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Energy Yield Modeling of Perovskite-Silicon Tandem
Photovoltaics: Degradation and Total Lifetime Energy Yield

Seyedamir Orooji and Ulrich W. Paetzold*

This study investigates the impact of degradation in perovskite-silicon tandem
solar cells by means of energy yield (EY) modelling over the entire lifetime.
First, we assess the impact on EY of degradation in the individual solar cell
parameters of the perovskite top cell. Our analysis reveals that degradation in
fill factor, due to a decline in perovskite top cell shunt resistance (RSh), has the
most severe impact on the EY, emphasizing the imperative to rectify perovskite
imperfections in thin film processing causing RSh decline. Second, we
investigate implications of degradation in the perovskite top cell on the EY of
current mismatched tandem solar cells. Third, we examine critical thresholds
for the “acceptable degradation levels” in the perovskite top cell with regard to
degradation in each solar cell parameter, assuming that the total loss in EY
must be comparable to the degradation in state-of-the-art silicon. Overall, our
study highlights that degradation of the perovskite top cell needs to be assessed
with care when extrapolating the impact on the lifetime EY of perovskite-silicon

fabrication process.*™"" Perovskite—silicon
tandem photovoltaics (PV) have gained
attention by their remarkable efficiency
improvements in past years and their
potential for even higher efficiency.'”
Combining perovskite and silicon is
suitable due to their complementary
properties: the well-known durability of
silicon solar cells and the optoelectronic
properties of perovskite solar cells ensure
consistent performance. However, the
integration of perovskite materials with
silicon PV introduces new challenges, partic-
ularly concerning the long-term stability of
the perovskite solar cells. Silicon solar cells
have undergone extensive development and
optimization over the past decades, resulting

tandem solar cells. The severity of degradation for different degradation
mechanisms in a single junction perovskite solar cell cannot be translated

one-to-one to tandem devices.

1. Introduction

Tandem solar cells bear the potential to overcome the practical
power conversion efficiency (PCE) limit of crystalline silicon
(c-Si) single-junction (S]) solar cells around 29%.™ Perovskite
semiconductors are excellent candidates for top cells in combi-
nation with ¢-Si in tandem solar cells due to their outstanding
optoelectronic properties, tunable bandgap, and inexpensive
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in highly stable and efficient solar cells in the
market. In contrast, due to yet limited dura-
bility of perovskite PV,**2°! their economic
breakthrough is only expected several years
from now. Although significant efforts have
been made to improve the stability of
perovskites, the highest durability of perov-
skite solar cells yet lags the durability of silicon solar modules
on the market by around one to two orders of magnitude.”"-*!

The most critical stress factors for degradation in perovskite
solar cells are light, temperature, oxygen, moisture, and
voltage.>?”) While advanced encapsulation concepts omit the
degradation due to oxygen and moisture ingress, the intrinsic
stress of perovskite solar cells under operation due to light, tem-
perature, and voltage yet cannot be omitted.”® More understand-
ing of perovskite degradation mechanisms is required to identify
suitable methods to counteract these degradation mechanisms
and improve stability.[***"

To date, research on perovskite solar cell stability mostly
focuses on degradation effects determined and characterized
under standard test conditions (STC).*"**) While these analyses
provide a very valuable understanding of fundamental degrada-
tion mechanisms and highlight the relevance of perovskite thin
film morphology, composition, or additives for enhanced dura-
bility, the long-term stability of a tandem solar cell needs to be
quantified considering real-world conditions. However, to date,
real-world variations in irradiation spectra, temperature profiles,
and angle of incidence are mostly disregarded when assessing
and predicting degradation in perovskite—silicon tandem solar
cells. Moreover, key performance metrics like the levelized cost
of electricity or the energy payback time require reliable model-
ing of the lifetime energy yield (EY) of perovskite—silicon tandem
solar cells factoring in degradation.**~*!
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This study investigates the EY of perovskitesilicon tandem
solar cell undergoing degradation in the perovskite top cell using
an advanced EY modeling software named EYCalc.?® While a
recent study®”’ has also examined degradation in the context
of EY, this article takes a different approach to study degradation.
In this study, we aim to determine how degradation in
individual solar cell parameters (i.e., open-circuit voltage (Voc),
short-circuit current density (Jgc), and fill factor (FF)) affect the
EY of perovskite-silicon tandem solar cell.

