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Abstract

The unique optical properties of lead halide perovskites have drawn significant
attention towards their application in light emitting devices (LEDs) in recent years.
While quantum yield, emission wavelength and stability are already in the focus of
many research groups, the orientation of the emissive transition dipole moments (TDM)
has rarely been investigated. As known from other thin film applications such as
organic LEDs, this quantity can severely affect the light outcoupling of the device and
thereby limit the external quantum efficiency. In this work, we investigate CsPbBrj
nanoplatelets of variable thickness and determine the orientation of their TDMs from
thin film radiation pattern analysis. We then apply optical simulations to elucidate the
performance limits of perovskite based blue LEDs in prototypical device architectures.

We find that with increasingly beneficial horizontal orientation, the maximum efficiency
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achievable increases to values close to 30%. However, since the photoluminescence
quantum efficiency degrades considerably for decreasing thickness, the overall device
efficiency does not significantly improve. Thus, for the currently available material
sets we can conclude that while for nanocubes the non-ideal orientation limits device
performance, devices with nanoplatelets are limited by non-optimal photoluminescence

quantum yields.
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1 Introduction

Lead halide perovskites (LHPs) have recently gained considerable attention for applications
in thin-film optoelectronic devices. The family of hybrid organic-inorganic LHPs, the most
renowned being methylammonium lead iodide (MAPI), has revolutionized the field of thin-
film photovoltaics in less than ten years.i2 Recently, however, they have also generated
increasing attention in the context of light emission. Particularly LHP nanocrystals (NCs)
are attractive as luminescent materials for light-emitting diodes (LEDs). Combining the
advantages of bulk LHPs — notably their defect tolerance, solution processability, and elec-
tronic bandgap tunability — with well-known features of colloidal quantum dots (QDs), such
as high photoluminescence quantum yield (PLQY) with narrow emission linewidths, as well
as size- and composition-tunable colours.?® Owing to their high PLQY, LHP NCs are mean-
while used in display applications, where they typically function as optical down converters.
Excited by the light of a blue or UV-emitting LED, they produce light between the green
and near infrared (NIR) parts of the optical spectrum, covering a large colour gamut. In

this arena they compete with conventional semiconductor QDs and might even outperform
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InP as an alternative Cd-free emitter system.

In contrast to these optically pumped systems, electroluminescence (EL), i.e., the
direct electrical excitation of LHP light emitters, has been demonstrated only recently. The
first electroluminescent green and red perovskite LEDs (PeLEDs) were reported in 2014 by
Tan et al., reaching external quantum efficiencies (EQEs) of 0.1 % and 0.23 %, respectively.”
Until now, extensive research is going on, improving EQEs of perovskite LEDs up to around
20 % EQE.® 1! While green and red emitters are well-examined blue emitting PeLEDs are
still lagging behind with an EQE of approximately 2 %.12 Reasons for that are low PLQY
for Cl-containing NCs and difficulties in the injection of electrons and holes into conduction
and valence band.2® 7 Recently Bohn et al. showed a synthesis routine for all-inorganic
LHP nanoplatelets (NPIs) with high PLQY and narrow, tunable emission between 435nm
and 497nm. Herein, different emission wavelengths can be achieved by monolayer-precise
tuning of the thickness of CsPbBr; NPlIs taking advantage of strong quantum confinement. 8
Especially blue emission with a dominant wavelength of less than 475 nm is of great interest
since it is necessary to meet the requirements for the BT2020 television standard.?

Concerning the application of LHP NCs in electroluminescent devices, a fundamental
understanding of the factors determining their efficiency is required. In particular, the prob-
lem of light extraction in PeLEDs is of paramount importance.?’ Specifically, the direction
of the transition dipole moment (TDM), which has been found to be a very powerful tool in
organic LEDs, has not been investigated yet in detail in LHP systems. Consequently, many
devices lack a clear evaluation of their theoretical performance limit given by the optical

properties of the emissive layer stack.
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2 Results and discussion

2.1 Optical simulations

In general, the overall performance of a thin film LED is given analogously to a formalism
proposed for OLEDs. 12! Accordingly, the external quantum efficiency 7rqr can be expressed

as:

NEQE = 7 * Geft * Tout (1)

