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Locating Non-Radiative Recombination Losses and
Understanding Their Impact on the Stability of Perovskite
Solar Cells During Photo-Thermal Accelerated Ageing

Zijian Peng,* Jonas Wortmann, Jisu Hong, Shuyu Zhou, Andreas J. Bornschlegl,
Julian Haffner-Schirmer, Vincent M. Le Corre, Thomas Heumdiller, Andres Osvet,

Barry P. Rand, Larry Liier,* and Christoph J. Brabec*

Commercialization of perovskite solar cells (PSCs) requires further
breakthroughs in stability, but the complex degradation mechanisms and the
interplay of the underlying stress factors complicate insight-driven
improvement of long-term stability. This study establishes a quantitative link
between potential degradation—specifically open-circuit voltage (Vc) and
quasi-Fermi level splitting (QFLS)—and the photo-thermal stability of PSCs. It
is highlighted that an increase in non-radiative recombination losses induces
the seemingly negligible decrease in V. and QFLS, though it causes a
significant decrease in fill factor (FF) and/or short circuit current (Js) instead,
leading to an overall performance decline. By combining non-destructive
photoluminescence imaging and drift-diffusion simulations, it is revealed that
during photo-thermal ageing, unstable low-dimensional passivation fails
within tens of hours, generating bulk defects, while unstable
hole-transport-layer contacts induce interface defects within hours. Building
on these findings, a robust hole-transport-layer polymer interface is employed
and enhanced perovskite crystal quality to suppress both interface and bulk
defect generation during ageing, achieving a Ty, lifetime exceeding 1000 h

1. Introduction

Despite single-junction perovskite solar
cells (PSCs) achieving a record efficiency
of 26.95%, comparable to that of sili-
con cells, stability issues remain a signif-
icant barrier on the way toward a terawatt
technology. Stability issues in PSCs arise
from multiple factors, including mois-
ture, oxygen, light, heat, bias, mechanical
stress and the combinations thereof.[']

The inherent instability of perovskites
is largely attributed to their ionic nature
which leads to substantial redox activ-
ity, mobilizing ionic species and trigger-
ing physical and chemical degradation.
Ion migration can screen the electrical
field, thus hindering charge extraction
and promoting bulk recombination.[*!
Additionally, under illumination, iodide
oxidation creates iodide vacancies, inter-

under accelerated ageing conditions (85 °C and two-sun illumination).

stitials, iodine, and triiodide (I;7).[%1011]
The migration of iodide ions also may
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cause the accumulation of interstitial iodides at interfaces.!']
These processes lead to deep-level defects, which significantly
increase non-radiative recombination within both the bulk and
interface regions.['*15! Oxidized iodide migration into transport
layers and further on toward electrodes induces additional redox
reactions and corrosion that impede operation.['*8] Addition-
ally, the presence of cations such as methylammonium (MA) and
formamidinium (FA) facilitate acid-base reactions with active hy-
droxyl groups at the surface of, e.g., metal oxides,['>?°! and sub-
sequent reactions of deprotonated ammonium with Pb** or FA,
which leads to metallic Pb and destabilizes the lead-iodine octa-
hedral structure.[?!-2%] These degradation processes occur across
multiple regions—bulk, interfaces, and electrodes—further com-
plicating stability improvements.

Varying ageing conditions further challenge stability evalua-
tion as different degradation mechanisms may dominate under
different conditions and stages of the ageing process.[?*?’] Stan-
dard protocols, such as those from the International Summit on
Organic Photovoltaic Stability (ISOS),[?%! have been developed to
evaluate the stability of devices in a way that allows comparison
between studies. Those based on photo-thermal accelerated age-
ing protocols are increasingly reporting Ty, lifetimes exceeding
1000 h.[?-38] However, these protocols primarily evaluate device
performance using standard current density—voltage (J-V) mea-
surements, offering limited insights into the origin of residual
degradation and their location at the bulk or at the interface. This
limitation hinders to directly correlation of performance losses
to specific degradation processes. For instance, during photo-
thermal accelerated ageing, open-circuit voltage (V) losses are
often modest, while significant losses occur in short-circuit cur-
rent density (Jsc) and fill factor (FF).[2139] Yet, J-V curves alone
cannot directly identify the root causes of these phenomena.
While drift-diffusion simulations can provide a rough distinction
of types of degradation (e.g., generation versus recombination
losses),!*6#7] an assignment of electrical performance loss to spe-
cific degradation mechanisms is rarely demonstrated!*®!, mainly
due to a lack of characterization techniques that yield deep phys-
ical insight at acceptable experimental complexity.