In the first section, we recapitulate the effect of degradation in
the individual solar cell parameter of the perovskite and silicon
subcells on the solar cell performance under STC. In the second
section, we build the analysis of the EY on the understanding of
impact of the degradation of individual solar cell parameters on
the perovskite/silicon tandem solar cell but consider realistic
irradiation conditions. First, we compare the EY of perovskite—
silicon tandem solar cell that exhibits degradation in individual
solar cell parameters. Our analysis reveals that degradation
of individual solar cell parameters results in diverse performance
loss characteristics of tandem solar cells. We study degradation
in individual solar cell parameters but at the level of diode param-
eters, i.e., the dark saturation current density (J,), the collection
efficiency (CE), the series resistance (Rg), or the shunt resistance
(Rsp). Although real degradation mechanisms affect multiple
parameters simultaneously, we analyze the effect of each diode
parameter on the tandem solar cell EY separately. This is because
the simultaneous change of multiple parameters makes it diffi-
cult to understand the specific impact of each individual diode
parameter. To ensure the robustness of our results, we evaluate
the EY of tandem solar cells across various climate zones
(i-e., Phoenix (arid/desert), Seattle (temperate), and Honolulu
(tropical/humid areas), see Figure SI 1 and SI 2). Next, we
explore the effects of perovskite top cell degradation on the
EY of mismatched tandem solar cells. This analysis aims to
determine which current-mismatch scenario provides the
highest EY over the entire lifetime (i.e., 30 years). This approach
helps to optimize the balance between the current of perovskite
top cell and the silicon bottom cell, allowing for an understand-
ing of which device architecture (current-matching scenario) is
optimum based on the total lifetime EY considering degradation.
Finally, we examine critical thresholds for the “acceptable levels
of degradation” in the perovskite top cell regarding degradation
in each solar cell parameter. Our analysis aims to determine the
maximum acceptable degradation such that the total EY loss over
the entire lifetime of the tandem solar cell remains comparable to
the degradation levels observed in state-of-the-art silicon PV
(i-e., a maximum of 0.5% per year).

This study is implemented at the level of diode parameters due
to the lack of clarity regarding the impact of real degradation
mechanisms on diode parameters. Once a definitive interrelation
between degradation mechanisms and variations in diode
parameters has been established by the field, our EY modeling
framework (EYCalc) will be capable of making predictions
concerning specific degradation mechanisms. This study is
intended to be universally applicable to all types of perovskite
solar cells. Therefore, specific material characteristics are
not considered, and our focus is solely on the bandgap of the
materials.
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2. Experimental Section

This study computes the EY of perovskite-silicon tandem solar
cells factoring in degradation using our in-house developed EY
modeling platform, EYCalc. The software is published as an
open-source software project.> A comprehensive description
of the software is provided by Schmager et al.**! It consists of
four modules: the irradiance module, the optics module, the elec-
trical module, and the EY module. The irradiance module com-
putes, based on data from the typical meteorological year
(TMY3)P¥ for various locations in the USA, the direct and diffuse
irradiance spectra for each hour of the year. It feeds the meteo-
rological data of the TMY3 dataset into the simplified model of
atmospheric radiative transfer of sunshinel*”! to compute the
clear sky irradiance. Further, a basic cloud model is used to
account for the weather. The optics module employs the transfer-
matrix method to evaluate thin layers that are optically coherent
and utilizes a series expansion based on the Beer-Lambert law
for the analysis of thick layers that are optically incoherent. This
approach allows for the calculation of reflectance, transmittance,
and absorptance that are resolved both spectrally and angularly
for each layer within the stack. Additionally, the optics module is
capable of simulating stacks that include textured interfaces
through the use of geometrical ray-tracing, as documented by
Baker—Finch and McIntosh."*"!

The electrical module determines the temperature-dependent
current density—voltage (J/~V) characteristics of the perovskite—
silicon tandem solar cell. In this study, we expanded the electrical
module to account for degradation in the solar cell parameters
Voc, Jsc, and FF of the perovskite—silicon tandem solar cell.
The degradation is implemented at the level of the diode param-
eters (i.e., the dark saturation current density (J,), the CE, the
series resistance (Rg), or the shunt resistance (Rgy,)), which relate
back to the solar cell parameters (see Figure 1). The numerical
calculations are performed by a coupled two-diode model in
LTspice."" Finally, the core EY module calculates the EY of
perovskite—silicon tandem solar cells over the entire lifetime con-
sidering the solar module orientation (rotation and/or tilt of the
module) and location. Thereby, we calculate the EY of perovskite—
silicon tandem solar cells for up to 30 years, factoring in different
degradation scenarios to assess the long-term impact on the EY.
We examined the aggregated EY over 30years across different
climatic locations to further assess the degradation effects.
Temperature effects are intrinsically considered, using the nomi-
nal operating cell temperature (NOCT) model.* In our model, we
assumed a NOCT of 48 °C and extracted the insolation on the cell
and ambient air temperature from TMY3 data. The architecture of
the reference cell used in this study, as well as the corresponding
experimental and simulated electrical and optical values are shown
in Figure SI 3.

