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Abstract—Perovskites have emerged as a cornerstone of next-
generation photovoltaics; however, ensuring long-term opera-
tional stability remains the critical bottleneck for commercial-
ization. In this context, the role of simulations is paramount
for providing insights into degradation kinetics and enabling
predictive lifetime modeling. Based on rate equations expressing
degradation as a function of environmental stressors, we present a
lifetime model where a SPICE-like module description is coupled
with the local fraction of active (i.e., non-degraded) perovskite.

Index Terms—perovskite, lifetime, degradation, simulations

I. INTRODUCTION

Although perovskite solar cells (PSCs) have achieved
record-breaking efficiencies, their susceptibility to environ-
mental stressors, including moisture, heat, and UV radiation,
continues to be the primary focus of research [1]. Addressing
these degradation mechanisms is essential to bridge the gap
between laboratory performance and industrial durability stan-
dards. In this context, the role of simulations in predicting the
photovoltaic (PV) module lifetime is paramount.

We employed rate equations based on recent theoretical
and experimental investigations [2] to describe the degradation
kinetics and locally determine the amount of still-active, non-
degraded perovskite. In our implementation [3], this kinetic
model is coupled with mass transport simulations based on
Fick’s laws to obtain the local oxygen and water vapor content
resulting from the ingress of oxygen and water through the
encapsulant edges. Finally, an equivalent-circuit model [4]
describes the PV module performance, where the relevant
parameters of the lumped elements vary as a function of the
local active perovskite fraction. Specifically, the perovskite
degradation products are wide-bandgap, non-conductive ma-
terials that affect the series resistance and photocurrent in the
SPICE-like description.

II. KINETIC MODEL

To describe the kinetics of perovskite degradation, we
implemented the model demonstrated by Cira et al. [2].
In the mentioned study, two main contributions have been
considered as dominant reaction pathways leading to the
deterioration of the absorber layer. The dry photo-oxidation

The authors want to acknowledge the support of EU Project SUNREY
under Grant Agreement number 101084422,

Matthias Auf der Maur
Dept. of Electronics Engineering
Tor Vergata University of Rome
Rome, Italy
auf.der.maur@ing.uniroma2.it

(DPO) pathway, where the reactive species driving perovskite
decomposition are superoxide radicals formed when adsorbed
oxygen molecules take up a conduction band electron, and the
water-accelerated photo-oxidation mechanism, where due to
the adsorption of water several reactive oxygen species (ROSs)
can be produced in addition to superoxide, accelerating the
decomposition rate.

Theoretical and experimental investigations in [2], demon-
strate the following reaction rates for DPO and WPO degra-
dation pathways:
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where Kwpo = ko}wpoexp(—EA’Wpo/ka). Note that

the oxygen pressure PO, water vapor pressure Pp,o, and
photon flux n are input variables representing the magnitude
of stressors leading to perovskite degradation, while Kppo
and Kywpo are thermal activation terms. Finally, ko ppo,
E4 ppro, k2, k3, ko wpo, and E 4 w po are fitting parameters,
listed in reference [2] along with the details of the kinetic
model derivation.

Water may also form perovskite hydrates, competitively
with the generation of ROSs, thus reducing the available
adsorption sites. This steric effect is accounted for by the
following factor, representing the fraction of active adsorption
sites relative to the total:

KhyaPr,0
1+ ko Po, (1 4 k3n) + KnyaPr,0'

Sads = 1 — Phyd (3)
where Kpya = ko nyaerp(—Enya/koT), and phya, ko nyd,
E},yq are fitting parameters.

Overall, the perovskite degradation rate is expressed as:

Ttotal = (TDPO + TWPO) X Sadss 4
and the related rate equation % = —Ttotarf 18 solved in each

mesh element to derive the fraction of active perovskite, f(t),
based on local oxygen and water vapor pressures.
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Fig. 1. Left panel: local fraction of active (non-decomposed) perovskite. Right panel: short-circuit current density, locally decreasing with degradation.
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Fig. 2. Left panel: current-voltage curves for different values of humidity and exposure time. Right panel: trend of open-circuit voltage and short-circuit
current as a function of exposure time for different values of temperature (each data set shows a double trend for 50% and 60% RH).

We employed a small PV module, composed of five subcells
connected in series, to test the implementation of the degrada-
tion model, where the ingress of water and oxygen is assumed
through the edges of the encapsulant. In Fig. 1, the left panel
shows the fraction of active (non-degraded) perovskite, given a
constant temperature of 300K, 1 Sun equivalent photon flux,
21% of oxygen partial pressure, and 60% relative humidity
(RH), after approximately 2 weeks of exposure.

III. COUPLING WITH EQUIVALENT CIRCUIT MODEL

As already presented in [4], the PV module can be described
at the equivalent-circuit level with a SPICE-like model im-
plemented in TiberCAD [3]. Here, we expressed the relevant
lumped-elements parameters as a function of active perovskite
fraction. Specifically, the degradation products do not absorb
light, yielding a decrease of the short-circuit current according
to the following equation:

(&)

Jsc = Jsco x f",

as depicted in the right panel of Fig. 1. Moreover, the degra-
dation products are not conducting, that increases the series

resistance as given by the equation:

Rsg =Rsox f". (6)

Overall, the performance of the PV module is affected not
only because the wide-gap degradation products are not able
to generate carriers (reduced short-circuit current), but also
because of the decreased collection efficiency (increased series
resistance). In Fig. 2, we represent the results of simulations
for different temperatures, relative humidity levels, and ex-
posure times, in terms of current-voltage curves (left panel in
the figure), and behavior of open-circuit voltages/ short-circuit
currents as a function of time (right panel).
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