In this work, drift-diffusion simulation is used to demonstrate
the impact of various non-radiative recombination mechanisms
on the device related J-V performance metrics (power conver-
sion efficiency (PCE), Vi, Jsc, and FF). We distinguish between
nonradiative recombination mediated by deep traps in the bulk
and by interface traps. The findings emphasize that deep bulk
traps lead to a modest reduction in V., while they come along
with a significant decline in .. This is in contrast to the im-
pact of interface traps, where V. losses are modest, FF being
affected most. By employing contactless photoluminescence (PL)
techniques, non-radiative recombination was analyzed across dif-
ferent perovskite stacks during photo-thermal accelerated ageing.
We observed that commonly used low-dimensional passivation
and hole transport layers result in significant energy losses dur-
ing the early stages of ageing. Once devices are fabricated with
sufficiently stable interfacial contacts, our findings reveal that
Voc losses mainly stem from non-radiative recombination, pri-
marily attributed to the bulk perovskite itself during the first tens
of hours. This work provides a robust framework for correlating
potential losses with device degradation, offering reasonable in-
sights for improving PSC stability under operational conditions.
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2. Experimental Section

Our work builds on recent achievements in PL imaging,!*-¢] a
widely used, non-contact, and non-destructive technique for char-
acterizing solar cells. Photoexcitation generates excess charge
carriers, altering the electrochemical potentials (quasi-Fermi lev-
els) of electrons and holes. Quasi-Fermi level splitting (QFLS)
refers to the energetic offset of the quasi-Fermi levels between
electrons and holes in a non-equilibrium condition (Figure Sla,
Supporting Information). In the ideal case, QFLS divided by ele-
mentary charge (QFLS/e) was the maximum value that the V.
of a solar cell can reach. However, V- was often lower than the
QFLS/e value due to energy level misalignment, Ohmic losses,
and other reasons.””] Defect-assisted recombination decreases
the QFLS, as bulk defects and interfacial defects (with volume
densities of N,y ;i and N, j,crce- TESPectively) can serve as recom-
bination centers for separated electrons and holes. For intrinsic
semiconductors, the charge carrier recombination kinetics can
be described by

% =k n+kn’ (1)

where nis the photogenerated charge carrier density, k; is the rate
constant for defect-assisted 1st order recombination, k, is the rate
constant for bimolecular radiative recombination. Note that we
neglect Auger recombination owing to the low and medium car-
rier densities under solar illumination conditions. As k, is non-
radiative and k, is radiative, and by assuming that all incident
photons with an energy larger than the bandgap are absorbed by
the perovskite layer and converted into free carriers, the photolu-
minescence quantum efficiency (PLQY) can be defined as,

PLOY — emitted photons — k,n’ 5
Qr= absorbed photons ~ k,n + k,n? @

in metal halide perovskites, k, is proportional to the defect den-
sity while k, is a property resulting from the band structure of
the semiconductor and therefore assumed to be a constant for
a given perovskite composition. A decrease in PL intensity un-
der the same experimental condition can thus be assigned to an
increase in k. The internal QFLS can be determined from the
PLQY of the semiconductor:1*®]

QFLS = QFLS,,; + kT In (PLQY) 3)

here QFLS,,, is the radiative limit, representing the maximum
QFLS without non-radiative loss. The QFLS difference between
fresh and aged samples after degradation is