3. Results and Discussions

This study analyzes the EY of perovskite—silicon tandem solar
cells undergoing degradation in the perovskite top cell. This
study aims to reveal the extent to which degradation in the solar
cell parameters (Voc, Jsc, and FF) impacts the overall EY.
Currently, there is no clear understanding of how the real
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Figure 1. Relationship between solar diode parameters and solar cell parameters, including the widely recognized degradation mechanisms. Thick gray

arrows indicate significant impact, while the thin gray arrows highlight less prominent effects.

degradation mechanisms affect the diode parameters (i.e., J,, CE,
Rg, and Rgy,). Therefore, we implement this study at the level of
diode parameters. Once the field establishes clear interrelation of
specific degradation mechanism and the variation in diode
parameters, our EY framework (EYCalc) will be able to perform
this study and make predictions with regard to the specific
degradation mechanisms. However, this study establishes a
foundation for the future studies in the field of degradation with
regard to the EY.

Figure 1 illustrates the correlation between the diode param-
eters and the solar cell parameters to identify how specific
changes in diode parameters affect key solar cell parameters.
While the exact interdependences between these parameters
are complex, we can observe specific trends: the decrease in
Jo predominantly affects the Vgc, the CE impacts mostly the
Jsc» and degradation in FF is at foremost attributed to an incre-
ment in Rg and decline in Ry, (see Figure 1). In the following, we
revisit the interrelation of prominent degradation mechanisms
described in the literature and degradation in solar cell param-
eters. a) Degradation of current generation in the perovskite top cell:
Degradation of current generation in perovskite solar cells is
effectively described by a reduction in CE that linearly correlates
to the Jq. A prominent degradation mechanism attributed to a
reduction in CE is halide phase segregation. Halide phase seg-
regation forms localized domains with higher concentration of
halide ions, leading to trapping the charge carriers and a decrease
in CE!*™) b) Degradation of FF in the perovskite top cell:
Degradation of FF in perovskite solar cells is well described
by a reduction in Rg, or an increment in Rg. A decrease in
Rgy, is a common problem in imperfect perovskite solar cells that
can be associated, for example, with the presence of pin holes or
defects in the thin film morphology that result in shunts between
the top and rear electrode. Other examples of mechanisms result-
ing in a decrease in Rgy, are 1) the diffusion of hole transport layer
dopants into the perovskite layer or 2) interdiffusion of metal
and halide ions between the perovskite layer and the metal
contact.***®¥ A prominent degradation mechanism associated
with increment in Ry is ion migration. Due to the accumulation
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of halide ions in the vicinity of the charge transport layers, ion
migration induces an effective barrier for the charge extraction
and leads to a higher Rg.*?! Another example of increased Rg is
the degradation of transparent and conducting electrodes.””
c) Degradation in voltage of the perovskite top cell: Degradation
of Voc in perovskite solar cells is perfectly described by an
increase in J,. Nonradiative charge carrier recombination at
the surface, in the bulk, and at grain boundaries results in a high
leakage current from grain boundaries, which raises J,.

In the first part of our study, we revisit the effect of degrada-
tion of individual solar cell parameters in perovskite top and sili-
con bottom cells (i.e., Voc, Jsc, and FF) on the performance of
tandem solar cell under STC. In the second next section, we proj-
ect the EY of perovskite-silicon tandem solar cells undergoing
various degradation scenarios. A schematic overview of the EY
modeling factoring in degradation is shown in Figure 2. We
highlight that the degradation is discussed with regard to solar
cell parameters (i.e., Voc, Jsc, and FF), but implement the deg-
radation at the level of the diode parameters, i.e., J,, CE, Rg, and
Rgy. It should be noted that when analyzing the impact of deg-
radation on a specific solar cell parameter due to a variation in the
interrelated diode parameter, the remaining diode parameters
remain unchanged. For instance, when analyzing J¢. degrada-
tion through a decline in CE, the other diode parameters
(Jo» Rs, and Rgp) remain constant. By analyzing the effect of each
parameter separately, we can better understand how changes in
individual diode parameters affect the lifetime EY of perovskite/
silicon tandem solar cells that undergo degradation. Although
real degradation mechanisms affect many parameters at once,
our method helps to see the specific impacts of each individual
parameter on the overall EY. This approach prevents confusion
that could arise from changing multiple parameters at the same
time, which can hide the true relationships.

