
ETH Library

Optimizing perovskite LEDs and
tandem PV cells: The role of
photon-recycling and luminescent
coupling in presence of strong light
scattering

Journal Article

Author(s):
Zeder, Simon J.; Blülle, Balthasar; Ruhstaller, Beat; Aeberhard, Urs

Publication date:
2025-06

Permanent link:
https://doi.org/https://doi.org/10.3929/ethz-b-000743802

Rights / license:
Creative Commons Attribution-NonCommercial 4.0 International

Originally published in:
APL Energy 3(2), https://doi.org/10.1063/5.0268284

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/https://doi.org/10.3929/ethz-b-000743802
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1063/5.0268284
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


APL Energy ARTICLE pubs.aip.org/aip/ape

Optimizing perovskite LEDs and tandem PV cells:
The role of photon-recycling and luminescent
coupling in presence of strong light scattering

Cite as: APL Energy 3, 026110 (2025); doi: 10.1063/5.0268284
Submitted: 28 February 2025 • Accepted: 27 May 2025 •
Published Online: 18 June 2025

Simon J. Zeder,1,a) Balthasar Blülle,1 Beat Ruhstaller,1,2 and Urs Aeberhard1,3

AFFILIATIONS
1 Fluxim AG, Katharina-Sulzer-Platz 2, 8400 Winterthur, Switzerland
2 Institute of Computational Physics, Zürcher Hochschule für Angewandte Wissenschaften, Technikumstrasse 71,
8400 Winterthur, Switzerland

3 Integrated Systems Laboratory, Eidgenössische Technische Hochschule Zürich, Gloriastrasse 35, 8092 Zürich, Switzerland

Note: This paper is part of the Special Topic on Novel Simulation Approaches of Perovskite Optoelectronic Devices and Materials.
a)Author to whom correspondence should be addressed: simon.zeder@fluxim.com

ABSTRACT
Photon recycling (PR) in light-emitting and light-absorbing devices with incoherent scattering is investigated using a novel optical framework,
self-consistently coupled to electrical models for current- and voltage-controlled devices to trace the inherent optoelectronic backcoupling
associated with PR. This study reveals a universal competition between photon re-absorption and scattering processes, which governs perfor-
mance across device types. In light-emitting diodes, the optimal emitter layer thickness is highly sensitive to scattering outcoupling structures
and PR; their consideration in modeling is crucial. In addition, scattering structures impose stricter radiative efficiency requirements for
PR to remain beneficial, highlighting the trade-off between loss mitigation and re-absorption penalties. For photovoltaic devices, the impact of
front texturing on PR and luminescent coupling (LC) in perovskite–silicon tandem solar cells is quantified, including the first demonstration
of luminescent self-coupling at the emissive perovskite-coated texture. While the texture minimally affects PR/LC overall, both scattering and
re-absorption redistribute photogeneration. LC enhances tandem efficiency by 4.4%abs in the Auger limit for bottom-limited configurations,
illustrating how photon redirection alleviates current-matching constraints.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0268284

I. INTRODUCTION

With recent advancements in metal-halide perovskite (MHP)
compositional engineering, as well as bulk and interface passivation
techniques, active MHP layers can be fabricated in light-emitting
diodes (PeLEDs) and solar cells (PSCs) that operate close to the
radiative limit.1 While the benefit of highly luminescent materials
is easily understood for PeLEDs, the connection to photovoltaic
properties is described by the optical2,3 and optoelectronic4 reci-
procity relations. Hence, luminescence enhancement in solar cells
can directly translate into improved light harvesting efficiency owing
to the reciprocal nature of light emission and absorption in these
devices.

In this study, we focus on the interplay between two key opti-
cal processes—photon recycling (PR) and optical scattering—and

their role in luminescent coupling (LC) within MHP-based devices.
While scattering is usually considered an elastic process that sim-
ply randomizes the angular distribution of photons, PR comprises
the iterative process of photon re-absorption with subsequent re-
emission, which not only randomizes the angular distribution
(for isotropic emitters) but also resets the spectral distribution to the
intrinsic emission spectrum of the material. Both these mechanisms
can significantly boost the performance of both PeLEDs and PSCs.
In PeLEDs, they enable the outcoupling of initially guided photons
in planar devices, allowing them to overcome the geometric-optical
limit of 7%–8%5,6 and wave-optical limit of 20%–25%7 for the
EQELED. In PSCs, on the other hand, scattering enhances light
absorption, and PR enhances the open-circuit voltage through an
effective decrease in radiative recombination.8,9 In the case of tan-
dem cells, re-absorption can further open additional optical energy
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transfer pathways between subcells (luminescent coupling, LC),
weakening the current-matching condition.10–12

Although the importance of PR effects in MHP-based
PeLEDs13–17 and PSCs8,15,17–19 has been known for a while, efforts
to model this phenomenon, taking into account simultaneously
the effects of optical scattering, have relied largely on detailed-
balance,8,20,21 ray-optical,22 or effective23 models. In this work, the
simultaneous effect of both mechanisms in a PeLED as well as in a
perovskite–silicon tandem (PST) solar cell is investigated by employ-
ing a recently developed optical multi-scale simulation framework.24

Applying this model to realistic device structures then allows for a
more detailed investigation of optimal structure parameters under
the influence of scattering and re-absorption, such as optimal emit-
ter layer (EML) thickness in PeLEDs or optimal top-cell absorber
layer thickness and texture morphology in PSTs under current-
matching conditions heavily affected by LC, guiding both these
device types closer to their ideal geometries.

II. ELECTRO-OPTICAL MODELING APPROACH
Since PR is an inherently bidirectional coupling between opti-

cal and electronic transport phenomena, both need to be modeled
simultaneously. Here, the optical model from Ref. 24 is summa-
rized, and two simplified approaches to the electrical modeling are
presented.