QFLSaged - QFLSﬁ'esh = AQFLS =kTln (PLQYaged/PLQYfresh) (4)

this logarithmic relationship indicates that small changes in
QFLS correspond to significant differences in PLQY; for instance,
a ten-fold reduction in PL intensity reflects only a 60 meV de-
crease in QFLS, as shown in Figure S1b (Supporting Infor-
mation). Hence, PL/QFLS measurements offer a very sensitive
method to gain detailed insights into recombination than V.
measurements alone.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UBD17 SUOWIWOD BAIIS1D 3|qedl|dde aup Aq peusenob aJe Sejoile YO ‘8sn Jo Se|nl Joj Akeiqi8uluO 3|1 UO (SUONIPUOD-PUE-SULBIAL0 AB 1M AeIq 1 |BUl|UO//SANY) SUONIPUCD pue Swie | 8U) 89S *[6202/60/22] U0 Ariqiauliu A8|IM *BIUsD Uolessey HAWD yoiine wnuezsbunyosiod Aq /8/205202 Wuse/z00T 0T/I0p/u0d" A8 |IM Akl 1pul U0’ peoueApe//:Sdny oy pepeojumoq ‘SE ‘S20Z ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

a Bulk trap density (cm™)
1013 1014 1015 1°|6 1017 1018
101 ‘ . . R
Tos8l 0c
808 FF
go.s-
2'60'4‘ Jsc
02 PCE
. 0 higher Ny
g
§-101
<
£-20
=
-30
00 02 04 06 08 10 12
V()
C ageing

N/
v AVoC

: S
» ad'\a\\\{e /v AO.F\'
PO ipinatio” A
recO

excitation LED

www.advenergymat.de

b Interface trap density (cm)

10° 10" 10" 10"
1.0 - %
3 T Jsc
Nog Y
g Yoc
508 FF
0.4 PCE
& 0 higher Ny ioiertace_p
§-10
é—zo
e
-30 . .
00 02 04 06 08 10 12
V()

camera
ageing LED

Figure 1. Impact of traps on device performance. Drift-diffusion simulations show the impact of the a) bulk, b) interface trap densities at HTL/PVK on
the solar cell performance. In panel (a) the Nt jyierface_p Was kept constant (2e11 cm2), while in panel (b) the Ny 1, was kept constant (8e14 cm™=3).
) Schematic showing the correlation between device performance (Vc, Jsc, FF, and PCE) and non-radiative recombination and QFLS. d) Schematic of
photoluminescence (PL) imaging setup. Samples are placed inside a nitrogen-filled chamber on a hotplate. White LEDs (ageing LED) provide one-sun
equivalent illumination for ageing tests. After white LED deactivation, 450 nm excitation LEDs with short-pass filters are used for PL excitation, while a

camera with long-pass filters captures the PL image.

To quantify the effect of increasing defect-assisted non-
radiative recombination on the device performance, drift-
diffusion (DD) simulations were performed with the open-
source tool SIMsalabim (v4.56)1%% varying the concentration
of bulk defects (Np ), interfacial defects at hole transport
layer (HTL)/PVK (Nyinerace p)> interfacial defects at electron
transport layer (ETL)/PVK (Np iyerfucen)> and the energy level
of all traps (E,,,), as shown in Figure lab and Figures
S2 and S3 (Supporting Information). The device architecture
ITO/ETL/perovskite/HTL/metal was used, and simulation pa-
rameters are listed in Table S1 (Supporting Information). As the
bulk defect density increases, V. and FF decline rather slowly

