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Metal halide perovskite light-emitting diodes (PeLEDs)
have experienced a rapid advancement in the last several
years with the external quantum efficiencies (EQEs) reach-
ing over 20%, comparable to the state-of-the-art organic
LEDs and quantum dot LEDs. The photoluminescence
quantum yields of perovskite films have also been approach-
ing 100%. Therefore, the next step to improving the EQE of
PeLEDs should be focused on boosting light extraction. In
this Letter, we demonstrate the emitter dipole orientation as
a key parameter in determining the outcoupling efficiency
of PeLEDs. We find that the CsPbBr3 emitter has a slightly
preferred orientation with the horizontal-to-vertical dipole
ratio of 0.41:0.59, as compared to 0.33:0.67 in the isotropic
case. A theoretical analysis predicts that a purely aniso-
tropic perovskite emitter may result in a maximum EQE of
36%. © 2020 Optical Society of America

https://doi.org/10.1364/OL.400814

Metal halide perovskites have attracted intense interest recently
due to their excellent properties, including high photolumines-
cence quantum yield (PLQY), facile bandgap tunability, and
simple solution processability [1]. They have been widely used
in a great variety of optoelectronic devices such as photovoltaics,
photodetectors, light-emitting diodes (LEDs), and lasers
[2–14]. Perovskite LEDs (PeLEDs) have gone through a rapid
development, and the external quantum efficiencies (EQEs)
have been improved from 0.76% [15] to over 20% [5,6,16–18]
in the last several years. Besides, by appropriately passivating
defects, the internal PLQYs of perovskite thin films have been
approaching 100% [19–21]. However, the highest EQE that
a PeLED can achieve is still limited by the light outcoupling
efficiency [22]. Recent studies have shown that around 75–80%
of generated power from perovskite films is trapped in PeLEDs
due to the high refractive index (n > 2) of perovskite films,
restricting the maximum outcoupling efficiency of PeLEDs to
20%–25% [5,23].

Presently, most research efforts are focused on analyzing and
improving the optoelectronic properties of perovskite materials;
there are few publications dealing with light outcoupling of
PeLEDs [22–28]. If we retrospect the development histories
of organic LEDs (OLEDs) and quantum dot LEDs (QLEDs),
research is often concentrated on material exploration in the
beginning. However, once the material development reaches

a mature stage, more efforts are delved into the optimization
of light extraction. [29] PeLEDs are expected to follow the
same trajectory; therefore, the next step to optimizing PeLEDs
should be focused on improving light outcoupling efficiency.
In fact, there are already some outcoupling techniques success-
fully applied in PeLEDs. For examples, Zhang et al. fabricated
PeLEDs on three-dimensional nanophotonic substrates to
enhance light extraction [26]. Shen et al. integrated bioinspired
moth eye nanostructures into a ZnO layer and achieved a record
EQE of 28.2% among PeLEDs at that time [27]. However,
these techniques usually require complicated fabrication pro-
cedures to produce photonic nanostructures. Engineering the
optoelectronic properties of materials used in PeLEDs can pro-
vide more cost-effective approaches to increasing their EQEs.
The investigation on the underlying physics of light outcou-
pling from PeLEDs is a necessary step toward this goal. Shi et al.
have revealed the effects of the thickness and refractive index
of perovskite films on light outcoupling from PeLEDs [23]. In
this Letter, we demonstrate that the emitter orientation also
plays an important role in light extraction from PeLEDs. In
general, the EQE of a PeLED is determined by four individual
factors [23,25]:

EQE= ηIQE= ηγ ηS/Tqeff, (1)

where η is the light outcoupling efficiency, and IQE is the
internal quantum efficiency, which is the product of the charge
injection balance (γ ), the singlet/triplet capture ratio (ηS/T ),
and the effective radiative quantum yield (qeff). Generally,
the ηS/T is close to unity for perovskite films; thus, we can
usually neglect this item in the equation [23]. The effective
radiative quantum yield is closely connected to the intrinsic
quantum yield (q ) of perovskite films; the relationship can be
described as [30]

qeff

q
=

F
qF+ 1− q

, (2)

where F is the Purcell factor that describes how the cavity affects
the dipole power generated inside the perovskite layer.