A. Optical model
For the optical part, we employ a recently developed modeling

framework that is able to combine coherent and incoherent trans-
port in the presence of microstructured scattering interfaces.24 The
detailed-balance conforming coherent optical model provides local
emission, re-absorption, and power flux rates, considering the local
density of optical states, which are given by25

Rcoh
em (z, Eω) = 4E2

ω

ϵ⌜h3c2
0

nr(z, Eω)ϑ(z, Eω) f BE(Eω ⌐ ωϖcv(z))
×⩀ ⌐

0

dq⌜
2ϵ

q⌜I[Tr
↔
G(q⌜, z′, z′, Eω)], (1a)

Gcoh
reabs(z, Eω) = 8E4

ω

ϵ⌜h5c4
0

nr(z, Eω)ϑ(z, Eω)⩀ dz′ nr(z′, Eω)
× ϑ(z′, Eω) f BE(Eω ⌐ ωϖcv(z′))
×⊍

ϖ,ν
⩀ ⌐

0

dq⌜
2ϵ

q⌜⌜Gϖ,ν(q⌜, z, z′, Eω)⌜2,

ϖ, ν ∈ {x, y, z},

(1b)

⌝S⌝coh
z (z, Eω) = 4E3

ω⌜h3c2
0ϵ ⩀ dz′ nr(z′, Eω)ϑ(z′, Eω) f BE(Eω ⌐ ωϖcv(z′))

×⩀ dq⌜
2ϵ

q⌜⊍
ϖ

I⌝Ϛϖ(⌝q⌜, z, z′, Eω)⌝, (1c)

where c0 is the speed of light in vacuum, nr and ϑ are the real
and imaginary parts of the complex refractive index, respectively,
and fBE(x) is the Bose–Einstein distribution function with ωϖcv
being the local electron–hole quasi-Fermi level splitting (QFLS). The
coherent model is then coupled to the incoherent net-radiation type

model, which directly solves the power fluxes in optically thick lay-
ers. From this, the equivalent incoherent emission and re-absorption
rates can be derived, viz.,

Rinc
em(z, Eω) = 2E3

ω

ϵ2⌜h4c3
0

n2
r(z, Eω)ϑ(z, Eω) f BE(Eω ⌐ ωϖcv(z)), (2a)

Ginc
reabs(q⌜, z, z′, Eω) = 2

Eω
⊍

ϕ
I[q⋊]⌞I ϕ

l,↢(q⌜, z, z′, Eω)
+ Iϕ

l,↑(q⌜, z, z′, Eω)⌞, (2b)

⌝S⌝inc
z (q⌜, z, z′, Eω) =⊍

ϕ
⌝Iϕ

l,↢(q⌜, z, z′, Eω) ⌐ Iϕ
l,↑(q⌜, z, z′, Eω)⌝, (2c)

and with similar expressions to compute re-absorption and power
fluxes within coherent regions caused by incident light from
incoherent regions.

In order to capture the bidirectional nature of PR, an electri-
cal model needs to be in place as well, which becomes evident from
the dependence of the emission and re-absorption rate on the local
value of the QFLS ωϖcv(z), with the QFLS itself being dependent on
the optical generation rate. Such a model could be a numerical drift-
diffusion-Poisson framework where the local rates are included as
spatially resolved generation and recombination rates, as used, for
example, in Ref. 26. In this work, a simpler approach shall be used
that avoids the complexity of a full drift-diffusion model. We employ
an electronic steady-state model for the active layer only, assum-
ing constant charge carrier quasi-Fermi levels (ideal transport) and,
hence, a constant QFLS ωϖcv(z) ≡ ωϖcv.

B. Electrical model—Current controlled
For light-emitting devices, the operation is usually current-

controlled, and so we base the description on the integrated current
continuity equation of the individual charge carriers (showing here
explicitly the dependence on ωϖcv),

0 = J{n,p}(0) ⌐ J{n,p}(d) + q⩀ d

0
dz

× ⌞↼abs
IQE Greabs(ωϖcv, z) ⌐ 1

↼em
IQE

Rem(ωϖcv, z)⌞
= J{n,p}(0) ⌐ J{n,p}(d) + J G(ωϖcv) ⌐ JR(ωϖcv), (3)

with J{n,p} being the local electron or hole current density, d being the
active layer thickness, ↼abs

IQE = ↽free⌞(↽free + ↽para) being the absorp-
tive internal quantum efficiency (↽ being the absorption coefficient)
representing the probability of generating a free charge carrier pair
per absorbed photon, and ↼em

IQE = Rem⌞(Rem + Rnrad) being the
emissive internal quantum efficiency, where Rnrad represents any
non-radiative recombination channel such as Shockley–Read–Hall
(SRH) or Auger recombination. The generation and recombina-
tion quantities shown here represent the integrated quantities over
photon energy (and emitter position for Greabs), i.e.,

Greabs(ωϖcv, z) = ⩀ dEω ⩀ dz′ Greabs(ωϖcv, z, z′, Eω), (4a)

Rem(ωϖcv, z) = ⩀ dEω Rem(ωϖcv, z, Eω). (4b)
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Since the injected current stays constant and is equal to the
recombination without PR,

0 = J{n,p}(0) ⌐ J{n,p}(d) ⌐ q⩀ d

0
dz R0(ωϖcv,0, z) (5)

≡ J{n,p}(0) ⌐ J{n,p}(d) ⌐ JR,0,

an implicit equation for the QFLS follows, viz.,

J G(ωϖcv) = JR(ωϖcv) ⌐ JR,0, (6)

which can be solved for ωϖcv as a function of the externally imposed
injection current JR,0 and enhanced by Greabs. Using the above
approach, it is then possible to calculate the EQELED (↼EQE) of the
LED, which is given, in general, by

↼EQE = ⇀ext(ωϖcv)
1
q Jinj

, (7)

where ⇀ext is the externally emitted photon flux. The externally emit-
ted flux without PR can be expressed using the spatially averaged
outcoupling probability Pext

em (computed as the ratio between emitted
photon flux and the spatially integrated internal emission rate) and
the total internal emission, i.e.,

⇀ext,0 = Pext
em↼IQEJinj⌞q. (8)

Since PR leads to an increase in the QFLS, the total internal
emission changes, and hence

⇀ext(ωϖcv) = Pext
em↼IQEJR(ωϖcv)⌞q

= Pext
em↼IQE(Jinj + J G(ωϖcv))⌞q, (9)

where in the last step (6) was used, from which further the enhanced
QFLS ωϖcv is computed. The final expression for the EQE then reads

↼EQE = ↼EQE,0
J inj + J G(ωϖcv)

J inj
(10)

with

↼EQE,0 = Pext
em↼IQE (11)

being the EQE without PR.

