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Abstract

The impact of photon recycling on the efficiency of light extraction from metal halide per-
ovskite light emitting diodes is quantified using a novel modelling framework based on a
detailed-balance compatible Green dyad approach. Analysis of photon modes contribut-
ing to internal emission and iterative evaluation of re-absorption and re-emission processes
is performed for single perovskite layers in absence and presence of a metallic reflector
and under consideration of associated parasitic absorption losses. Finally, the approach is
employed to characterize the emission characteristics of a realistic multilayer device stack
in dependence of the emitter thickness.
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1 Introduction

In the last decade, metal halide perovskites have emerged as a class of materials that can be
used to engineer efficient light-emitting devices (Tan et al. 2014; Stranks and Snaith 2015;
Zhang et al. 2017). In high quality metal halide perovskite materials, strong optical absorp-
tion with sharp onset together with low non-radiative charge carrier recombination rates leads
to the presence of sizable photon recycling (PR) effects, which can improve light extraction
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from perovskite LEDs due to redistribution of light from guided to out-coupled modes (Cho
et al. 2020).

In order to exploit the beneficial impact of PR in perovskite LEDs (PeLEDs), accu-
rate quantification of internal and external emission in dependence of the multilayer stack
design is required. Recently, a simulation approach based on a transfer-matrix dipole model
was presented (Cho et al. 2020; Cho and Greenham 2021), which allows for a comprehen-
sive analysis of the photon modes contributing to internal emission and to both, recycling
and parasitic absorption of the internally emitted photons. However, the approach suffers
from two important limitations: First, in order to avoid divergencies in the dissipated power
related to non-radiative near-field energy transfer, it demands a discrete partitioning of the
system to create a non-absorbing environment of the dipole source at a given location, as
well as selection of an in-plane wave vector cut-off, which are both origin of inaccuracies
and introduce some arbitrariness in the solution. Second, the approach is purely optical,
and, hence, does not allow for the consideration of aspects of electronic transport and non-
radiative losses related to a specific device stack design.

We therefore introduced a theoretical treatment of photon emission and recycling in opto-
electronic semiconductor devices that is not only free of non-physical divergencies, but also
compatible with detailed balance, and which provides the internal and external emission in
terms of the local values of optical constants and quasi-Fermi level splitting (QFLS) and
of the transverse electromagnetic Green’s dyad (Aeberhard et al. 2021). In this way, it ena-
bles seamless integration with opto-electronic device simulation tools that use the radiative
recombination and secondary photogeneration rates in the charge carrier balance equations
and provide an update of the local QFLS to be used in the computation of those rates.

Here, we now show the application of this framework to the assessment of the impact of
PR on the light extraction efficiency in PeLED components and devices, from the analysis
of contributing photonic modes in single emitter slab configurations to the evaluation of
the external LED quantum efficiency in realistic device stacks.

2 Theoretical model

This section summarizes the main components of the theoretical description of photon recy-
cling based on dyadic Green’s functions as derived recently (Aeberhard et al. 2021). It also
discusses the formal analysis of the light out-coupling efficiency based on the contributions of
different optical modes to internal and external emission. Finally, the role of the quasi-Fermi
level splitting is investigated in the limits of ideal transport and of full carrier localization.

2.1 Light emission and re-absorption from dyadic Green’s functions

The theoretical formalism on which the modelling approach is based merges the theory
of dipole emission in semiconductor multilayers (Paulus et al. 2000) with a local quasi-
equilibrium approximation of the non-equilibrium Green’s function (NEGF) framework for
the quantum kinetics of excited semiconductors, which was shown to provide a consist-
ent theory of absorption and emission at the sub-wavelength regime (Aeberhard and Rau
2017). This provides an expression of the Poynting vector as a function of the local optical
material constants (refractive index n, and extinction coefficient k), the local QFLS Ap,,
and the dyadic Green’s function G of the transverse fields, e. g. for the TE component:
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where z is the perpendicular position, E, the photon energy, g, denotes the in-plane photon
wave vector and fgp; is the Bose-Einstein distribution function. While this expression pro-
vides the external emission, the internal emission is given by a generalization of the Van
Roosbroeck-Shockley (VRS) relation to arbitrary local photon density of states:
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The expression for the local re-absorption rate obtained from NEGF can also be derived
from the rate of power dissipation in an absorbing medium, as given by classical electro-
dynamics in terms of the imaginary part of the dielectric function Se = 2n,x and of the
electric field. Inserting the GF based dipole fields with detailed-balance parametrization of
the dipole current source provides the generation rate due to re-absorption as follows:
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2.2 Light extraction efficiency

At unit injection efficiency and internal luminescent quantum efficiency IQF, the external
LED quantum efficiency EQE| g, can be written as follows:

EQE s, = 10E - o @
(i)ml
where
d)out = / dEV [SZ(ZR’EY) - SZ(ZL’E}')]/Ey (5)

is the total photon flux exiting the device as inferred from the normal component S, of the
Poynting vector at the bounding planes of the device (z = z; ), and