Herein, v denotes the charge carrier balance, so the ratio of electrons and holes in the
emission layer (EML) that recombine. This parameter is critical, especially for blue emitting
perovskites, and is typically controlled through the device architecture.218 As this paramter
has been investigated in previous publications, we will not further address this factor here
and assume it to be unity. The remaining factors limiting the performance are thus the
effective radiative quantum yield (geg) and the light outcoupling efficiency (7ou;). Whether
or not an additional, fourth factor for the spin of the excited state has to considered in
PeLEDs is currently under debate.?222 The g takes into account the material specific
intrinsic quantum yield (¢) — with the PLQY being a good approximation for it — and the
coupling of the excited states to the photon field within the microresonator of an LED —
also known as the Purcell effect. The PLQY can be measured directly for a given material
by use of an integrating sphere. However, both the outcoupling efficiency and the Purcell
factor need to be derived from numerical simulations. Therein, the optical properties of the
system such as film thicknesses and refractive indices of the individual layers are important
input parameters.

Another key factor determining the outcoupling efficiency is the radiation pattern of the
emissive species. This property is affected both by the orientation of the emissive transition
dipole moments (TDM) of the nanocrystals, as indicated in Fig. [[h, and by the refractive

index of the emissive layer. With both having a comparable effect on 7., it makes sense to
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introduce a figure of merit which takes both contributions into account. One such parameter
is the dimensionless alignment constant (¢), which quantifies the angular distribution of
emitted power, and is given by the refractive index ngyr, and the angle of the emissive TDM

(@rpm) With respect to the film surface via:2*

(=

sin® YTDM (2)

N, — Sin® @roum (Mg, — 1)

This parameter can take values between 0 (corresponding to perfectly horizontal TDMs)
and 1 (corresponding to perfectly vertical TDMs) and consequently is desired to be as low
as possible to enhance the radiative outcoupling of emitted light out of the stack. This can
be achieved by reducing the angle of the TDM (¢1pm) or by increasing the refractive index
(npmr) of the EML. To investigate how these parameters would affect a state-of-the-art
perovskite LED and obtain performance limits, we performed optical simulations following
an approach widely used for OLEDs and assuming the LHP NCs as emitting classical dipoles
in an OLED-like layer stack (Fig. Ib).227

This method allows for the determination of the energy distribution to the different op-
tical modes as well as the influence of the Purcell effect. The device archictecture we used
consists of 150 nm of ITO on glass, 30 nm of the hole-injection material PEDOT:PSS, an opti-
mized thickness of the hole transport layer NPB, 5 nm of LHP NCs as emission layer, 10 nm of
OXD-7 as hole blocker, an optimized thickness of Aluminium-tris(8-hydroxychinolin) (Alq,)
as electron transport layer, 10nm Ca and 100 nm Al. The optimized thickness values can
be found in the supporting information. From the simulations we extract the alignment
constant (¢) which can be split into contributions of ¢prpym and ngym (Fig. k). The plot
clearly shows how reducing @rpy or increasing ngyy, leads to a higher outcoupling efficiency.
Please note that the primary outcome of the numerical simulation is the alignment constant
¢, which contains all the information needed to calculate the light outcoupling efficiency of a
given device stack. The refractive index itself is only needed in order to determine the TDM

angle. Importantly, an uncertainty in the refractive index will not affect the analysis of the
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Figure 1: Transition dipole moment and light outcoupling in perovskite nanocrys-
tal LEDs. a) Schematic of the possible orientations of the TDM in perovskite nanocrystals.
While isotropic in nanocubes, the angle is strongly restricted in the vertical direction for thin
nanoplatelets. b)Depiction of an exemplary stack design used to simulate the outcoupling
efficiency of perovskite LEDs. HTL, EML and ETL denote hole transport layer, emission
layer and electron transport layer, respectively. ¢) The outcoupling efficiency in dependence
of the angle of the emissive TDM and the refractive index of the EML. Both quantities can
be combined to the alignment constant (¢). Samples with the same ¢ value yield identical
light outcoupling efficiency, as indicated by the contour lines.

efficiency.