C. Electrical model—Voltage controlled
For voltage-controlled devices, as is usually the case for solar

cells, a model is needed to define the voltage dependency of the
current. The simplest choice is the ideal diode equation,

Ji(Vi, Vj , . . . ) = Ji
0,rad⌟exp⌟ qVi

kBT
⌟ ⌐ 1⌟

+ Ji
0,nrad⌟exp⌟ qVi

nidkBT
⌟ ⌐ 1⌟

⌐ ⌟⎢⎢⎢⎢⎣J
i
SC + Ji

PR(Vi) +⊍
j≠i

J j→i
LC (Vj)

⎤⎥⎥⎥⎥⎦, (12)

with i denoting the subcell index, JSC denoting the optical short-
circuit current due to external sources, J0,rad and J0,nrad denoting the

dark saturation currents due to radiative and nonradiative recom-
bination, respectively, and nid denoting the ideality factor of the
nonradiative recombination processes. In addition to optical genera-
tion due to external sources, generation due to internal luminescence
is taken into account by Ji

PR and J j→i
LC , representing PR in subcell i and

LC from subcell j to subcell i, respectively. Indeed, since the PR term
possesses the same functional form as the radiative recombination
term, these can be combined by defining an effective radiative dark
saturation current as follows:

J i
0,rad = q⩀ di

0
dzi ⌝Ri

em(ωϖi
cv = Vi = 0, zi)

⌐ ↼i,abs
IQE G i

reabs(ωϖi
cv = 0, zi)], (13)

i.e., the PR manifests itself as an effective reduction in the radiative
dark saturation current. The LC term also shows a similar functional
form; however, with the additional peculiarity that it introduces a
non-linear coupling to the voltage of subcell j, i.e.,

J j→i
LC (Vj) = J j→i

0,LC⌟exp⌟ qVj

kBT
⌟ ⌐ 1⌟, (14)

J j→i
0,LC = ↼i,abs

IQE q⩀ di

0
dzi⩀ dj

0
dzj G j→j

reabs(ωϖj
cv = 0, zi, zj). (15)

The two-terminal tandem can then be modeled by equating the cur-
rents in the subcells, alongside the assumption of negligible voltage
loss across the recombination junction connecting the subcells,

Ji(Vi, Vj , . . . ) = J j(Vj , Vi, . . . ) = Jtot(Vtot), (16)

Vtot =⊍
i

Vi, (17)

which constitutes a well-posed system of equations to be solved
for the subcell voltages Vi, using a numerical solving algorithm.
A depiction of the general equivalent circuit to which this model
corresponds can be found in Fig. S1.

III. RESULTS
A. Photon recycling in a perovskite LED
on rough AlOx

Re-absorption27 of emitted photons in a light-emitting device is
usually considered a loss mechanism since it prevents photons inside
the escape cone from being coupled out.28,29 Re-absorption is indeed
always lossy for parasitically absorbed photons, such as in electrodes
or charge transport layers. However, for photons re-absorbed in
the emission layer, which again lead to free electron–hole pairs, the
↼IQE determines whether this process is detrimental or beneficial.15,16

This arises from the fact that photon re-absorption within the
escape cone consistently leads to losses, whereas benefits emerge
through the reshuffling of photons from guided into outcoupled
modes.16,30–33 Therefore, PR in an LED can act in a similar way to
scattering, with the main distinction that scattering acts on a purely
optical level while PR is an inherently opto-electronic effect. With
the approach presented here, the effects of both PR and scattering
can be taken into account simultaneously and on equal footing.
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As an example system, the PeLED device34,35 depicted in
Fig. 1(a) is considered with an all-flat structure as well as with a
rough AlOx substrate, where the roughened AlOx–air interface is
modeled as an ideal Lambertian scatterer, while for the side with the
deposited thin-films, a ray tracing algorithm was used to compute
the scattering matrices. The thin-films are assumed to be conformal
with the AlOx surface, since the surface roughness on the polished
side is rather low, with the surface morphology modeled as a random
Gaussian surface, shown in Fig. S3.

To ensure compatibility of the optical data for the formami-
dinium lead triiodide (FAPbI3) absorber with the detailed-balance
approach presented, the extinction coefficient data in the sub-gap
absorption range underwent a sanitization procedure as outlined
in Ref. 36. This procedure addresses experimental measurement
noise resulting from very low sub-gap absorption, preventing
unphysical divergence in the computed emission spectrum caused
by the exponential amplification of low-energy contributions by
the Bose–Einstein distribution function [cf. Eq. (1a)]. From the
data obtained through this sanitization process, a significant over-
lap between the absorption and emission spectra is expected,37 as
depicted in Fig. 1(b). Assuming a constant QFLS of 1.2 eV in the
active layer, leading to an internal emission profile governed by (1a),
the resulting optical re-absorption and energy flux profiles in the
thin film stack of the device are shown in Fig. 2 for both flat and
rough AlOx surfaces.

FIG. 1. (a) The optical stack of the PeLED device (slightly adjusted from Refs. 34
and 35) under study, featuring a Lambertian scattering interface on the AlOx–air
interface and an irregular but smooth surface on the emitter side. (b) The absorp-
tion and calculated emission spectrum for the FAPbI3 under study, showing
significant overlap.

FIG. 2. Optical profiles assuming a constant QFLS in the perovskite of 1.2 eV.56

(a) The optical re-absorption profile for all thin-film layers, including re-absorption
of light back-scattered from the AlOx–air interface. Significant re-absorption in the
EML can be observed, with smaller values for the case of a rough AlOx surface.
(b) The net energy flux through the thin-film stack. A rough AlOx surface leads to
a shift toward positive flux values (i.e., directed toward the AlOx) due to reduced
reflection.

From the re-absorption profile, it is evident that, while there is
some absorption of emitted light in the electrodes and charge trans-
port layers, which is considered parasitic and, therefore, lost, the
FAPbI3 emitter itself re-absorbs a substantial amount of light from
either wave guided or substrate guided modes, which is fed back into
the electronic system. Compared to the fully flat case, the presence
of a rough AlOx surface reduces the overall amount of re-absorbed
light due to the enhanced outcoupling characteristics of the PeLED,
leading to a reduced intensity of substrate-guided light and, thus, to
a shift of the energy flux to more positive values [positive meaning
traveling to the right, Fig. 2(b)].

To understand how well the optical structure is optimized, the
layer-resolved re-absorptances as well as the outcoupled fraction are
shown explicitly in Fig. 3, where the increase in outcoupled emission
can be quantified more easily. Due to the relatively large refractive
index of AlOx at the emission wavelengths [nAlOx(1.6 eV) ≈ 1.76],
substrate guided modes are substantial, being of similar magnitude
as outcoupled modes in the flat case.7 As the ideal Lambertian scat-
tering interface allows for the outcoupling of these substrate guided
modes, light emission approximately doubles in the present case.
Indeed, such improvements are well within reach realistically, as
also shown experimentally for perovskite38–41 and other types of
LEDs.42,43
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FIG. 3. Layer resolved re-absorptances of internally emitted light. Re-absorption in
the FAPbI3 is additionally split into re-absorption directly inside the thin-film stack
(“Dir.,” includes the reflections from the Al rear reflector) and after propagation and
reflection in the AlOx substrate (“Indir.”), for flat and rough AlOx. Since the rough-
ness has no influence on the directly absorbed light in the FAPbI3, this contribution
is equal in both cases.