The charge injection balance can be well adjusted by select-
ing proper transport layers and tuning their thicknesses [31].
The effective quantum yield can be improved by passivat-
ing defects and confining bounded excitons [32]. Therefore,
Eq. (1) shows that studying the limits of the light outcoupling
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efficiency η is of great importance for achieving a high EQE.
Figure 1(a) shows the device structure of the PeLED studied
in this Letter. The device consists of a glass substrate covered
with a 150 nm thick indium tin oxide (ITO) layer. A CsPbBr3
layer with various thickness is sandwiched between a 30 nm
poly-TPD layer (hole transport layer [HTL]) and a 40 nm TPBi
(electron transport layer [ETL]). The functional layers between
the bottom glass and top metal constitute the PeLED cavity.
Figure 1(b) illustrates the coordinate system and definition of
dipole orientations used in the following analysis. We adopt an
optical simulation based on a classical dipole model to study the
effect of the dipole orientation on the outcoupling efficiency of
PeLEDs [33,34]. The emitting dipoles in perovskite films with
random orientation can be treated as a superposition of px , p y ,
and pz dipoles. With respect to the substrate plane (x−y ), we
define px and p y dipoles as being oriented horizontally, while pz
diploes are oriented vertically. If we choose the x−z plane as the
plane of incidence, p y dipoles emit s -polarized light, whereas
px and pz dipoles are accounting for p-polarized emission [35].
The radiation of a dipole is strongest when it is perpendicular
to the dipole orientation [36]. Therefore, pz dipoles mainly
emit light travelling with a large angle to the surface normal
(z direction) [37]. Due to the total internal reflection (TIR), the
generated light with a large emission angle can easily be trapped
inside the functional layers (ITO, HTL, perovskite, ETL) and
couple to evanescent waves at the ETL/metal interface, account-
ing for a low outcoupling efficiency for light emitted from pz
dipoles. Therefore, horizontally oriented px and p y dipoles are
preferred in terms of improving light extraction from PeLEDs.
The ratio of the vertical dipoles to total dipoles is defined as2,
and it is equal to 0.33 in the isotropic dipole case. We assume
that the charge injection is well balances with γ = 1, and the
intrinsic quantum yield q = 0.9, according to state-of-art
PLQYs of perovskite films in reported literatures [19,21]. The
refractive index of the CsPbBr3 film is ≈2.2 near the emission
wavelength [23]. The emission zone is assumed to be infinitely
thin and locate at the middle of the perovskite layer.

Figure 1(c) shows the total optical power distribution dia-
gram of PeLEDs (30 nm thick emitter) with isotropic dipole
orientation (2= 0.33). We can distinguish four optical chan-
nels of PeLEDs from left to right: direct emission, substrate
mode, waveguide mode, and surface plasmon mode [22]. These
four channels are separated by the in-plane wavevector kxy.
(1) Direct emission: k0 · nair ≥ kxy ≥ 0, where k0 = 2π/λ is
the vacuum wave vector, and nair is the refractive index of air.
In this region, light outcouples into the air from PeLEDs. (2)
Substrate mode: k0 · nsub ≥ kxy ≥ k0 · nair, where nsub is the
refractive index of the substrate. In this region, light is trapped
in the substrate due to the TIR at the substrate and air interface.
(3) Waveguide mode: k0 · neff ≥ kxy ≥ k0 · nsub, where neff is
the effective refractive index of the functional layers. In this
region, light is trapped in functional layers because of the TIR
at the ITO and substrate interface. (4) Surface plasmon mode:
kxy ≥ k0 · neff. In this region, light couples to the top metal
electrode in the form of evanescent waves. It is noticed that a
large portion of optical power couples to two sharp waveguide
modes (region 3) and one surface plasmon mode (region 4).
Figure 1(d) shows the individual contributions from px , p y , and
pz dipoles to the power dissipation spectra. Most of the optical
power generated from pz dipoles couples to surface plasmon
and waveguide modes, consistent with the low outcoupling