3.1. Performance Under STC Factoring in Degradation

In this section, we examine how degradation effects the perfor-
mance of perovskite—silicon tandem solar cell under STC. The
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Figure 2. The methodology used for this study, including 1) type of degradation, 2) modeling time-resolved EY for every hour of the 30 year lifetime, and
3) analyzing the effect of degradation on tandem solar cell EY by computing aggregated EY over 30years in different climatic conditions.

degradation is discussed for the individual solar cell parameters
(Voc, Jsc» and FF) and implemented at the level of the diode
parameters. We recapitulate that degradation in individual solar
cell parameters has diverse effects on tandem solar cell perfor-
mance. a) First, we investigate the degradation in Vo due to an
increment in J, for each subcell. We reiterate that the superpo-
sition of V¢ in the subcells is maintained for tandem solar cells
regardless of variations in J; in the subcells (see Figure SI 4).
This superposition also holds true for the tandem solar cell effi-
ciency (see Figure 3). Furthermore, we demonstrate that the
overall effect of variation in subcells J, on tandem solar cell
Voc scales with the relative contribution to the V¢ of the sub-
cells (%14% and ~8% drop in V¢ of the tandem solar cell for a
20% degradation in the Vo of the perovskite top and silicon bot-
tom cells, respectively (see Figure SI 4)). b) Second, we discuss
the performance of tandem solar cell undergoing degradation in
FF (due to an increment in Rg or decline in Rg,) in the perovskite

Energy Technol. 2024, 2400998 2400998 (4 of 12)

top cell. Our findings reveal a pronounced superlinear degrada-
tion in FF and PCE of the tandem solar cell for decreased Ry, (see
Figure 4). Conversely, increment in Rg of the perovskite top cell
shows a linear relationship with the FF and PCE of the tandem
solar cells (see Figure SI 4).

However, we note that the correlation shown in Figure 4 is
more complex for mismatched perovskite/Si tandem solar cells.
As reported in the literature,®! FF increases for slightly mis-
matched tandem solar cells. The extent of this effect correlates
with the Rgy, of the currentlimiting subcell. Reduced Rgy, of
either subcells provides an alternative current path for matching
the top and bottom cell currents, which affects the overall tandem
solar cell Jgc and FF. In Figure 5, we discuss the impact of cur-
rent mismatch on tandem solar cell FF. We indicate our result for
different levels of current mismatch (+4 mA cm™?) and different
values for the Rg;, of the perovskite top cell. Our results reveal
that the FF of the tandem solar cell increases as the Rg, in
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the perovskite top cell increases. Moreover, the overall increase in
the FF caused by current mismatch is more pronounced for tan-
dem solar cells limited by current generation in the bottom sub

Energy Technol. 2024, 2400998 2400998 (5 of 12)

cell. This is because the Rg;, of the silicon bottom cell is much
larger compared to the perovskite top cell. The discussion high-
lights that reducing current mismatch in a top-limited tandem
solar cell does not necessarily lead to a decrease in FF. If the
Rgy, of the perovskite top cell is relatively low, FF may increase
instead of an expected decrease (see Figure 5, compare
Ry =1.3kQcm? and Rg, =4.3kQcm?). Furthermore, it is
important to note that given a relatively low Rg, of the perovskite
top cell, the FF of the perovskite-limited tandem solar cell is even
lower than that of the current-matched cell. c¢) Third, we discuss
the performance of tandem solar cell undergoing . degradation
(due to a decline in CE) in the perovskite top and the silicon bot-
tom cells. As shown in Figure 6, the PCE of the tandem solar cell
does not decrease linearly with decreasing CE of perovskite top
and silicon bottom cells. While a reduction in CE results in an
expected linear decrement in tandem solar cell ] of the respec-
tive subsolar cell, the overall impact on PCE is much more com-
plex. The monolithic interconnection implies that the impact on
the PCE highly depends on whether the tandem solar cell is lim-
ited by the perovskite top cell, or the Si bottom cell (see Figure 6).
Tandem solar cells with limited current generation in the top cell
experience a significantly enhanced degradation in [y compared
to current-matched or bottom-limited tandem cells if the CE of
the perovskite top cell decreases. While there is a slight incre-
ment in FF for the top-limited cells due to low Rg, (compared
to a decrease for other current-matching conditions), the degra-
dation in J¢ outweighs the mild increase in FF. Overall, the top-
limited cell experiences more substantial decline in PCE with
respect to other current-matching scenarios (see Figure 6A).
On the other hand, if the CE of the silicon bottom cell is
reduced instead, a similar overall effect in J¢. is observed, indi-
cating that bottom-limited devices are more vulnerable to
changes in J-. However, the overall impact is substantially dif-
ferent because FF improves for all current-matching conditions.
This results in a reduced decline in normalized PCE compared to
corresponding perovskite top cell cases (see Figure 6B).