The re-absorption in the FaPbI3 layer, i.e., the relevant contri-
bution giving rise to PR, can be further split into a direct and indirect
contribution by considering only re-absorbed light within the bare
thin-film stack (“direct PR,” i.e., as if the AlOx layer was assumed
semi-infinite) and the additional impact by the light propagating
inside and reflected back from the AlOx substrate (“indirect PR”),
respectively. The latter contribution experiences a strong decrease
in the case of a rough AlOx surface as a result of the outcoupling of
substrate guided light.

Standing as it is now, with purely optical considerations, only
the detrimental effects of re-absorption are taken into account as a

loss of emitted light. In order to consider and quantify the beneficial
effects, the electronic transport model (3)–(10) is employed to com-
pute an approximate external quantum efficiency of the device. An
injection current corresponding to an initial QFLS of ωϖcv,0 = 1.2 eV
is assumed, i.e.,

1
q

Jinj = ⩀
ϵPero

dz
1

↼em
IQE

Rem(ωϖcv,0 = 1.2 eV). (18)

The resulting EQEs for varying EML thicknesses and for both
flat and rough AlOx surfaces are shown in Figs. 4(a) and 4(b), respec-
tively, assuming an ideal ↼em

IQE = ↼abs
IQE = 1, where for reference the

EQE in the limit of a transparent emitter (ϑ = 0) is also shown.
In the limit of a transparent emitter, there is no re-absorption

in the EML, and hence there is no loss of emitted light caused by
the perovskite. If re-absorption in the EML is properly taken into
account (denoted “Reabs.” in the plot), a loss in EQE results since
some of the light emitted into the escape cone is re-absorbed in
the perovskite before being coupled out and, hence, cannot con-
tribute to the externally emitted light flux. This corresponds to
↼EQE,0 from (11). Nevertheless, when also factoring in the potential
for re-emission by accounting for the rise in QFLS (referred to as
“PR” in the graph), the EQE is enhanced to levels surpassing those
of a transparent emitter, meaning that the positive impacts outweigh
the negative ones. This, however, depends strongly on the value of
↼em

IQE, which governs the probability of subsequent re-emission after
a re-absorption event. The same pattern can be observed for both flat
and rough AlOx, where the EQE for a rough AlOx surface is already
overall enhanced compared to the flat case due to the increased out-
coupling probability Pext

em. It is important to note that the optimal
EML thickness, where the maximum EQE is achieved, varies signif-
icantly between these cases. In Fig. 4(d), these optimal thicknesses

FIG. 4. Influence of PR and scattering
on EQE for varying EML thicknesses.
(a) Impact of photon recycling on EQE
for a flat AlOx surface. The vertical
dashed lines represent the locations of
the EQE maxima. (b) Impact of photon
recycling on EQE for the case of a rough
AlOx surface. A detailed explanation
of “PR,” “ϑ = 0,” and “Reabs.” can be
found in the main text. Both detrimental
(re-absorption of emitted light in the
escape cone, marked by 1) and benefi-
cial (re-emission of guided light into the
escape cone, marked by 2) effects of
PR can be followed in plots (a) and (b).
(c) The relative contribution of PR (flat),
scattering alone, and scattering including
PR to the EQE enhancement compared
to the base case of a transparent EML
and no scattering. (d) The optimal EML
thickness exhibiting the maximum EQE
in the case of flat interfaces and scatter-
ing. The lower, dotted markers describe
the case of a transparent emitter, with the
optimal thickness tending to increase in
the case of PR.
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are shown for both cases of flat interfaces and scattering, varying
between 38 and 68 nm. In order to achieve optimal performance of
a PeLED, it is, therefore, paramount to take both PR and scattering
into consideration.

To further compare the two mechanisms, the relative contribu-
tions to the EQE enhancement, given as

ωEQE contribution = ↼EQE ⌐ ↼ϑ=0,flat
EQE

↼EQE
,

are shown in Fig. 4(c) following the visual code of Figs. 4(a) and
4(b). The solid blue line represents the enhancement due to PR in
a flat structure, while the dotted red line corresponds to pure scat-
tering, without any re-absorption of light in the perovskite. Finally,
the solid red line represents the enhancement of both mechanisms
combined. While the scattering contribution is relatively insensi-
tive to the thickness of the EML, PR shows a pronounced thickness
dependence due to increased re-absorption of a thick emitter layer.
With the ideal scattering surface assumed in this work, the increase
in EQE due to scattering alone is significant around the optimal
EML thickness, surpassing the impact of PR. Consequently, the total
enhancement from both factors is only slightly greater than that
from scattering alone. This reduced impact of PR in the presence
of a scattering outcoupling structure can be directly observed as a
smaller QFLS enhancement caused by PR (shown in Fig. S4). A sim-
ilar conclusion can be drawn from the relative EQE enhancement
of PR, ωEQErel = (↼EQE ⌐ ↼ϑ=0

EQE)⌞↼EQE (i.e., the reference here is the
corresponding case of the transparent emitter, either flat or with scat-
tering), as a function of emissive IQE, shown in Fig. 5(a), assuming
an EML thickness of 250 nm. Since the light scattering already allows
for the outcoupling of substrate guided modes, PR loses some of its
beneficial effects. Hence, for it to lead to an enhancement in EQE, the
material quality requirements in terms of non-radiative recombina-
tion (↼em

IQE) become more strict. This is explained by the fact that for
flat interfaces, guided modes are always considered lost, and hence
even a low (≈20%) probability44 of redistributing such photons into
outcoupled modes is beneficial to make up for re-absorption. On the
other hand, in the case of scattering, a large portion of guided pho-
tons can still be coupled out; hence, the probability for re-emission
must be large (≈50%) to mitigate the re-absorption’s adverse
effects.

Looking at the PeLED’s emission spectrum in Fig. 5(b), the
experimentally observed effects of re-absorption with scattering can
be identified.16,23,45 Scattering is considered elastic; hence, the spec-
trum is only minimally altered for scattering alone (red dotted
line) as a result of the modified outcoupling characteristics at the
AlOx–air interface. On the other hand, re-absorption with flat inter-
faces (blue solid line) introduces a redshift in the spectrum, caused
by the larger re-absorption for higher-energy photons in the escape
cone. Interestingly, adding scattering to the re-absorbing case fur-
ther amplifies this redshift. In this case, photons in guided modes,
experiencing a significant redshift because of their extensive propa-
gation in the perovskite material, can be coupled out via an elastic
scattering process while maintaining their (by then strongly red-
shifted) spectrum. This is in contrast to the outcoupling of guided
photons through PR (redistribution of photons in guided modes
into outcoupled modes), which resets the photonic spectrum to the
intrinsic emission spectrum.