Fig. 1. (a) Schematic structure of the PeLED studied in this Letter.
The thickness of the perovskite layer is varied. (b) Definition of dipole
orientations. (c) Simulated power distribution diagram in PeLEDs
(30 nm thick emitter) assuming isotropic emitter orientation. The
white dashed lines divide the graph into four regions: (1) direction
emission, (2) substrate mode, (3) waveguide mode, and (4) surface
plasmon mode. (d) Power dissipation spectrum of px , p y , and pz

dipoles at the emission wavelength of 523 nm.

efficiency for vertically oriented dipoles. In contrast, both hori-
zontally oriented px and p y dipoles have large contributions to
the direct emission mode. The two distinct sharp peaks in region
3 correspond to p-polarized and s -polarized waveguide modes
for px and p y dipoles, respectively.

Figures 2(a) and 2(b) present the simulated power distri-
bution into different optical modes of PeLEDs with various
perovskite layer thicknesses for isotropic (2= 0.33) and
horizontal (2= 0) dipole orientation, respectively. The non-
radiative loss reflects the effective quantum yield qeff, which
is affected by the Purcell factor of a PeLED cavity [30]. The
variation of the perovskite layer thickness greatly modifies the
PeLED cavity length, accounting for the oscillating behaviors
in direct emission. The power fraction of the waveguide mode
shows oscillations as well, corresponding to constructive and
destructive interference inside the micro-cavity. However,
the coupling to surface plasmons is mainly determined by the
distance from the emitting dipole location to the metal elec-
trode. Therefore, the power fraction of the surface plasmon
mode shows a declining trend as the perovskite layer thickness
increases. As only vertically oriented dipoles mainly contribute
to the surface plasmon mode, PeLEDs with horizontal dipole
orientation show a much smaller power fraction of the surface
plasmon mode. The outcoupling efficiency of light from hori-
zontally aligned dipoles is higher compared to vertical ones for
most perovskite layer thicknesses. The exceptional case happens
at the thickness where the outcoupling efficiency is close to
minimum. This is due to different phase shifts for the reflections
at the ETL/cathode interface for vertical and horizontal dipole
radiation, which causes the corresponding maxima and minima
for direct emission are displaced [36].

Angular p-polarized photoluminescence (PL) measurements
can be used to determine the dipole orientation of perovskite
films [29,38]. Figure 3(a) schematically illustrates the experi-
mental setup. A 40 nm thick CsPbBr3 film deposited on a glass
substrate is excited by a continuous-wave laser with a wavelength
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Fig. 2. Power distribution into different optical modes of PeLEDs
with various perovskite layer thicknesses for (a) isotropic dipole orien-
tation (2= 0.33) and (b) horizontal dipole orientation (2= 0).