3.2. EY Modeling and Degradation
Here, we investigate the EY of perovskite—silicon tandem solar

cells factoring in degradation in different solar cell parameters
of the perovskite top solar cell. The focus is set on the implication
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Figure 6. Impact of 5% decline in CE of the perovskite top solar cell A) and silicon bottom solar cell B) on the solar cell parameters (Jsc, FF, and PCE) of
the perovskite—silicon tandem solar cell. Different scenarios of current matching are considered. To facilitate the comparison, we compare the normalized

solar cell parameters.

of degradation on the EY of various tandem solar cell architec-
tures. As highlighted in the previous section, degradation of
SJ solar cell parameters of perovskite top solar cell cannot be
translated one-to-one to tandem devices. Moreover, degradation
in EY of tandem solar cells varies between locations, due to the
interdependencies of the individual solar cell parameters
and environmental factors such as irradiation intensity and spec-
trum. To shed light on these interdependencies, we focus on
three distinct geographical locations (see Figure SI 1 and SI
2): Phoenix (arid/desert location), Seattle (temperate location),
and Honolulu (tropical/humid).

3.2.1. EY of Tandem Solar Cells with Degradation across Various
Locations

First, we assess the EY of tandem solar cells undergoing uniform
degradation of 10% in individual perovskite top cell solar cell
parameters. The EY is evaluated for various locations. This study

Energy Technol. 2024, 2400998 2400998 (6 of 12)

enables us to determine the one solar cell parameter whose deg-
radation has the highest impact on tandem solar cell EY. Our
analysis reveals that a 10% degradation in the FF of the perov-
skite top cell due to a decline in Rgy, and an increment in Rg,
respectively, shows the highest and lowest impact on tandem solar
cell EY regardless of location (see Figure 7 and Figure SI 5).
This result emphasizes the importance of rectifying perovskite
imperfections in thin film processing causing Rg, decline. In
real-world conditions, there is an interdependency between degra-
dation mechanisms and their effects on diode parameters, as well
as between the variations in one diode parameter and others.
However, isolating and assessing the impact of each diode param-
eter separately is insightful to understand how variation in
individual diode parameter affects the overall EY.

The observations are consistent with the analysis of degrada-
tion under STC, i.e., the observed superlinear relationship
between the performance of the tandem solar cell and the decline
in Rg, of the perovskite top cell (see Figure 4 and 5).
Furthermore, the minimal impact of an increase in Rg on

© 2024 The Author(s). Energy Technology published by Wiley-VCH GmbH
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Figure 7. Relative degradation in tandem solar cell EY undergoing 10%
degradation of the Vo, Js¢, and FF implemented by variation in the diode
parameters (Jy, CE, Rs, and Rsp,) of the perovskite top cell in Phoenix,
Seattle, and Honolulu.

tandem solar cell EY aligns with the linear relationship between
tandem solar cell performance and Rg increment (see Figure SI
5). This effect also aligns with its relatively minor impact on other
solar cell parameters, such as V¢ and Jg.. Moreover, the varia-
tion in the impact of degradation in J and Vo of the perovskite
top cell on the tandem solar cell EY in different locations was
anticipated due to the established proportional relationship
between Jqc, Voc, and light intensity.”?
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3.2.2. EY of Current-Mismatched Tandem Solar Cells with
Degradation

Next, we investigate the EY of tandem solar cells with different
current-matching conditions undergoing degradation. This
study aims to reveal how different current-matching conditions
of our tandem solar cell under STC affect the lifetime EY con-
sidering degradation. It is crucial to highlight that the different
current-matching configurations examined in this study refer
to cells that are initially mismatched under STC. Subsequently,
their performance is evaluated under realistic irradiation
conditions.

To provide different levels of current mismatch over time, we
incorporate two distinct levels of CE decline rates (1% and 2%
annually). We compare the lifetime EY of a tandem solar cell
installed in Phoenix (see Figure 8A,B) which exhibit three levels
of initial current mismatch. The current mismatch is determined
under STC.