FIG. 5. (a) The relative EQE enhancement ωEQErel = (↼EQE ⌐ ↼ϑ=0
EQE)⌜↼EQE as a

function of emissive IQE for an EML thickness of 250 nm. In the case of a scatter-
ing outcoupling structure, re-emission probability must be higher (↼em

IQE ≈ 0.5) for
PR to become a beneficial effect, compared to the flat case (↼em

IQE ≈ 0.2), as high-
lighted by the dashed gray vertical lines. (b) The normalized outcoupled emission
spectra for transparent and re-absorbing EML. While scattering alone does not
strongly alter the emission spectrum, re-absorption and subsequent re-emission
(PR) result in a red-shifted spectrum. Scattering enhances this effect by enabling
strongly red-shifted photons in guided modes to be coupled out.

B. PR in a PST cell on a textured wafer
Solar cell characterization typically focuses on describing char-

acteristics related to the absorption of incident light. However, these
characteristics are inherently linked to emissive properties through
opto-electronic reciprocity relations;2–4,46 thus, light emission is also
expected within solar cells. A particularly interesting case are multi-
junction solar cells based on top-cell materials with high lumines-
cent quantum yield, such as the combination of wide-gap perovskite
with silicon absorbers, which has gained popularity due to rapid
advancements in power conversion efficiency (>30%47–51). There,
emission from the perovskite top-cell can be re-absorbed within the
perovskite itself through photon recycling (PR), affecting the top-
cell’s open-circuit voltage.8 In addition, its emitted short-wavelength
light can be re-absorbed in the narrow-gap Si bottom-cell, which will
change the photocurrent matching condition via modification of the
primary photogeneration,10–12 a process termed luminescent cou-
pling (LC). Given that commercial Si-wafers typically feature tex-
tured surfaces for enhanced light-trapping, scattering of internally
emitted light must be considered when simulating re-absorption
effects.
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FIG. 6. (a) The calculated normalized
emission spectrum of the perovskite
top-cell, alongside the extinction coeffi-
cients of the perovskite itself and the
Si bottom-cell. The blue-shaded region
is PR directly in the top-cell, while the
red-shaded region is LC. (b) The ran-
dom pyramid texture of the Si wafer
used in the ray tracing algorithm. (c) The
optical stack of the PST, here shown
with a double-sided texture (derived from
Ref. 52).

Here, a state-of-the-art PST device is considered with the opti-
cal stack shown in Fig. 6(c).52 Again, sizable re-absorption in the per-
ovskite top-cell (blue-shaded region) as well as in the Si bottom-cell
(red-shaded region) is to be expected [see Fig. 6(a)].

Although the emitted light is relatively low in energy (close to
near infrared), the silicon still shows significant absorption in this
spectral range [ϑSi(1.61 eV) ≈ 6.7 × 10−3], and re-absorption in the
Si is assumed to occur primarily close to the recombination junction.
Therefore, the back texture is expected to have a negligible impact on
the propagation of internally emitted light, and in the following, the
focus shall lie exclusively on the role of the front-texture (c.f. Fig. S6).

To investigate the influence of the top texture as a function
of texture height, the random pyramids of the texture shown in
Fig. 6(b) were scaled to reach trough-to-peak heights between 0 ϖm
(flat) and 8 ϖm. For tandems, the relative strengths of PR and LC

are a crucial aspect, due to their direct influence on the current-
matching condition of the device (bias-dependent photocurrent
generation). For the given structure, Fig. 7(a) shows the relative
re-absorptances of internal light emitted from the perovskite layer,
classified into contributions to PR, LC, and losses due to general par-
asitic absorption and outcoupling. Indeed, the structure is optically
well optimized since most light is re-absorbed either in the per-
ovskite or in the silicon. Only a minor amount is lost to parasitic
absorption and outcoupling.

The beneficial part of internal re-absorption, that is, PR
together with LC, amounts to 96.1%–97%, with both contributing
approximately equally. Indeed, looking at the ratio of the two, shown
in Fig. 7(c), PR has a slightly higher contribution at ∼54.5%, while the
texture height within the considered range only has a minor impact
on this ratio. While increasing texture height on an approximately

FIG. 7. (a) The relative re-absorptances grouped by type. PR denotes the absorption in the perovskite, LC denotes the absorption in the silicon, and parasitic denotes the
absorption in any other layer. (b) The relative contributions to re-absorption in the perovskite: Re-absorption of coherent light directly within the thin-film top-cell (“coherent”)
and of light initially emitted from the texture but later re-absorbed at a different location by the conformal thin-films. (c) The relative contribution of PR relative to the entire
beneficial re-absorption, i.e., PR + LC.
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flat interface increases LC (due to better incoupling into Si), extreme
texturing favors PR by impeding emitted light from escaping the
interface region, resulting in significant luminescent self-coupling
(i.e., the re-absorption of light emitted from the perovskite-coated
luminescent texture at a different location within the texture).24

Decoding PR sources into coherent and luminescent self-coupling
contributions confirms this trend. In Fig. 7(b), the relative contribu-
tions of these two are plotted against texture height, showing a sharp
increase in the luminescent self-coupling contribution for pyramid
heights >5 ϖm.

While the total amount of PR and LC is relatively insensitive to
texturing, its spatial distribution might not be. PR will experience a
shift in the re-absorption profile toward the silicon wafer due to the
increasing distribution of luminescent self-coupling, which is pre-
dominantly incident from the bottom of the texture. However, the
largest influence of the textured surface can be found in the spatial
distribution of LC. With increasing pyramid height, the light re-
absorption is more and more concentrated close to the top surface.
This occurs for two reasons: First, light struggles to escape the inter-
face region, increasing absorption in the Si before escaping. Second,
even light that does escape shows an altered angular distribution
compared to a flat interface, strongly shifted to more oblique angles,
as shown in Fig. 8. Consequently, this further reduces the homo-
geneity of the current generation in the silicon, particularly relevant
if material quality near the junction is lower, potentially quenching
the effect of LC.