Adv. Energy Mater. 2025, 15, 2502787 2502787 (3 of 11)

while a sharp drop in Jy. was observed at a critical defect den-
sity. This observation was attributed to the carrier recombination
lifetime becoming significantly shorter than the extraction life-
time at higher defect density, making it difficult for carriers to be
collected by the electrodes. The increase of interfacial defects at
HTL/PVK had a larger impact on V. and FF, while the decrease
of Ji- was not significant. The deepening of the energy level of
all traps (away from the perovskite valence band) manifests in an
~10% decrease in V. and FF. For bulk and interface defects, It
was found that even a modest decrease in V. can correspond to
substantial losses in FF and/or ., which dominate performance
degradation.
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This was exactly the trend observed in various photo-thermal
ageing tests, 21394043451 35 well as some outdoor tests.[**2] In all
these reports, V. tends to decrease modestly while the accom-
panying J¢ and FF losses dominate performance degradation. It
was highlighted that what appears to be a negligible decrease in
Voc instead reflects an increase in the first order non-radiative
recombination (Figure 1c), which was associated with significant
Jsc and FF losses. Thus, the stability of perovskite materials and
devices can be much more effectively screened by simply mea-
suring the change in PL intensity and using the QFLS value as a
critical indicator, which is representative for the changes in non-
radiative recombination.

Our DD simulations provide plausible explanations for the ob-
served trends by isolating the intrinsic impact of non-radiative
recombination losses across stacks under controlled conditions.
While factors like band offsets and layers’ mobilities were not var-
ied and could influence quantitative outcomes,[***4%! our con-
cise approach establishes a benchmark for comparing relative
performance degradation, enabling the efficient diagnosis of de-
fect impacts within reasonable parameter ranges.

Various device were prepared structures to isolate the effects of
charge extraction layers on non-radiative recombination. These
included: i) perovskite bulk layer with or without surface pas-
sivation; ii) perovskite bulk layer with a single-side transport
layer; and iii) stacks with double-side transport layers and/or elec-
trodes (Figure 1d). Unencapsulated samples were placed in a
nitrogen-filled chamber and exposed to accelerated ageing con-
ditions (85 °C, one-sun illumination). For our imaging setup, PL
was captured at different time intervals, with excitation provided
by 450 nm LEDs and detection by a camera equipped with long-
pass filters. Equation (3) can be rearranged as

Redsum le
QFLS e = QFLS, g + kT In (Vd;’ x PLQme> (5)

where PLQY,. is the PLQY of a reference (perovskite film with-
out surface passivation), Red,, ;. and Red, are the number of
counts recorded by the red channel of the camera. By obtaining
the PLQY, . value with an integrating sphere and the Red . and
Red,,, intensity values with our imaging setup, the QFLS,, ..
of the sample can be calculated (Figure S4, Supporting Informa-
tion). To reduce the influence of mobile ions and light-soaking
effect on the QFLS measurement,’”¢1%2] samples are precondi-
tioned under light-soaking for atleast 30 s before PL imaging, en-
suring quasi-steady-state results. The QFLS values derived from
this PL mapping are based on the average PL intensity over a
defined area, in contrast to conventional steady-state PL, which
measures smaller, localized regions. This approach not only pro-
vides statistically more robust results but also allows for the as-
sessment of film homogeneity.

2.1. Non-Radiative Recombination Losses with Low-Dimensional
Passivators

First, we investigated the passivation and stabilization effect
of various low-dimensional perovskites (molecular structures
shown in Figure S5, Supporting Information) under photo-
thermal conditions (85 °C and one-sun, namely ISOS-L-2). The
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PL images were recorded at 0, 1, 4, 20, 100, and 300 h (Figure 2a).
The corresponding trends in QFLS are shown in Figure 2b,c and
Figure S6 (Supporting Information). Initially (before 0 h), as the
temperature increases from 25 to 85 °C, QFLS decreases by 70
meV due to enhanced black body radiation that actually reduces
QFLS,,,.