G = / i, / & Ron(o.E,) ©)

is the total internally emitted photon flux.
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In order to capture the impact of photon recycling on the light out-coupling efficiency, the
contributions of re-emission following re-absorption need to be considered. For this purpose,
the local modification of the QFLS due to re-absorption has to be iterated, i.e., the contribu-
tions to the total light out-coupling due to re-emission of re-absorbed photons are summed
until the remaining internal emission falls below a certain threshold. Hence, at each iteration
i, the Poynting vector is computed based on the QFLS induced by the re-absorption, which
gives the contribution to the total EQE via (4) and (5):

EQE, 1p = Z[AEQELED]’! 7
i boulAu]
AEQE ==
[ Q LED] d)im[Aﬂo] (8)

While an accurate assessment would require full consideration of the charge transport
problem, we will here restrict the discussion to the two limiting cases of ideal transport and
full charge carrier localization, respectively.

Localized carriers In this case, we neglect the transport of charges generated due to re-
absorption and assume that any excess carrier density leads to local re-emission. For each
location z in the active layer, the QFLS of two subsequent iteration steps are therefore related
via

Rem[{A#(Z)}H—I](Z) = IQE : Rre-abs [{Aﬂ(z)}l] (Z) Vz (9)

where the local rates for emission and re-absorption are given by the energy integration of
Exprs. (2) and (3), and the internal quantum efficiency IQE measures the efficiency of the
internal photoluminescence process. For a straightforward solution of (9), we use again the
Boltzmann approximation to the Bose-Einstein function and rewrite the expressions for the
rates as follows:

Rem(@) = Men@F[Au@)], (10)
7?'re—abs(z) = /dZ,Mre—abs(L Z/)F[AM(Z,)]’ (11)
F[Au] = exp [Ap/(kgT)). (12)

If cast into a spatially discretized form, this provides directly the update of the QFLS:
1 .
Ft =10E - 3 [Mycas] o/ [Men] (13)
]

where k and [ are spatial indices. As the M coefficient matrices do not depend on the itera-
tion, we have to compute them only once prior to the iteration. The iteration converges
when F'/F0 < y for a threshold parameter 7 < 1.
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Ideal transport In the opposite case, transport within the device is ideal and carriers
move with infinite mobility. This corresponds to a spatially constant QFLS Ay'. The rela-
tion between the rates of re-absorption and (re-)emission becomes a non-local one,

/ dz R, (2)[Au™] = IQE - / dz Rpe_ans QLA (14)
which provides the iteration
FIAW™] = FIAW - IQE - My o/ My (15)
where
'A_/lre—abs = /dz/dZ/Mre—abs(z’ Z/)’ 'A_/lem = ‘/dZ Mem(z)' (16)

2.3 Parasitic absorption

While the explicit evaluation of parasitic absorption is not required here for the quantifica-
tion of the impact of photon recycling on the light extraction efficiency, it can be instruc-
tive to analyze parasitic absorption losses in the different layers of the device and to com-
pare the maximum EQE with the value obtained from using the global parasitic absorption
(Cho et al. 2020):

EQET[A ] = EQE{ L /(EQED + A ) a7

The parasitic absorption is evaluated by summing the contributions to the re-absorption

from the non-active layers, A, = >, Al where the individual contribution of layer / is
. para

given by

!
Zm
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3 Numerical simulation results

The optical modes contributing to the internal emission are analyzed in Fig. 1, which
shows the emission rate integrated spatially over the active layer and resolved in energy
and in-plane wave vector (normalized to the maximum value of the vacuum wave vector),
for the case of a 50 nm metal halide perovskite (PEA,Cs,_,Pb,Br;,) layer (a) in air and (b)
with an aluminum reflector attached at one side’. In the absence of the metallic mirror,
the emission rate is dominated by guided modes: the dotted lines mark the correspond-
ing solutions to the transcendental eigenmode equation for the perovskite slab (Jackson
1998; Reisinger 1973). On the other hand, the presence of a metallic reflector leads to the

! Note that we still assume that all of the carriers generated via re-absorption remain in the system and
recombine radiatively, i.e., there is no reduction of Ay due to either, non-radiative recombination or charge
carrier extraction.