In order to understand the impact of re-absorption on the
optoelectronic characteristics, the model outlined in Eqs. (12)–(17)
is applied. It is assumed that the perovskite top-cell operates at
the radiative limit, i.e., with J0,nrad = 0 and J0,rad given by (13). In
the Si bottom-cell, Auger recombination is additionally taken into
account, since in the ideal limit, Auger recombination is known to
dominate recombination in Si (Auger limit).53 Therefore, the radia-
tive dark saturation current in Si is still given by (13), while the
nonradiative current is computed using nid = 2⌞3 and

J0,nrad = dSiCbin3
i,Si,

assuming high injection in the voltage range of interest between
MPP and VOC such that

n ≈ p ≈ ni,Si exp⌟qVbot

2kBT
⌟,

FIG. 8. Normalized angular distributions of light escaping into the silicon bottom-
cell for different pyramid heights.

FIG. 9. Resulting JV characteristics of the filtered subcells as well as of the tandem
as a whole using the idealized electronic transport model. On top of the graphs,
the photovoltaic figures of merit are shown for the whole tandem JV in the case of
no re-absorption, PR, and PR + LC (in bold). (a) Taking into account radiative and
Auger recombination in Si (Auger limit). (b) Only taking radiative recombination
into account in Si, additionally showing the Shockley–Queisser (SQ) limit for the
whole tandem (i.e., assuming step-function-like absorptance in the two absorbers
without any optical losses).

and with Cbi ≈ 1 × 10−30 cm6⌞s being the bipolar Auger prefactor.54

As external illumination, the AM1.5G solar spectrum was used. The
resulting JV characteristics of both optically filtered subcells and the
overall tandem are shown in Fig. 9(a). “Optically filtered subcells”
refers to the selective consideration of neighboring subcells solely in
terms of their optical impact on the externally incident light flux,
with disregard for additional optical/electronic effects. From the
subcell JVs, the tandem device appears to be clearly bottom limited,
leading to a reduced JSC ≈ 18.65 mA cm−2 of the tandem device if
re-absorption is not taken into account (assuming double-sided tex-
ture with a pyramidal height of ∼1 ϖm). Adding the effects of PR
enhances the VOC of the top-cell and, with it, the VOC of the overall
tandem and the power conversion efficiency (PCE, ↼) slightly, while
JSC is not affected. The JV characteristics of the bottom-cell remain
unchanged due to the strong quenching of radiative emission in Si
by non-radiative Auger recombination, as evidenced by the current
contributions in the tandem device shown in Fig. 10(a), leading to
minimal PR in the bottom-cell.

Since the device is strongly bottom-limited, it can benefit
greatly from LC, which results in a secondary optical energy trans-
fer of the excess generation from the top to the bottom-cell. Indeed,

APL Energy 3, 026110 (2025); doi: 10.1063/5.0268284 3, 026110-8

© Author(s) 2025

 10 July 2025 15:28:12

https://pubs.aip.org/aip/ape


APL Energy ARTICLE pubs.aip.org/aip/ape

FIG. 10. Various current contributions of the tandem in the top-cell and bottom-cell
as a function of total voltage. The scales on the right are relative to the (sun-
induced) photocurrent of the top (inner scale) and bottom (outer scale) subcell.
VMPP and VOC are marked as the vertical dotted and dashed lines, respectively. (a)
Auger limit in the Si bottom-cell. Auger recombination dominates the recombination
current in the Si bottom-cell above 1.8 V (where VMPP ≈ 1.84 V), quenching the
radiative emission and hence any contribution to re-absorption from the Si. (b)
Radiative limit in the Si bottom-cell. In this scenario, the radiative emission from
the Si cell is not quenched, leading to sizable PR effects in the bottom-cell.

a significant increase in JSC of 2.17 mA cm−2 of the whole tan-
dem can be observed in the JV characteristics in Fig. 9(a) upon the
incorporation of LC effects, which is exactly the low-voltage limit
of Jbot

abs,LC in Fig. 10(a). Both dominant internal generation currents
Jtop

abs,PR and Jbot
abs,LC exhibit such a finite limit as a consequence of the

bottom-limitation, leading to a finite radiative recombination cur-
rent in the top-cell even for V → 0. This increase in JSC finally leads
to a dramatic gain in the overall PCE of 4.4%abs compared to the
case without any re-absorption. Note that this is a direct conse-
quence of the bottom limitation: Although it has been shown that
the texture has only a minor impact on the ratio of PR/LC contri-
butions, the distribution of photogeneration—and hence bottom or
top limitation—is a direct function of light scattering at the texture,
introducing a more indirect interplay between the two mechanisms,
highlighting again the necessity for a holistic approach.

As a comparison to the Shockley–Queisser (SQ) limit, the
radiative limit in the Si bottom-cell is also considered [with the
respective JV characteristics shown in Fig. 9(b)]. Since there is no
mechanism to quench emission in Si, the entire recombination cur-
rent is radiative, leading to a non-negligible PR current also in the
bottom-cell, as shown in Fig. 10(b). As a consequence, the VOC of
the filtered bottom-cell also experiences a boost upon incorporating

PR, leading to a combined increase in VOC of the whole tandem of
52 mV. LC finally has the same impact as in the Auger-limited case,
since LC from the bottom-cell to the top-cell is, in any case, negligi-
ble, finally leading to a PCE gain of 5.12%abs due to re-absorption
effects. Comparison with the SQ JV characteristics, however, still
reveals losses due to imperfect optics, such as parasitic absorption
and sub-unity absorptances.

IV. CONCLUSION
We presented an analysis of PR in light-emitting and

light-absorbing devices in the presence of incoherent scattering.
To achieve this, we described the optical characteristics using
a recently established optical multiscale framework, which was
coupled to simplified electrical models for current- and voltage-
controlled devices to trace the optoelectronic backcoupling inherent
to PR. It has been shown that both mechanisms, re-absorption as
well as scattering, improve device performance on their own. PR
reduces losses through radiative recombination by generally reduc-
ing the effective recombination in solar cells or specifically reducing
losses induced by emission into guided modes in PeLEDs. Scatter-
ing, on the other hand, generally improves light in-/outcoupling,
useful for both device types. Combining the two mechanisms, how-
ever, results not simply in the sum of its parts: Scattering and re-
absorption phenomena influence each other in both light-absorbing
and light-emitting devices, as they compete for the same photon
population, creating a nonlinear interplay that demands careful
balancing.