For the unpassivated sample (control), QFLS dropped con-
tinuously from 1.08 to 1.01 eV during the first 20 h, followed
by a plateau extending up to 300 h. This indicates a rapid
increase in non-radiative recombination early in the degrada-
tion process, which levels off after 20 h. In contrast, certain
2D-passivated samples (e.g.,Phenethylammonium iodide (PEAI)
and n-Octylammonium iodide (OAI) as shown in Figure 2) ex-
hibited a temporary rise in QFLS during the first hour, due to
the diffusion of the ligand into the perovskite bulk, where the de-
fect density is reduced, consistent with other studies.[®*-%¢] Other
passivators (e.g., n-Butylammonium iodide (BAI) and Guani-
dinium iodide (Gual) in Figure S6a, Supporting Information)
showed immediate QFLS decay during the first hour, suggest-
ing different diffusion kinetics or passivation mechanisms.[¢7:¢]
However, after 20 h, QFLS of all passivated samples decreased
to a level similar to that of the control group (x1.02 eV), indi-
cating that the passivation effect diminishes after extended age-
ing. The instability of 2D perovskite layers under photo-thermal
ageing conditions was reported in our recent work.*”] The 2D
decomposition was assigned to the deprotonation of the am-
monium group of 2D ligand either followed by a reaction with
a lead-iodine octahedron,!?*%1 or followed by a nucleophilic re-
action with another organic cation (e.g., FA*),l21%%] which dis-
assembles the 2D perovskite structure and renders them inef-
fective in the long term. Besides, the QFLS, bandgap, and Ur-
bach energy trends (Figures S7-S10, Supporting Information)
in passivated films under light-only or heat-only ageing condi-
tion differ greatly from those observed under combined light-
heat ageing, indicating distinct ageing mechanisms in varying
environments.

Devices fabricated from low-dimensional passivated films
exhibited two key characteristics during photothermal ageing
(Figure S11, Supporting Information): comparatively larger rel-
ative losses in V. than non-passivated control, and a dominant
decline in Jy that primarily drives the reduction in PCE for these
passivated devices. Based on the above observations, a significant
fraction of the 2D ligand is proposed to diffuse into the 3D bulk
within the first few tens of hours, subsequently reacting with Pb-
iodine octahedron to form metallic Pb defects during prolonged
ageing.[?>%] These defects in bulk act as recombination centers,
causing a modest reduction in V¢ but a significant decrease in
Jsc, which aligns with the scenario modeled in our DD simu-
lations (Figure 1a) where increasing bulk trap density produce
comparable effects.

2.2. Non-Radiative Recombination Losses with Different
Transport Layers

In addition, the photo-thermal stability of perovskite layers with
various transport layers was investigated. Given that the redox po-
tential of iodine (I/I~ = —5.3 eV) is close to the highest occupied
molecular orbital (HOMO) of many HTLs and iodine-induced
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Figure 2. Non-radiative losses of perovskite films with low-dimensional passivators. a) Temperature profile during the ageing test. b) QFLS versus time.
Before 0 h was the heat up region, from room temperature to 85 °C. Each data point is the average value of three samples. c) Changes in QFLS value of
different passivated perovskite films before and after ageing under 85 °C and one-sun illumination for 20 h.

redox reactions during iodide migration greatly affect de-
vice stability, attention is focused on the stabilizing effect of
HTLs (molecular structures shown in Figure S12, Supporting
Information).

In Figure 3a, the QFLS of the glass/perovskite sample
(glass/PVK) shows a rapid decline until it levels off, consistent
with the above observations (Figure 2). Poly-[bis-(4-phenyl-2,4,6-
trimethylphenyl)-amin] (PTAA) exhibits a similar trend but suf-
fers more severe QFLS losses during the first hour of ageing
(Figure 3a,c; Figure S14, Supporting Information). This degra-
dation was typically discussed in terms of the diffusion of io-
dide and oxidized iodide species from the perovskite into the
HTL. The diffusion of iodide species increases the iodide va-
cancy and interstitial concentrations in the bulk, enhancing non-
radiative recombination.['?] Additionally, the accumulation of ox-
idized iodide species inside the HTL can lead to an oxidation of
the HTL itself, increasing interfacial polaron concentration and
exacerbating interfacial non-radiative recombination.[*! Doped
PTAA (dopant: tris(pentafluorophenyl)borane (BCF)) and doped
spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)ami-
n0l-9,9’-spirobifluorene) (dopant: lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI)) experience even larger QFLS losses
(Figure 3e; Figure S13, Supporting Information), probably due
to dopant diffusion into the perovskite layer, where they can act
as non-radiative recombination centers.!”%