The top-limited tandem solar cell with a 10% current mis-
match (%2 mA cm™?) experiences the most significant reduction
in EY due to linear degradation in J¢. of the tandem solar cell. In
contrast, the bottom-limited counterpart exhibits the lowest
decline (see Figure 8A,B). In the first 12-15 years, the current-
matched tandem solar cell shows the highest EY, while the
bottom-limited counterpart shows the lowest EY. However, in
the second half of the lifetime, the EY of the current-matched
tandem device is much lower compared to the EY of the
bottom-limited solar cells. For a more detailed dataset

B 640 . — -
'\“? Bottom-Limited (2mA cm™)
E
$
X
> 420 F
w
=
9 e Current-Matched
5 Top-Limited (2mA cm™)
= = c-Si SJ (0.5% annual deg)

200 ° v

0 10 20 30
Year
1.4

Over 30 Years

Cum EY (10%*KWh/m%a) O

W

-15% -10% 5% 0 5% 10% 15%
Current Generation Excess
in Perovskite Top Cell

Figure 8. EY of perovskite—silicon tandem solar cell as well as c-Si S| solar cell®® located in Phoenix undergoing a current generation decline in the
perovskite top cell: A) 1% annual decline in CE and B) 2% annual decline in CE. Lifetime EY (30 years) for different levels of initial current mismatch of the
perovskite-silicon tandem solar cell in Phoenix, Seattle, and Honolulu factoring in Jsc degradation with annual CE decline rate of C) 1% and D) 2%.

Energy Technol. 2024, 2400998 2400998 (7 of 12)

© 2024 The Author(s). Energy Technology published by Wiley-VCH GmbH

85US017 SUOWIWOD SAIID 3|1 jdde au) Ag pauseAoh ae Sapie YO ‘BSN J0 S3|N. 40y Arelq 1T 8UIUO AB]1A LO (SUOIPLIOD-PUE-SLUBILY" A 1M Ase1q 1 BU1 UO//:SdNY) SUORIPUOD pUe WS L 34} 39S *[7202/60/60] U0 AriqiTauliuo A3|IM "< IMisul Bunsiey Ag 866007202 d1US/¢00T OT/10p/od A3 (1M Aseiq iUl |uo//:sdny woi) papeoumod ‘0 ‘962y6Te


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

ADVANCED
SCIENCE NEWS

Energy Technology

ion, Conversion, Storage, Distribution

www.advancedsciencenews.com

encompassing more increments in current mismatch of the tan-
dem solar cell and various locations, we refer to Figure SI 7. Over
the entire lifetime, bottom-limited tandem solar cell with ~5%
current mismatch, undergoing Js. degradation, exhibits the
highest cumulative EY over 30 years. It is highlighted that this
cumulative EY is even higher than that for an optimum tandem
solar cell architecture, i.e., a current-matched tandem solar cell
(see Figure 8C,D). The findings are consistent across different
locations (see Figure SI 7). In summary, this study shows that
a moderate initial current limitation of the bottom solar cell
by around 5-10% is optimal for a 30 year lifetime if the top solar
cell undergoes Jq- degradation (x~1% and ~2% annual).
Furthermore, considering degradation in current generation of
the top solar cell results in a rather broad optimal device archi-
tecture with regard to the current matching, if the device is
initially moderately bottom limited.

3.2.3. Comparing Degradation in EY and STCs

Next, we indicate the difference between degradation impact on
the tandem solar cell performance under STC and its EY. We also
investigate the tandem solar cell EY undergoing degradation in
different solar cell parameters at different rates. We examine the
EY in two scenarios: (1) matching the degradation rate of the
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perovskite top cell to that of state-of-the-art c-Si solar cells
(0.5% per year®?)) and (2) a significantly higher degradation rate
of 2% per year.

To discriminate the effect of degradation in different solar cell
parameters on the EY and its efficiency, we compare the scenar-
ios where degradation rates of 0.5% and 2% are solely caused by
degradation in V¢, Jgc, or FF. For rather low degradation rates
of 0.5%, similar to previous analyses (see Figure 7), we find that
the EY of the tandem solar cell decreases linearly but at different
rates for each degradation scenario. The tandem solar cell EY
exhibits fastest degradation for a decline in the perovskite top
cell’s Rgy,. Conversely, the impact of FF degradation caused by
an increment in perovskite top cell’s Rg is the lowest (see
Figure 9A). Interestingly, for degradation rates exceeding the
degradation of state-of-the-art silicon PV (e.g., 2%), the degrada-
tion in FF due to a decline in Rgy, shows an asymptotic behavior
(see Figure 9B). For low Rg;, in the perovskite top solar cell, the
tandem solar cell is effectively shunted, and the EY of the tandem
solar cell approaches the EY of the silicon bottom cell only. Thus,
the asymptotic behavior must not be confused with stabilization
or a deceleration in degradation.