In case of LHP NCs, the value of ngyp deserves some comment. The Bruggemann
approach is typically used to obtain an effective refractive index and taking into account
the high value of the inorganic perovskite layer and the lower value of the organic ligands,
one can assume a value of ngyy, = 2.0 for LHP NCs.28 Clearly, the perovskites have a
significant advantage in this case in comparison to traditional organic emitters, as they
possess a relatively high refractive index. Concerning the angle prpy, CsPbBrg perovskite
nanocubes are only weakly confined and thus do not exhibit a preferential orientation for the
TDM (see Fig. k). This reduces their overall efficiency of outcoupling with respect to the
best organic emitters. However, as the thickness of the NCs is reduced to obtain NPls, the
angle of the TDM becomes progressively restricted in its orientation, which is in the plane
of the NP1. This can be exploited if the NPls are arranged to lie flat on the device stack,
as the radiation is emitted perpendicular to the TDM, and so would be focused out of the

LED. Note that this consideration is only valid for thin emissive layers which merely act as
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the source of radiation but are too thin to directly contribute to wave propagation.2

2.2 Radiation pattern analysis

CsPbBr3 NPIs with a controllable thickness from 1.2 to 3.6 nm, corresponding to two to six
monolayers (MLs), were obtained following a previously described reprecipitation method
(see SI for further details).1® To measure the optical properties of the NCs in detail, we spin-
coated the dispersions (in toluene) onto glass substrates, yielding nearly closed monolayers
of NCs. The narrow thickness leads to a pronounced quantum confinement, which results
in a strong blueshift of the photoluminescence emission with decreasing thickness. Narrow,
single emission peaks are observed for thin films of these samples varying from 432 nm for
the 2 ML sample to 497 nm for the 6 ML sample, as shown in the Supporting Information
(cf. Figure S1). The perovskite nanocrystals exhibit narrow emission spectra and emission
maxima in the blue part of the optical spectrum, resulting in improved color coordinates
compared with traditional blue organic emitters, as depicted in Fig. 2.

Angular dependent radiation patterns were taken using the experimental setup shown
in Fig. 2b. Therein, the sample is placed on top of a spherical prism and excited with a
375nm cw laser diode. The PL signal passes through the prism and is collected by a spec-
trometer (Princeton Instruments Acton 23001 with Princeton Instruments PyLoN detector).
Angle-dependent emission spectra are acquired by rotating the sample with respect to the
detection optics. These spectra can be modelled according to a procedure described in litera-

ture 24,28,31,32

In short, the angular dependent light emission from the layer stack is simulated
using a classical dipole model. Therein, each of the three orthogonal dipole orientations =,
y and z (with z & y lying in the substrate plane (horizontal) and z being perpendicular to
it (vertical)) are treated separately, because they each contribute in a characteristic manner
to the radiation output. Since the angular dependent radiation pattern is measured under

transverse magnetic polarization (see Fig. 2b) only the z- and z-components are relevant

here. Their relative contributions to the measured signal are determined by numerical fit-
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Figure 2: Determining the alignment constant ¢ in perovskite nanoplatelets. a)
CIE1931 color coordinates for CsPbBr3 nanoplatelets compared to state-of-the-art organic
emitters.22:3% b) Tllustration of the angular dependent spectroscopy setup. Angular depen-
dent radiation patterns are obtained via rotation of the sample with respect to the detector.
c) Angular dependent radiation pattern of a 3 ML sample (blue dots) and the simulated
pattern (orange line). The simulation is used to obtain the alignment constant ¢. d) ¢ values
for nanoplatelets of thickness between 2ML and 6ML.

ting, yielding the alignment constant (. For the calculation of the total (angle integrated)
light emission and the concomitant device light outcoupling efficiency, the y-component is
then used identical to x, as the thin films have no preferred alignment within the substrate
plane.

A representative spectrum is plotted in Fig. Rk for 3 ML platelets (blue dots). The result

for this case is plotted in orange, yielding an extremely good fit to the data. From this
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fit we can extract the value of the alignment constant, in this case we obtain ¢ = 0.025.
This and all following values for ( were extracted at the peak wavelength of the respective
spectrum. Individual fits for each of the platelet thicknesses can be found in the Supporting
Information (Figure S2).

Measurements of the alignment constant ( were performed for each of the different
CsPbBrs platelet thicknesses. The thickest NPIs with 6 ML exhibit a ¢ value of 0.062,
which is slightly lower than the value obtained for CsPbBrs nanocubes in a previous publi-
cation.?* As the thickness of the NPIs decreases, the value of ¢ also decreases down to only
0.025 for the 3ML and 0.018 for the 2ML NPIs (Fig. [2d). The value for the 3ML NPIs is
only slightly higher than that previously observed for NPIs of the same thickness.2® How-
ever, in this previous publication, the NPIs were covered with a thin layer of Al,O3, which

significantly reduces the ¢ value.