Adv. Energy Mater. 2025, 15, 2502787 2502787 (5 of 11)

Previous studies have reported that organic materials with
deeper HOMO levels can suppress halide diffusion from the per-
ovskite into the HTL.[*®] This was consistent with our findings.
HTL samples with deeper HOMO levels, such as Poly[2,2’“"“
bis[[(2-butyloctyl)oxy]carbonyl][2,2":5",2"":5",2""“-quaterthiophe-
ne] -5,5"7“-diyl] (PDCBT), (poly(4,8-bis(5-chlorothiophen-2-yl)be-
nzo[1,2-b:3,4-b”]-bis-thiophene) (PM7), and Poly[(2,6-(4,8-bis(5-
(2-ethylhexyl)-4-chlorothiophen-2-yl)-benzo[1,2-b:4,5-b“]dithiop-
hene))-alt-5,5'-(5,8-bis (4-(2-butyloctyl)thiophen-2-yl)dithieno[3’,
2":3,4;2",3":5,6]benzo[1,2-c][1,2,5]thiadiazole)] (D18-Cl), clearly
exhibit smaller QFLS losses (Figure 3e). Notably, PDCBT
maintains stable QFLS values throughout the ageing process
(Figure 3a,c). To investigate the ability of polymers to block
iodide species, iodine diffusion was monitored using an Ag:l,
corrosion test, where conductance changes due to Ag electrode
corrosion by I, indicate the extent of iodine diffusion through
the polymers.[”*72] Figure S16 (Supporting Information) demon-
strates that PDCBT effectively inhibits iodine diffusion, hence
reducing iodine loss from the perovskite and stabilizing QFLS
values. Lateral conductivity tracking experiments (Figure S17,
Supporting Information) further confirm that PDCBT, PM7, and
D18-Cl promote a more stable electrical contact interface. The
deeper HOMO of CuSCN improves band alignment with per-
ovskite, reducing the QFLS loss. However, CuSCN reacts readily
with iodine,”®! accelerating the iodide loss from perovskite,
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Figure 3. Non-radiative losses with different hole transport layers. a,b) QFLS value and c,d) change of QFLS as a function of time during photo-thermal
ageing. e,f) QFLS changes of films (before and after ageing, AQFLS = QFLS1gsp, g5o0c — QFLSqy, g50¢) dependent on HOMO (or valence band maximum
(VBM)) value of hole transport layers. HOMO/VBM values are based on literature.[40:3285-91]

damaging perovskite structure and dedoping CuSCN itself,
thereby exacerbating electrical contact (Figure S17, Supporting
Information).

Overall, QFLS changes induced by the HTL on top of per-
ovskite primarily occur during the initial hours of ageing, with
subsequent changes driven by losses in the perovskite layer. This
early QFLS “burn-in” losses can be largely mitigated by employ-
ing suitable hole transport layers (e.g., PDCBT, deeper HOMO
and less reactive material) that effectively impede iodine diffu-
sion. Further device ageing experiments (Figure S18, Supporting

Adv. Energy Mater. 2025, 15, 2502787 2502787 (6 of 11)

Information) reveal that PDCBT significantly mitigates the burn-
in losses of FF compared to PM7 and D18-Cl as contacts, indi-
cating suppressed formation of interface defects during degrada-
tion, as suggested by the DD simulations (Figure 1b).