of 405 nm. The excitation spot size is less than 1 mm2. To extract
the light trapped in the substrate, a glass half-ball lens is attached
to the substrate with index-matching fluid (IMF, n = 1.52).
The whole sample is placed at the center of a rotation stage,
which can be rotated to various angles. The x−y−z coordinate
is annotated for the sample rotated to the angle θ . The angular
light emissions go through a linear polarizer with a vertical
polarization axis (annotated inside the polarizer) and then get
collected by a fiber-coupled spectrometer with a collimator.
The light emitted from p y dipoles is s -polarized (perpendicular
to x−z plane), which will be blocked by the polarizer filter.
The angular PL is only contributed by p-polarized emission
from horizontally oriented px dipoles and vertically oriented
pz dipoles. We simulated the angular p-polarized PL intensity
profiles assuming different dipole orientations of perovskite
films; the results are shown in Fig. 3(b). Because the optical
power in the substrate mode can be extracted by the attached
half-ball lens, there are PL intensity peaks emerging at the angles
greater than approximately 42◦ (the TIR angle at the substrate
and air interface). As the vertical dipole ratio (2) increases,
the intensity of this peak also increases. This is because, for
this sample without the metal electrode, the vertical dipoles
radiate mostly into the substrate mode, while the horizontal
ones mainly outcouple to the air. The PL intensity peaks at
angles great than 42◦ can be used to quantify the 2 value. By
fitting measured experimental data (solid circles) in Fig. 3(c),
we extract the value of 2 to be 0.41. The slightly preferred
vertical dipole orientation in CsPbBr3 films is consistent with
reported literatures, [25,28,39,40] and it may be caused by
induced vertical alignment of dipoles at the perovskite/substrate

Fig. 3. (a) Schematic experimental setup for measuring the dipole
orientation of perovskite films. (b) Simulated p-polarized PL intensity
as a function of the emission angle. (c) Measured data and the fitting
curve (2= 0.41).

interface due to localized electrostatic surface charges [28,39].
However, the 2 value is also highly dependent on film mor-
phology, crystal orientation, electronic transfer, and dielectric
environment [5,28,39–41]. By depositing a Al2O3 layer on top
of perovskite nanocrystal films, Jurow et al. could counterbal-
ance the influence of the substrate and decrease the transition
dipole to surface angle by more than 50% to only 14◦ [28]. The
feasibility to control the dipole orientation of perovskite films
provides great potential for achieving high-efficiency PeLEDs.

To present potential device efficiencies by controlling emis-
sive transition dipole moments, we investigated the dependence
of the EQE on the dipole orientation and perovskite layer
thickness (assuming γ = 1, q = 0.9). Figure 4 shows that
both factors significantly influence the EQE. For PeLEDs with
various perovskite layer thicknesses, the EQE increases as the
dipole orientation become more horizontal (2 decreases). This
indicates further improvement of PeLEDs should be feasible
through designing perovskite materials with more horizontally
oriented dipoles. The optimal thickness of the CsPbBr3 layer in
PeLEDs is 10–15 nm in the case of2= 0.41. However, even for
a 30 nm thick CsPbBr3 layer (2= 0.41), the EQE can keep at
∼20%. Such thickness is commonly used in PeLEDs because a
perovskite layer that is too thin leads to poor coverage and short-
ing problems, and a perovskite layer that is too thick leads to loss
of electron-hole pairs for radiative recombination during the
charge transport process. In our simulation, the maximum EQE
that PeLEDs can achieve is about 36% with a horizontal dipole
orientation (2= 0). Considering the current record efficiency
of 21.6% among PeLEDs without outcoupling nanostructures
[42], we believe there is still much room for the performance
improvement of PeLEDs.

In summary, we have investigated the effect of the dipole
orientation on the outcoupling efficiency of PeLEDs through
optical simulations. We show that horizontally oriented dipoles
are preferred over vertically oriented dipoles in terms of improv-
ing light extraction. A perovskite emitter with a horizontal
transition dipole moment can lead to a potential maximum
EQE of 36% considering an IQE of 90%, well beyond the limits
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Fig. 4. Contour plot of the simulated EQE as a function of the per-
ovskite layer thickness and vertical dipole ratio (2). The black dashed
lines represent the contour lines of the EQEs.

of isotropic light sources. By performing angular p-polarized PL
measurements, we find the dipole orientation in CsPbBr3 films
is more vertically oriented, which is not very favorable in terms
of light extraction. Further control of the dipole orientation
of perovskite films by engineering film morphology, crystal
orientation, and interfacial interactions holds great promise for
the significant advancement of PeLED performance.
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