Furthermore, we compare the degradation in EY to the deg-
radation in PCE (see Figure 9C). The direct comparison of the
lifetime EY and lifetime degradation in PCE of tandem solar cells
(see Figure 9C) highlights that the performance under STC does

B
— 630
©
N
E
o
=
<
S 465} ]
(41]
£
[
e}
[ —
K
300 . -
0 10 20 30

Year

EY Degradation (%)
go (Due to Jso(CE))

EY Degradation (%)

'h (Due to Vi (Jp))
o
B\
\V“'

EY Degradation (%)
(Due to FF(Ry))

EY Degradation (%)
(Due to FF(Rg,))

—=— 0.5% annual degradation
—e— 2% annual degradaion

Figure 9. Tandem solar cell EY undergoing degradation with absolute annual degradation of A) 0.5% and B) 2% in perovskite top cell in Phoenix.
C) Comparison between the effect of 0.5% and 2% absolute annual degradation in perovskite top cell on tandem solar cell PCE and EY (Phoenix).
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not accurately reflect realistic irradiation conditions. For exam-
ple, considering a 2% degradation per year in the FF of the perov-
skite top solar cell due to an increment in Rg, the extrapolation
performance degradation of PCE predicts a loss of almost 32%,
while the actual loss in lifetime EY due to degradation is only
around 22%. The reason for this enormous discrepancy is the
wide variation in solar intensity that is considered in EY calcu-
lations which consider real-world irradiation scenarios but disre-
garded in the assessment of the PCE determine under STC.
Similar but less severe differences in lifetime PCE and lifetime
EY are apparent for the FF degradation due to decline in Rgy,.

3.2.4. Permissible Level of Degradation in Top Cell Solar Cell
Parameters

Next, we examine critical thresholds for the “acceptable levels of
degradation” in the perovskite top solar cell with regard to deg-
radation in each solar cell parameter, assuming that the total loss
in EY over the lifetime of a perovskite tandem must be compa-
rable to the degradation in state-of-the-art silicon PV (x0.5% in
performance®®). For comparison, to date, one of the lowest
reported degradation rates of perovskite PV is in the range of
1.4% in only 1000 h.P* This discrepancy highlights the tremen-
dous efforts that are required in the upcoming years to improve
the durability of perovskite PV. However, to date, it is not even
clear what is the sufficient stability, i.e., the “acceptable level of
degradation”, for the perovskite top solar cell, considering that
the degradation in the top solar cells does not linearly impact
the EY of the tandem solar cell.

In response, we flip the perspective in this last section and
determine backward the acceptable level of degradation in a sin-
gle solar cell parameter of the perovskite top solar cell assuming a
maximum overall degradation of 0.5% per year in the tandem
solar cell. To discriminate the effect of degradation in different
solar cell parameters, we compare the scenarios where degrada-
tion is solely caused by degradation in V¢, Jgc, or FF (see

Relative increase
in J, (*10%)
30, .40

Relative decline
in CE (%)

Relative increase /
1) 40
7 60

Relative decline 80

in Rgy (%) 100

www.entechnol.de

Figure 10). Our results show that if the stated loss is attributed
solely to degradation in V¢ (resulting from an increase in J;),
there is overall a rather low level of V¢ degradation at the end of
the lifetime of up to ~#18% which can vary depending on climate
zone. This degradation in V¢ corresponds to ~3000-fold
increase in J, which is significant as it leads to higher leakage
current and increased degradation over time. Conversely, if the
mentioned loss is due to Jg- degradation (resulting from a
decline in CE), the acceptable ] degradation exceeds 15%, con-
tingent upon the climate zone. This 15% J - degradation equates
to an approximate 18% decline in CE. However, when the speci-
fied decline in tandem solar cell EY results from FF degradation,
the acceptable level of FF degradation varies depending on
whether it arises from a decrease in Rg, or an increase in Rg.

In summary, our study reveals that the permissible degrada-
tion level in the perovskite top cell varies depending on
climate zone and the solar cell parameter responsible for the
degradation.