The QFLS over time for HTL/PVK stacks (HTL beneath per-
ovskite) was then assessed, as shown in Figure 3b,d,f and Figure
S15 (Supporting Information). Images of these films before
and after ageing are shown in Figure S22 (Supporting Informa-
tion). While the NiO, /PVK interface demonstrated a lower initial
QFLS values, it shows a stable QFLS trend during ageing. The

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Non-radiative losses of full devices. a) QFLS changes in different stacks before and after ageing at 85 °C and one-sun illumination (AQFLS =
QFLSy60m, 550c — QFLSop, s5°¢)). Bulk recombination dominates non-radiative losses in the full device. Here, the bottom TLs are SnO,/PCBM, and the
top TLs are PDCBT/PTAA: BCF.[*] b) Normalized Vo and QFLS over time at 85 °C and one-sun. Abbreviation “n.r.@bulk” means non-radiative losses
at bulk, and “n.r.@interfaces” means non-radiative losses at interfaces. c) Normalized PCE of devices with different components (CsFAMA, CsFA and
CsFA-MACI) under 85 °C and two-sun illumination. The device architecture is ITO/SnO,/PCBM/perovskite/PDCBT/PTAA: BCF/Au.

self-assembled monolayers (SAM)-based HTL, on the other
hand, exhibits a continuous QFLS decrease during ageing, with
a faster decay trend at the prolonged region (>100 h). This
is attributed to the inherent chemical instability of SAM ma-
terials and interfacial instability. Conventional SAMs undergo
desorption due to weak phosphate group and substrate’s —OH
bonding,7#771 degrade under light/thermal stress,[”®”?] and ex-
hibit poor adhesion SAM/PVK, leading to voids formation/®’
all of which deteriorate the passivation effect and exacer-
bate non-radiative recombination. Rational SAM molecular de-
sign and deposition optimization were needed to stabilize the
SAM/PVK interface. The greater QFLS losses observed in MeO-
2PACz-based samples compared to those with 2PACz or Me-
4PACz probably result from its relatively inferior hole extrac-
tion capability!®!] where accumulated holes at the interface pro-
mote ion migration®?) and accelerate iodide oxidation.!®*#4l No-
tably, while deeper HOMO levels in top-HTL structures (per-
ovskite/HTL) suppress iodide migration into the HTL and re-
duce QFLS losses (Figure 3e), this trend is absent in bottom-
HTL structures (HTL/perovskite, Figure 3f). Here, iodine species
primarily escape through the exposed perovskite surface rather
than the HTL interface (Figure S19, Supporting Information).
Materials like Poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) and NiO, exhibit minimal QFLS degrada-

Adv. Energy Mater. 2025, 15, 2502787 2502787 (7 of 11)

tion — likely due to their ability to mitigate recombination center
formation at both perovskite’s bulk and their interface under pho-
tothermal stress, despite their shallow HOMO levels.

2.3. Non-Radiative Recombination Losses of Full Cells

To further investigate energy losses at the device level, we com-
pare the QFLS variation across different stacks. Samples based
on perovskite/ETL or ETL/perovskite structures exhibited greater
QFLS losses upon ageing compared to perovskite-only samples
(Figures S20,S21, and S23, Supporting Information), possibly a
consequence of electron extraction, leaving excess holes in the
perovskite which could lead to oxidative processes and perovskite
degradation.!®*°2] The HTL/perovskite/ETL stack reduces this ex-
cess of electrons or holes, and its QFLS loss was comparable to
glass/perovskite alone. Interestingly, despite the continued addi-
tion of electrode layers (addition of Au electrodes and ITO elec-
trodes), the QFLS loss of the stack remains comparable to that of
the glass/perovskite (Figure 4a). It suggests that bulk recombina-
tion remains the primary source of non-radiative losses, provided
sufficiently stable transport layers are deployed.