More specifically, in PeLEDs, the textured outcoupling
structure’s role in mitigating optical losses in guided modes amplifies
the comparative weight of the detrimental effects of re-absorption,
resulting in an increased required material quality for re-absorption
to yield beneficial effects. For the device considered in this work,
this interaction resulted in a substantial increase in the required
↼em

IQE from ≈0.2 to ≈0.5. Similarly, for PSTs, a texture applied to the
cell strongly impacts the balance in photocurrent generated in the
top-cell and bottom-cell, and since LC effects only play a significant
role in bottom-limited devices, it has a sizable impact on the useful-
ness of re-absorption mechanisms (for the heavily bottom-limited
device considered here, LC results in a 4.4%abs PCE increase in the
Auger limit). Furthermore, the texture affects light re-absorption
also more directly: It can shift the balance between re-absorption in
the top-cell and the bottom-cell through luminescent self-coupling,
as quantified here for the first time, and shift the spatial distribution
of re-absorbed light.

Since all these effects are heavily dependent on the device
structure, such as active layer thickness and texture morphology,
it becomes crucial to consider their interactions consistently when
optimizing such values for ideal device performance. The presented
modeling framework enables this holistic approach and has the
potential to contribute further to the development and optimization
of optoelectronic devices. In solar cells and PeLEDs, it can guide the
design process considering both beneficial PR and scattering effects,
leading to improved light management and ultimately enhanced
device efficiency. Furthermore, such a model allows for a more pre-
cise interpretation of device characterization measurements where
these optical effects play a role, such as direct luminescence-based
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techniques or EQE measurements in highly luminescent multijunc-
tion solar cells with parasitic LC contributions.55 Thus, researchers
can gain a more nuanced understanding of the optoelectronic pro-
cesses within their devices, providing valuable insight into device
performance and potential areas for improvement.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses a depiction of the
equivalent circuit of the electronic model, more information about
the smoothened AlOx morphology, and how the PeLED QFLS
enhancement changes with EML thickness, as well as showing the
vanishing impact of the back texture in the PST cell. Furthermore, all
nk-data used in the study are shown in the relevant photon energy
range of the perovskite emission.
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M. Abdi-Jalebi, H. J. Beeson, M. Vrućinić, M. Alsari, H. J. Snaith, B. Ehrler, R. H.
Friend, and F. Deschler, Science 351, 1430 (2016).
19W. E. I. Sha, H. Zhang, Z. S. Wang, H. L. Zhu, X. Ren, F. Lin, A. K.-Y. Jen, and
W. C. H. Choy, Adv. Energy Mater. 8, 1701586 (2018).
20S. Nanz, R. Schmager, M. G. Abebe, C. Willig, A. Wickberg, A. Abass, G.
Gomard, M. Wegener, U. W. Paetzold, and C. Rockstuhl, APL Photonics 4,
076104 (2019).
21M. Evstigneev and F. Farahani, IEEE J. Photovoltaics 13, 260 (2023).
22J. Mattheis, J. H. Werner, and U. Rau, Phys. Rev. B 77, 435 (2008).
23C. Cho, Y.-W. Jang, S. Lee, Y. Vaynzof, M. Choi, J. H. Noh, and K. Leo, Sci. Adv.
7, eabj1363 (2021).
24S. J. Zeder, B. Blülle, B. Ruhstaller, and U. Aeberhard, Opt. Express 32, 34154
(2024).
25U. Aeberhard, S. Zeder, and B. Ruhstaller, Opt. Express 29, 14773 (2021).
26S. Zeder, B. Ruhstaller, and U. Aeberhard, Phys. Rev. Appl. 17, 014023 (2022).
27 The “re” in reabsorption refers here to absorption of photons which were
initially emitted from the material, and is therefore also present in light-
emitting devices even without any initial absorption of externally incident photons
(as present in light-absorbing devices).
28Y. Zhou, Y. Xiao, S. Chi, and X. Qian, Organic Lett. 10, 633 (2008).
29J.-L. Jin, H.-B. Li, Y. Geng, Y. Wu, Y.-A. Duan, and Z.-M. Su, ChemPhysChem
13, 3714 (2012).
30I. Schnitzer, E. Yablonovitch, C. Caneau, and T. J. Gmitter, Appl. Phys. Lett. 62,
131 (1993).
31E. Dupont and S. Chiu, J. Appl. Phys. 87, 1023 (2000).

APL Energy 3, 026110 (2025); doi: 10.1063/5.0268284 3, 026110-10

© Author(s) 2025

 10 July 2025 15:28:12

https://pubs.aip.org/aip/ape
https://doi.org/10.60893/figshare.ape.c.7842737
https://doi.org/10.1038/s41566-018-0154-z
https://doi.org/10.1103/physrev.94.1558
https://doi.org/10.1007/s003390050072
https://doi.org/10.1103/PhysRevB.76.085303
https://doi.org/10.1364/josa.72.000899
https://doi.org/10.1002/adma.19940060612
https://doi.org/10.1002/adom.201800667
https://doi.org/10.1021/acsenergylett.6b00223
https://doi.org/10.1002/pip.3076
https://doi.org/10.1002/pip.3076
https://doi.org/10.1109/jphotov.2013.2275189
https://doi.org/10.1021/acsenergylett.0c02481
https://doi.org/10.1002/solr.202000628
https://doi.org/10.1063/1.1289074
https://doi.org/10.1103/PhysRevApplied.12.014017
https://doi.org/10.1103/physrevlett.125.067401
https://doi.org/10.1038/s41467-020-14401-1
https://doi.org/10.1126/science.aaf1168
https://doi.org/10.1002/aenm.201701586
https://doi.org/10.1063/1.5094579
https://doi.org/10.1109/jphotov.2023.3239745
https://doi.org/10.1103/PhysRevB.77.085203
https://doi.org/10.1126/sciadv.abj1363
https://doi.org/10.1364/OE.522953
https://doi.org/10.1364/oe.424091
https://doi.org/10.1103/PhysRevApplied.17.014023
https://doi.org/10.1021/ol702963w
https://doi.org/10.1002/cphc.201200384
https://doi.org/10.1063/1.109348
https://doi.org/10.1063/1.371974