3 Efficiency analysis

Decreasing the alignment constant leads to an increase in the outcoupling efficiency of the
PeLED. This benefit is mostly caused by a decrease in surface plasmon polariton coupling,
which is inversely correlated to the TDM angle to the substrate. Hence, the energy outcou-
pled into free space increases as ( is lowered. This is shown in Fig. [3h, where the outcoupling
efficiency is plotted in dependence of the TDM angle and the refractive index of the EML.
Here, we have added the values not only for all of the measured NPls, but also for some pro-
totypical organic emitters. The benefit of the enhanced refractive index of the perovskites is
clearly visible. This is mainly due to the refractive index contrast between the EML and the
organic semiconductor transport layers (npmp > Norg)-22  Again, please note that the light
outcoupling efficiency is primarily given by the value of the alignment constant indicated
as contour lines in Fig. Ba. Moreover, these values would not change even if the effective

refractive index of the NPI layer were slightly thickness dependent.
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Figure 3: Outcoupling efficiency and EQE limits of PeLEDs. a) The outcoupling effi-
ciency for perovskite nanocrystals and some prototypical organic emitters2?:32 in dependence
on the TDM angle and the refractive index of the EML. The values of  decrease for decreas-
ing nanoplatelet thickness and, consequently, light outcoupling increases. b) Performance
of the investigated exemplary PeLED stack for different quantum yields and alignment con-
stants of the emissive nanocrystals. The colored dots indicate the EQE limit of different
CsPbBr3 nanocrystal shapes. While nanocubes are close to their theoretical maximum of
about 20 %, device performance for the different nanoplatelets could be enhanced by increas-

ing the quantum yield of the emissive perovskite. Note that PLQY values were taken from

literature. 18

The oucoupling directly affects the efficiency of the overall device, as depicted in Fig. Bb.
For CsPbBr3 nanocubes, with a quantum yield approaching unity, the alignment constant
value of 0.07 limits the maximum device efficiency (EQE) to 20%.2* In contrast, the NPIs
have alignment constants that are significantly lower (down to 0.018 for 2ML NPls). Conse-
quently, their light outcoupling efficiencies are all higher than that of the nanocubes, reaching
28 % for the thinnest sample. However, currently, all of the NP1 LEDs show very similar
performance with EQEs of about 15 %, which is clearly less than the 20 % for nanocubes,
because the potentially higher outcoupling is compensated by a reduced PLQY of the mate-
rial.18 Thus, two direct strategies for improving the EQE are obvious. First, by improving the
quantum yield of the NPIs through optimized syntheses and, second, through encapsulation
of the EML in a thin layer of high refractive index material, as previously demonstrated.2

Interestingly, in comparison to state-of-the-art devices found in literature,®:3% their ef-
ficiencies significantly lag behind the theoretical predictions presented here. Blue PeLEDs
containing NPIls currently reach only 0.3 % and 0.55% for three and five ML of CsPbBrs,

10
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respectively. While the devices exhibit narrow color-pure emission and reasonable stability
during device operation, the limiting factor is currently not the performance of the emitter
or the out-coupling. Instead the deep valence band position of blue LHP NPls constitutes
an energetic barrier for hole injection, leading to enhanced nonradiative recombination at

the perovskite-transport layer interface.

4 Conclusions

In summary, we have investigated the effect of the orientation of the transition dipole moment
of perovskite nanoplatelets on the outcoupling efficiency and consequently the maximum
efficiency achievable for PeLEDs. Using the alignment constant (¢), which factors in not
only the TDM angle but also the refractive index of the EML, we find a strong decrease
in ¢ values with decreasing thickness of the perovskite nanoplatelets. This is due to the
progressive confinement of excitons within the NPIs, which leads to a stronger orientation of
the TDM and a concomitant blue-shifted emission. Estimations reveal a performance limit
of 20 % for weakly confined green-emitting nanocubes due to their nearly vertical alignment
of the emissive TDM. While for the blue-emitting nanoplatelets the alignment constant
can be strongly reduced, they also exhibit reduced PLQY, which more than cancel out the
increased outcoupling efficiency. The EQE is thus currently limited to approximately 15 %.
However, by increasing the quantum yield of the thin quantum confined nanoplatelets to
the value of the nanocubes, the EQE could be boosted to almost 30 %. In current state-of-
the-art devices for deep-blue emitting CsPbBr3 nanocrystals, which only reach about 0.3 %
EQE the most limiting factor, however, is the difficulty in injecting charges efficiently, an

issue which needs to be solved in order to come closer to the theoretical limits.

11
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