2 nk-data from Ref. (Cho et al. 2020) (perovskite) and the Setfos material database (Al).
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Fig. 1 Analysis of the internal emission rate in a 50 nm metal halide perovskite slab in terms of contribut-
ing optical modes, resolved in photon energy and normalized in-plane photon wave vector: a In the absence
of a metallic reflector, the emission is dominated by guided modes. b In the presence of a metallic reflector,
the dominant contribution stems from the hybridization of guided modes with surface plasmon polariton
modes at the perovskite-metal interface.
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Fig.2 a Evolution of the external LED quantum efficiency of the 50 nm perovskite layer with subsequent
contributions from photon re-absorption and re-emission, under the assumption of IQE=1 and ideal trans-
port/flat QFLS (circles) or fully localized charge carriers (squares). While the total (top+bottom) EQE con-
verges to 100% for the perovskite slab in air, parasitic absorption limits the EQE to around 20% for the slab
with metallic reflector. b For IQE<1, the EQE gain due to photon recycling is reduced substantially, with
the reduction being more drastic in the reflector-free case.

hybridization of the guided modes with the surface plasmon polariton (SPP) modes of the
perovskite-aluminum interface (Niv et al. 2012), for which the dispersion relation (see, e.g.
Haug et al. 2008) is indicated by dashed lines.

The iteration of the external quantum efficiency for the two configurations of Fig. 1 is
displayed in Fig. 2a, considering both ideal transport (circles) and fully localized charge
carriers (squares) at an IQE of 100%. In this case, the transport regime is found to have
only a minor effect on the light out-coupling. In the reflector-free case, the EQE (for overall
emission) converges to 100%, as there are no parasitic losses, and eventually, all of the light
initially emitted internally will be coupled out. However, since there is no reflector, only
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Fig.3 Analysis of the light propagation, re-absorption and extraction in a realistic PeLED device stack
(similar to Ref. Cho et al. (2020)): a Device stack layout. b Spectral photon flux (upper subfigure) and local
re-absorption rate (dashed line: absorption in out-coupled modes). ¢ Fraction of the internally emitted pho-
tons that are re-absorbed, resolved in energy and by layer. d External quantum efficiency of the full stack
with and without consideration of PR. The data for vanishing extinction coefficient is obtained from simula-
tion with Setfos.

50% of the light emitted internally will be coupled out to either side. In the presence of an
aluminum reflector in contact with the perovskite, on the other hand, parasitic absorption
(dashed lines: evaluation of Eq. (17)) amounts to around 45% and photon-recycling leads
to an only modest enhancement of the light out-coupling. For lower IQE and ideal trans-
port [Fig. 2b], the EQE enhancement is substantially reduced in both situation, with the
absolute reduction being more pronounced for the case without parasitic absorption.

In full PeLED device stacks such as, e.g., those studied in Ref. (Cho et al. 2020), in
addition to parasitic losses at metallic reflectors, there can be parasitic absorption in trans-
parent contact layers and light confined to substrate guided modes that both reduce the
efficiency of light out-coupling. Figure 3a shows a multilayer device design similar to that
of Ref. (Cho et al. 2020). For a perovskite emitter thickness of 50 nm and in the limit of
ideal transport and IQE = 1, the photon flux (obtained from the Poynting vector) at a pho-
ton energy of E, = 2.4 eV and the corresponding local re-absorption rate are displayed
in Fig. 3b, with the contribution of out-coupled modes to the re-absorption indicated by
dashed lines. As can be inferred from Fig. 3c showing the energy resolved fraction of
internally emitted light that is re-absorbed in a given layer, there are no parasitic losses in
the transparent contact layers at the energies of internal emission, but there are still losses
related to the electrode in spite of the spatial separation from the emitter layer® which are
dominated by SPP and hybrid modes outside of the outcone, i.e., with transverse wave
vector g > qo = E, /(hcy). There is, however, also significant re-absorption (even in the
outcone) by the perovskite itself, which shows in Fig. 3d as a reduction of the EQE without
PR (filled squares) from the simulation with vanishing extinction coefficient (k = 0, open
squares: computed with the opto-electronic device simulation tool ISetfosl Fluxim, 2021). If

3 In fact, reduction of contact area was suggested in Ref. (Cho et al. 2020) to increase EQE further.
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photon recycling is considered, the assumption of 100% internal quantum efficiency turns
the re-absorption into a sizable gain of out-coupling efficiency, which increases with emit-
ter layer thickness. Considering the discrepancies in optical data, numerical models and
the details of supporting layers used, the agreement with the result published in Ref. (Cho
et al. 2020) (Fig. 3c therein) is remarkable.

Owing to the parametrization of the emission model in terms of the local QFLS, cou-
pling to a drift-diffusion model of charge transport is straight-forward, and will allow to
extend the present analysis to a configuration-specific assessment of electrical losses due
to carrier leakage and to non-radiative recombination in the bulk and at interfaces (Zeder
et al. 2022).

4 Conclusions

We discuss the application to perovskite light emitting devices of a novel modelling frame-
work for photon emission and recycling that is based on a detailed-balance compliant
Green’s function formalism. The enhancement of the external quantum efficiency due to
photon recycling is quantified in limiting transport regimes and for systems with differ-
ent nature of the dominant modal contribution to the radiative power dissipation, which
is evaluated without limitations in resolution owing to the absence of divergence issues.
While good agreement is found with the literature in terms of PR-related EQE enhance-
ment at the optical limit, this work paves the way to full opto-electronic optimization of
device designs for improved light emission properties.
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