4, Conclusion

Perovskite/Si tandem PV has emerged as a promising technol-
ogy due to its potential for high efficiency and low-cost produc-
tion. However, integrating perovskite materials with silicon
presents new challenges concerning the yet limited durability
of the perovskite material. While previous research on the stabil-
ity of perovskite provides valuable understanding in this topic,
studying degradation in real-world conditions is often disre-
garded. This study shows how degradation in individual solar cell
parameters (i.e., Voc, Jsc, and FF) of the perovskite top cell
affects the EY of perovskite—silicon tandem solar cell. We assess
long-term tandem solar cell EY undergoing different degradation
scenarios. First, we assess tandem solar cell EY undergoing deg-
radation of individual solar cell parameter (Voc, Jsc, and FF) in
the perovskite top cell. However, as to date there is no clear
understanding of how degradation mechanisms interrelate with

Acceptable

V¢ Degradation (%)

Acceptable
Jgc Degradation (%)

Acceptable
FF(Rg) Degradation (%)

Acceptable
FF(Rg,) Degradation (%)

—u— Phoenix
—e— Seattle

Figure 10. Permissible levels of degradation in V¢, Jsc, and FF and corresponding variation in the contributing diode parameters, i.e., CE, J,, Rs, and Rgy,,
respectively, for 0.5% annual degradation in tandem solar cell EY over 30years in different climatic conditions.
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the diode parameters, we perform our study at the level of diode
parameters (i.e., J,, CE, Rs, and Rgyp). This analysis provides the
foundation for the future studies. Once a definitive interrelation
between real degradation mechanisms and variation in diode
parameters identified, our EY modeling framework will be able
to perform analysis in the context of specific degradation
mechanisms.

Our results demonstrate that degradation in FF of perovskite
top cell due to a decline in Rg, and an increment in Rg has the
most and least significant effect on tandem solar cell EY,
respectively. This shows the importance of rectifying perovskite
imperfections in thin film processing as the leading cause
of Rg, decline. Furthermore, our analysis reveals that the
influence of degradation on tandem solar cell EY varies across
different climatic zones, providing region-specific insights for
optimization.

Next, we demonstrate the EY of mismatched tandem solar
cells undergoing degradation. We focus on Jg. degradation in
this analysis, as it modifies the current mismatch over time
and effectively represents the interplay between mismatched tan-
dem solar cell EY and degradation. Based on our research, a
slightly bottom-limited cell, undergoing J- degradation, has
the highest cum EY over 30 years across various climate zones.
Furthermore, we illustrate that keeping the initial current mis-
match of a bottom-limited cell, undergoing Js- degradation,
within a 10% margin results in minimal EY loss.
Understanding the precise value (referring to a 5% bottom-lim-
ited scenario) and margin (5-10%) for bottom limitations despite
degradation ensures minimal EY loss of tandem solar cells,
which is crucial for industrial implementation. This analysis
helps manufacturers optimize device architecture for maximum
lifetime EY, enhance durability by selecting materials and
designs suited for various climate zones, and maintain perfor-
mance stability by controlling initial current mismatch.

Next, we assess long-term tandem solar cell EY when the
perovskite top cell undergoes degradation rates equal to or higher
than the observed degradation rate in c-Si solar cells (0.5% and
2% annually, respectively). Our analysis reveals a potential exclu-
sion of the perovskite top cell from the tandem solar cell when
the degradation rate of the perovskite top cell surpasses a certain
threshold (>2% annually).

Finally, we examine critical thresholds for the “acceptable lev-
els of degradation” in the perovskite top solar cell with regard to
degradation in each solar cell parameter. This analysis is done by
assuming that the total EY loss over the lifetime of a perovskite-
silicon tandem must be comparable to the degradation in c¢-Si
solar cells (i.e., max. 0.5% per year). This analysis provides a com-
prehensive understanding of EY degradation in perovskite—
silicon tandem solar cells and the overall impact of degradation
in the individual solar cell parameters. This analysis aids
manufacturers in designing solar cells suitable for different cli-
mate zones by considering the impact of environmental factors
such as light intensity, humidity, and temperature on diode
parameters. Understanding the acceptable degradation rate in
each parameter provides target values for optimizing the materials
used in solar cells ensuring enhanced durability and performance.

In future research, we foresee to compare the experimental
stability data of perovskite-silicon tandem solar cells with the

Energy Technol. 2024, 2400998 2400998 (10 of 12)

www.entechnol.de

simulated EY data. This comparison will be instrumental while
designing experiments replicating the simulation conditions and
providing a robust benchmark, enabling a deeper understanding
of degradation mechanisms and their impact on EY. While the
experimental datasets on EY of perovskite/silicon tandem PV are
limited today, we expect that the number of such datasets will
strongly increase in the near future, given rise to many research
questions that can be addressed with our EY framework
(EYCalc). We believe that an industrial implementation to the
analyses conducted in this study, such as the analysis of initially
mismatched tandem solar cells, with the objective of identifying
the optimal device architecture (current-matching scenario)
based on total lifetime EY, represents a fruitful avenue for future
research.
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