. 

To illustrate the effect of directional emission on LED efficiency, we have 

calculated the out-coupling efficiencies, and therefore maximum external quantum 

efficiencies, for a typical LED structure employing layered perovskites (Figure 4a). 

Numerical finite differences time-domain calculations were done for devices with n = 1, 2, 

and 3 layered perovskites having either purely isotropic or anisotropic in-plane dipole 

emitters. The efficiencies (Figure 4b) increase by nearly 50% in going from an isotropic 

to anisotropic emission. This increase in out-coupling arises from a reduction in surface 

plasmon modes at the cathode interface, which are only excited by transverse magnetic 
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(TM) polarizations, and in emission into waveguided modes; prior computational work has 

quantified these sources of loss in a typical metal halide perovskite LED.15 Our 

calculations show that maximum device efficiencies of 20–30% are possible for the 

isotropic cases, but with anisotropic emission these numbers increase to nearly 30–50%. 

The device efficiencies also increase from n = 1 to n = 3, which we mainly attribute to 

decreased reabsorption within the perovskite layer. We also conducted calculations for 

the bulk n = ∞, with fully isotropic emission, and found an efficiency of 38%, which is 

slightly greater than the n = 3 case with isotropic emission. We note that the efficiencies 

reported in Figure 4 are for the extreme dipole distribution cases, and so provide upper 

limits to efficiency. For the n = 3 case, using the experimentally found dipole distribution 

for a single crystal, the efficiency limit is slightly lower at 45%.
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Figure 4. Benefits of anisotropic emission for LEDs. a) Thin-film layer stack representing a typical perovskite 

LED, which was used in FDTD optical simulations. b) Simulated external quantum efficiency (EQE) for LED 

structures with iodide layered perovskite emitters having purely in-plane or isotropic transition dipole 

moment distributions. Unity photoluminescence quantum yield has been assumed and electrical losses 

have been excluded. 

In summary, the two-dimensional constitution of layered metal halide perovskites 

causes large fractions of the transition dipole moment to reside within the plane of the 

perovskite layers. This translates to highly anisotropic light emission. Exploiting 

Page 18 of 30

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

directional emission may improve the optical efficiency of LEDs employing these 

perovskites. Strategies to improve the ordering of the quantum wells within thin films may 

strengthen the out-coupling of these devices. However, ordering of the quantum wells will 

lead to carrier transport that is working against the well barriers, and therefore a balance 

between electrical and optical benefits may be needed. Furthermore, materials 

engineering to maximize emission anisotropy needs to be carefully checked against 

changes in photoluminescence quantum yield. Ordering of the quantum wells may affect 

the effectiveness of strategies used to reduce or circumvent non-radiative recombination 

pathways in the films. Our findings also indicate a need to account for emission anisotropy 

in photoluminescence quantum yield investigations of layered perovskites. As anisotropy 

affects the out-coupling of light from solid materials, it can influence the amount of light 

reabsorbed and therefore the accuracy of a quantum yield measurement. Methods that 

rely on quantifying the radiative and non-radiative rates of recombination offer a 

complementary route to the light emitted over light absorbed approach. Future work in 

studying emission anisotropy should explore film deposition parameters and other 

compositional parameters such as the halide content. Advances in crystal growth will also 
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enable measurements of perovskites with n > 3 and further clarify the dependency on 

well width.

EXPERIMENTAL METHODS

Chemicals and Materials. Organic halide salts were purchased from Greatcell Solar. All 

other chemicals were purchased from Sigma Aldrich.

Crystal and Film Synthesis. Perovskite single crystals were synthesized according to a 

previously reported slow-cooling precipitation method26. Briefly, lead oxide was dissolved 

in a heated solution of hydroiodic acid and hypophosphorous acid. The desired organic 

halide salts were added and dissolved. The solution was then allowed to cool, resulting 

in the precipitation of single crystal flakes. The flakes had lateral dimensions of up to 

several millimeters and micron-scale thicknesses. The crystals exhibit anisotropic growth 

because of the difference in bonding within the layers and between the layers. The 

crystals have larger dimensions in the plane of the quantum wells because the ionic bonds 

within the perovskite layers are stronger than the intermolecular forces between the 

layers. Thin films deposited by spin-casting and the antisolvent quenching method were 
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made following a previously reported procedure19. Briefly, a solution of precursor salts 

dissolved in γ-butyrolactone/dimethyl sulfoxide was deposited onto a glass substrate 

which was then spin-cast. The antisolvent chlorobenzene was dropped on the spinning 

film midway through the casting process. The films were then annealed. Perovskite 

nanoplatelets were synthesized according to a previously reported nonsolvent 

crystallization procedure30 in which a solution of precursor salts in dimethylformamide 

was added drop-wise to an antisolvent vial of toluene. Films of perovskite nanoplatelets 

were deposited using a reported centrifugal casting method29,30.

Materials Characterization. Film thickness measurements were done using an Asylum 

Research Cypher atomic force microscope (AFM). Films were scratched and imaged in 

tapping mode. Several measurements were made to determine the estimate of the global 

thickness.