Figure 4b shows the change of normalized V. and QFLS at
85 °C under one-sun degradation. The blue curve represents the

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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normalized V. of the device, while the red and black curves
show QFLS values from the PL imaging of the full device and
perovskite film, respectively. During the first 5 h, normalized
Voc dropped rapidly to 91% and then rebounded to 94%, proba-
bly due to the effect of electrode depolarization.®***] Most non-
radiative losses occur at the early stages (<25 h), driven pri-
marily by perovskite degradation. As ageing progressed, the gap
between device QFLS (red) and V. (blue) widened, suggest-
ing additional “other losses” comparable with non-radiative re-
combination. These could include energy level misalignment
due to de-doping of the transport layers and ion-induced field
screening.>7%%]

After knowing that the main early degradation factor was the
perovskite material itself, we optimized the active layer by re-
placing the CsSFAMA (Cs sFA,gsMA, PbBr 551, 55) composi-
tion with MA-free CsFA (Cs;,sFA; 4sPbBr, 551, 55). The elimina-
tion of the volatile and thermally unstable MA component was
expected to suppress the formation of vacancy defects under ther-
mal stress, as MA decomposition accelerates defect generation at
elevated temperatures.*®”’] To ensure a highly qualitative crys-
talline perovskite layer, MACI was added into the precursor ink.
The MACI additive influences primarily the early stages of film
formation and mostly evaporates during annealing.[**1%] The
residual Cl could enhance the activation energy for the migration
of iodine ions and increase the formation energy of iodine vacan-
cies by compressing the lattice.!*192] Their J-V characteristics
are shown in Figures S24 and S25 (Supporting Information). The
above modification transferred into a remarkable stability im-
provement: a Ty lifetime exceeding 1000 h under 85 °C and two
suns was observed (Figure 4c; Figures S27 and S28, Supporting
Information), which was ~30 times better than the MA-free CsFA
device (Tg, ~ 30 h), and 50 times better than the CsSFAMA de-
vice (Tg, ~ 18 h). The use of two suns intensity accelerates degra-
dation processes, providing a strict and time-efficient method to
evaluate long-term stability under realistic operational stresses,
thereby enhancing the relevance of these results for practical
applications. The activation energy for mobile ion migration in
FA MA,,Pbl, increases with higher FA content, explaining the
enhanced stability of MA-free active layers.[1-1%] Accompany-
ing XRD analysis confirmed better crystal quality and a reduc-
tion in bulk defects, as evidenced by the stronger perovskite (100)
diffraction peak and the weaker metallic lead (Pb°) diffraction
peak (Figure S29, Supporting Information). The more stable V.
trend and stronger FF and J. retention (Figure S26, Supporting
Information) suggest the suppressed formation of bulk defects
during degradation, which is consistent with the mechanism pro-
posed by the DD simulations (Figure 1a). It highlights the impor-
tance of optimizing perovskite composition and crystal quality to
minimize bulk defect formation during photo-thermal ageing.

3. Conclusion

This study establishes a clear link between QFLS/V,,. degrada-
tion, and the stability of perovskite solar cells. By investigating
non-radiative recombination losses before and after ageing in
different perovskite stacks, we identified the key factors limit-
ing photo-thermal stability. Unstable low-dimensional passiva-
tion materials and PVK/HTL interfaces generate bulk and inter-
face defects during the early stages of ageing, respectively, caus-
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ing modest V. decreases but resulting in significant J;. and FF
losses. Even with a robust contact interface, bulk defect forma-
tion within the perovskite itself persists during ageing, predom-
inantly driving the initial V- and PCE decline. Optimizing per-
ovskite composition and improving crystal quality can suppress
defect formation, leading to a 50-fold improvement in photo-
thermal stability. Importantly, this study demonstrates that full
devices are not required for optimizing perovskite stability. Half-
cells or electrode-free structures are sufficient for meaningful
analysis, enabling non-contact degradation measurements and
facilitating high-throughput screening of material recipes. While
this work offers a rapid and effective approach to pinpointing the
primary sources of performance degradation from a perspective
of non-radiative recombination, achieving ultra-stable PSCs re-
quires complementary strategies—discovery of robust transport
layers with stable electrical properties againstiodide/iodine diffu-
sion. Such multi-dimensional approaches will be the key to over-
come the multifaceted stability challenges in PSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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