APL Energy ARTICLE pubs.aip.org/aip/ape

32E. Dupont, H. C. Liu, M. Buchanan, S. Chiu, and M. Gao, Appl. Phys. Lett. 76,
4 (2000).
33S. D. Stranks, R. L. Z. Hoye, D. Di, R. H. Friend, and F. Deschler, Adv. Mater.
31, e1803336 (2019).
34K. Elkhouly, I. Goldberg, H.-G. Boyen, A. Franquet, V. Spampinato, T.-H. Ke,
R. Gehlhaar, J. Genoe, J. Hofkens, P. Heremans, and W. Qiu, Adv. Opt. Mater. 9,
2100586 (2021).
35K. Elkhouly, I. Goldberg, X. Zhang, N. Annavarapu, S. Hamdad, G. Croes, C.
Rolin, J. Genoe, W. Qiu, R. Gehlhaar, and P. Heremans, Nat. Photonics 18, 132
(2024).
36U. Aeberhard, S. J. Zeder, and B. Ruhstaller, Sol. RRL 8, 2400264 (2024).
37 Here it was assumed that the nk-data (and hence the spectral shape of the emis-
sion spectrum) is independent from the applied voltage (electric field), and is
determined purely by the static electronic structure of the material. This assump-
tion is justifiable as long as the Franz–Keldysh and similar effects can be neglected
(an example where such effects have been considered explicitly can be found in
Ref. 46).
38J. M. Richter, M. Abdi-Jalebi, A. Sadhanala, M. Tabachnyk, J. P. H. Rivett, L. M.
Pazos-Outón, K. C. Gödel, M. Price, F. Deschler, and R. H. Friend, Nat. Commun.
7, 13941 (2016).
39S. Jeon, L. Zhao, Y.-J. Jung, J. W. Kim, S.-Y. Kim, H. Kang, J.-H. Jeong, B. P.
Rand, and J.-H. Lee, Small 15, e1900135 (2019).
40M.-H. Park, J. Park, J. Lee, H. S. So, H. Kim, S.-H. Jeong, T.-H. Han, C. Wolf, H.
Lee, S. Yoo, and T.-W. Lee, Adv. Funct. Mater. 29, 1902017 (2019).
41Y. Shen, H.-Y. Wu, Y.-Q. Li, K.-C. Shen, X. Gao, F. Song, and J.-X. Tang,
Adv. Funct. Mater. 31, 2103870 (2021).
42T. Fujii, Y. Gao, R. Sharma, E. L. Hu, S. P. DenBaars, and S. Nakamura,
Appl. Phys. Lett. 84, 855 (2004).
43S. Möller and S. R. Forrest, J. Appl. Phys. 91, 3324 (2002).
44 Remember that the probability for re-emission is given by ↼em

IQE.
45P. Fassl, V. Lami, F. J. Berger, L. M. Falk, J. Zaumseil, B. S. Richards, I. A.
Howard, Y. Vaynzof, and U. W. Paetzold, Matter 4, 1391 (2021).

46U. Aeberhard and U. Rau, Phys. Rev. Lett. 118, 247702 (2017).
47X. Y. Chin, D. Turkay, J. A. Steele, S. Tabean, S. Eswara, M. Mensi, P. Fiala,
C. M. Wolff, A. Paracchino, K. Artuk, D. Jacobs, Q. Guesnay, F. Sahli, G.
Andreatta, M. Boccard, Q. Jeangros, and C. Ballif, Science 381, 59 (2023).
48S. Mariotti, E. Köhnen, F. Scheler, K. Sveinbjörnsson, L. Zimmermann, M. Piot,
F. Yang, B. Li, J. Warby, A. Musiienko, D. Menzel, F. Lang, S. Keßler, I. Levine,
D. Mantione, A. Al-Ashouri, M. S. Härtel, K. Xu, A. Cruz, J. Kurpiers, P. Wagner,
H. Köbler, J. Li, A. Magomedov, D. Mecerreyes, E. Unger, A. Abate, M. Stolter-
foht, B. Stannowski, R. Schlatmann, L. Korte, and S. Albrecht, Science 381, 63
(2023).
49E. Aydin, E. Ugur, B. K. Yildirim, T. G. Allen, P. Dally, A. Razzaq, F. Cao, L. Xu,
B. Vishal, A. Yazmaciyan, A. A. Said, S. Zhumagali, R. Azmi, M. Babics, A. Fell, C.
Xiao, and S. de Wolf, Nature 623, 732 (2023).
50E. Bellini, KAUST claims 33.7% efficiency for perovskite/silicon tandem solar
cell, 2023.
51V. Shaw, Longi claims 33.9% efficiency for perovskite-silicon tandem solar cell,
2023.
52D. Turkay, K. Artuk, X.-Y. Chin, D. Jacobs, S.-J. Moon, A. Walter, M. Mensi, G.
Andreatta, N. Blondiaux, H. Lai, F. Fu, M. Boccard, Q. Jeangros, C. Ballif, and
C. Wolff, “High-efficiency (>30%) monolithic perovskite-Si tandem solar cells
with flat front-side wafers” (preprint 2023), see https://doi.org/10.21203/rs.3.rs-
3015915/v1.
53A. Razzaq, T. G. Allen, and S. de Wolf, ACS Energy Lett. 8, 4438 (2023).
54A. Richter, S. W. Glunz, F. Werner, J. Schmidt, and A. Cuevas, Phys. Rev. B 86,
165202 (2012).
55O. Höhn, P. Schygulla, R. Müller, M. Schachtner, D. Chojniak, G. Siefer,
D. Lackner, and F. Dimroth, in Photonics for Solar Energy Systems X,
edited by L. Mazzarella, J. C. Goldschmidt and A. N. Sprafke (SPIE, 2024),
Vol. 4/7, p. 16.
56 Note that these rates follow directly from the fixed QFLS, and are hence inde-
pendent of ↼em

IQE and ↼abs
IQE. These quantities play a role, however, in computing the

QFLS enhancement due to PR, as considered in Fig. 4.

APL Energy 3, 026110 (2025); doi: 10.1063/5.0268284 3, 026110-11

© Author(s) 2025

 10 July 2025 15:28:12

https://pubs.aip.org/aip/ape
https://doi.org/10.1063/1.125718
https://doi.org/10.1002/adma.201803336
https://doi.org/10.1002/adom.202100586
https://doi.org/10.1038/s41566-023-01341-7
https://doi.org/10.1002/solr.202400264
https://doi.org/10.1038/ncomms13941
https://doi.org/10.1002/smll.201900135
https://doi.org/10.1002/adfm.201902017
https://doi.org/10.1002/adfm.202103870
https://doi.org/10.1063/1.1645992
https://doi.org/10.1063/1.1435422
https://doi.org/10.1016/j.matt.2021.01.019
https://doi.org/10.1103/PhysRevLett.118.247702
https://doi.org/10.1126/science.adg0091
https://doi.org/10.1126/science.adf5872
https://doi.org/10.1038/s41586-023-06667-4
https://doi.org/10.21203/rs.3.rs-3015915/v1
https://doi.org/10.21203/rs.3.rs-3015915/v1
https://doi.org/10.1021/acsenergylett.3c01519
https://doi.org/10.1103/PhysRevB.86.165202