Single Crystal Orientational Emission Measurement Single crystal flakes were exfoliated 

either by washing with hexane and dispersing on a glass coverslip (n = 1) or by using a 

polydimethylsiloxane (PDMS) stamp and pressing the crystals directly onto a glass 

coverslip (n = 2, 3). The orientational emission pattern for the single crystal flakes was 
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measured with a Fourier space microscopy setup. Samples were photoexcited with a 405 

nm laser diode. An Olympus PlanApo N 60X Oil immersion objective (1.42NA) was used 

for pump injection and PL collection. The objective back focal plane was then imaged 

onto the entrance slit of a Princeton instruments IsoPlane 160 spectrometer with a liquid 

nitrogen cooled Princeton Instruments PyLoN 400BR camera. Light emitted from the 

edges of the crystals was blocked with a real-space filter. The pump intensity was 

attenuated to ensure the crystals were not being damaged. The PL wavelengths agreed 

with prior findings.26

Thin-film Orientational Emission Measurement. The orientational emission pattern for thin 

film samples was measured using a rotation mount. A 2 mW continuous wave laser 

source with a 405 nm wavelength served as the excitation source. The PL intensity was 

measured as a function of angle (-75 to 75 degrees, 1 degree increments) with a 

multimode fiber fixed on a rotation mount. PL was filtered using a 420 nm longpass filter 

and detected with an Ocean Optics spectrometer. Separate measurements were done 

for TE and TM polarizations. The TM datasets were rescaled such that the normal 

incidence PL intensity would match that of the corresponding TE datasets and care was 
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taken to minimize degradation during the measurement process. The datasets were then 

normalized to the TE PL maxima. 

Dipole modelling. Modelling of the dipole emission within each material was done 

following the approach of Chance, Prock and Silbey.27,28 Twenty layers of equidistant 

dipole emitter planes were used to model the films. The film thicknesses measured from 

AFM were used and the peak PL emission wavelengths were used. The films were fitted 

for the dipole orientation α, the in- and out-of-plane refractive indices, and a constant loss 

term κ to account for scattering and film inhomogeneity.

Density Functional Theory Calculations. DFT calculations were implemented through the 

CP2K software package34 using a mixed Gaussian and plane-wave basis set. 

Pseudopotentials produced with the Goedecker-Teter-Hutter method35 and were 

parameterized within the generalized gradient approximation with Perdew-Burke-

Ernzerhof exchange-correlation functionals36. These were accompanied by the MOLOPT 

basis37 and a 300 Ry grid charge density cutoff was used. Atomic positions and cell 

dimensions were simultaneously relaxed. Calculations were done for 18-cell supercells 

with in-plane dimensions of 25 Å and single layers of perovskite separated by 20 Å of 
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vacuum. The exciton was visualized by calculating the RMS expectation value of the 

separation between the LUMO and HOMO orbitals, , on a 3D 〈𝜓2𝜓1|(𝑟 ― 𝑟′)2|𝜓1𝜓2〉

grid.38 The software VESTA39 was used for atomic illustration.

Polar Emission Patterns. The power radiated per solid angle for a perfect dipole follows,

,𝑑𝑃
𝑑𝛺 ∝ 𝑝2

0sin2 𝛼

where  is the dipole moment and  is the angle extending from the axis of the dipole to 𝑝0 𝛼

the point of interest. For an anisotropic emitter, the dipole moment can be represented 

as,

 ,1
𝑝2(𝜃,𝜑) =

cos2 𝜃sin2 𝜑
𝑝2

𝑥
+

sin2 𝜃sin2 𝜑
𝑝2

𝑦
+

cos2 𝜑
𝑝2

𝑧

where , , and  are the cartesian components of the dipole moment and  and  are 𝑝𝑥 𝑝𝑦 𝑝𝑧 𝜃 𝜑

the polar and azimuthal angles. The power per solid angle for the anisotropic emitter is 

then,

.𝑑𝑃
𝑑𝛺 ∝ ∫2𝜋

0 ∫𝜋
0𝑝2(𝜃,𝜑)sin2 (𝛼 ― 𝜑)𝑑𝜃𝑑𝜑
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Calculations for the power radiated as a function of  were done using the experimentally 𝛼

determined fractions of in-plane and out-of-plane transition dipole moment. The results 

were then normalized such that unit power was radiated.

LED Device Modelling. Optical simulations of LED emission efficiency were done through 

Finite-Differences Time-Domain numerical calculations implemented with the Lumerical 

FDTD Solutions software. The device was modelled as a thin film stack of layers: Al (100 

nm, Lumerical built-in dispersion CRC), LiF (2 nm, optical properties from Li40), electron 

transport layer (50 nm, refractive index 1.75, transparent), perovskite (40 nm, 

experimentally determined optical properties from Proppe et al.41), hole transport layer 

(40 nm, refractive index 1.45, transparent), ITO (150 nm, optical properties from Walters 

et al.29), and glass (Lumerical built-in dispersion SiO2 – Palik). A simulation volume of 4 × 

4 × 1 microns with the long dimensions oriented in the plane of the device. Perfectly 

matched layer boundaries were used along with a non-uniform mesh. Light was injected 

into the system through radiative dipoles with emission spectra similar to the experimental 

ones and placed at the center of the perovskite film. Simulations were conducted for each 

case of the dipole oriented along the x, y, and z directions. The out-coupling efficiency for 

Page 25 of 30

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

a given case was determined by monitoring the power transmitted through the glass layer 

and normalized to the power output from the dipole. The EQE for the LED was calculated 

through an average of the powers transmitted, which were weighted according to the 

amount of dipole anisotropy. Unity photoluminescence quantum yield was assumed and 

electrical loss was excluded.
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