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and Martin Stolterfoht*

The stability of perovskite-based tandem solar cells (TSCs) is the last major
scientific/technical challenge to be overcome before commercialization.
Understanding the impact of mobile ions on the TSC performance is key to
minimizing degradation. Here, a comprehensive study that combines an
experimental analysis of ionic losses in Si/perovskite and all-perovskite TSCs
using scan-rate-dependent current-voltage (J-V) measurements with

1. Introduction

Among renewable energy resources,
solar energy has become an increasingly
promising solution to meet the growing
global energy demand sustainably.!?]
Photovoltaics (PV) exceeded a global
installed capacity of 1 terawatt power
with direct current (TWdc) in 2022.0

drift-diffusion simulations is presented. The findings demonstrate that mobile
ions have a significant influence on the tandem cell performance lowering the
ion-freeze power conversion efficiency from >31% for Si/perovskite and
>30% for all-perovskite tandems to ~28% in steady-state. Moreover, the ions
cause a substantial hysteresis in Si/perovskite TSCs at high scan speeds

(400 s7"), and significantly influence the performance degradation of both
devices through internal field screening. Additionally, for all-perovskite
tandems, subcell-dominated J-V characterization reveals more pronounced
ionic losses in the wide-bandgap subcell during aging, which is attributed to

Recognizing that single-junction solar
cells have reached very close to their max-
imum potential, the focus has shifted to
TSCs due to their potential to achieve
higher power conversion efficiencies
(PCEs).[*l This shift is driven by the un-
derstanding that TSCs have the potential
to significantly increase power conver-
sion efficiencies (PCEs), positioning
them as the logical next step to enhance

its tendency for halide segregation. This work provides valuable insights into
ionic losses in perovskite-based TSCs which helps to separate ion
migration-related degradation modes from other degradation mechanisms
and guides targeted interventions for enhanced subcell efficiency and stability.

efficiency, which is crucial for reducing
costs and minimizing area usage. By
combining two or more semiconduct-
ing materials with a complementary
absorption range (300 to 1000 nm),
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multijunction or tandem solar cells can minimize thermal-
ization losses and enhance the PCE. However, several chal-
lenges to be overcome before the benefits of tandem solar cells
can be realized.>] Researchers have been focusing on effi-
cient light management, optimal material selection, and de-
vice engineering. These concentrated efforts have resulted in
laboratory-scale Si/perovskite tandem cells with a world record
efficiency of 34.6%,”) significantly above the record of the con-
ventional single-junction crystalline Si cells (27.09%).82°) More-
over, all-perovskite tandem cells have now achieved efficiencies of
~30%,1112] also surpassing conventional Si single junction mod-
ules. These high efficiencies are accompanied by the possibility of
employing less stringent and low-temperature fabrication tech-
niques with a lower CO, footprint.l"3] While current discussions
often revolve around the efficiency gains in tandem solar cells, it’s
crucial to underscore their stability. The last big step to commer-
cialization and realizing the promising potential of perovskite-
based tandems is a significant challenge and concerns material
stability. Silicon in premium solar panels boasts 25-30 years of
life span and a low degradation rate of ~0.4% per annum. In
contrast, the perovskite/silicon tandem solar cells, about the size
of a coin (1 cm?), show an annual decline of more than 17% in
outdoor conditions.['* This high difference emphasizes the im-
portance of prioritizing stability improvements for these tandem
cells rather than just aiming for higher efficiency. However, ac-
knowledging that there is still much work ahead to optimize ef-
ficiency and stability underscores the ongoing challenges in ad-
vancing tandem solar cell technology.!*”]

Typically, the performance losses are attributed to defect-
induced recombination, ') mobile ions,2>-?*l undesired chem-
ical reactions or absorber layer decomposition, 2% strain, 28]
or mechanical issues such as delamination.?*3%! With the intro-
duction of comparatively stable and well-performing pin-type per-
ovskite solar cells, in Si/perovskite TSCs, effects of hysteresis in
the current—voltage (J-V) characteristic and ionic field screening
are usually not considered to be a major problem anymorel3!32] —
despite the fact that mobile ions are known to be crucial for the
performance and stability of perovskite photovoltaics.[3*3*! This
is based on the established practice of using a relatively slow J—
V scanning rate for the characterization of perovskite-based de-
vices. As we will show in this work, in both tandem cells there
are significant hysteresis effects at relatively fast scan speeds that
are usually not assessed while slowly scanning the J-V charac-
teristics. This fact hints at a significant impact of ion-induced
field screening on the performance and possibly the stability of
perovskite-based tandem solar cells.

Recently, we have been exploring the behavior and impact of
mobile ions on perovskite solar cells.[?212] Vacancies in the per-
ovskite crystal lattice and excess halide at interstitial sites are typ-
ically seen as the main types of mobile ions. Halide ions are par-
ticularly problematic because they can combine to form solid lo-
dide (I,), which easily sublimes above room temperature. This
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leads to a loss of the material in the photo-absorbing layer, po-
tentially causing a reaction in the electrode and ultimately caus-
ing the device to fail.**] Additionally, mobile ions can build up
due to differences in the internal electric field, which can lead to
the deterioration of small-scale solar cells at their edges and at
the location of external impurities.’®] Mobile ions also migrate
within the device under operating conditions depending on the
applied voltage, leading to undesirable effects on the overall per-
formance of TSCs.I*”] However, until recently it was challenging
to quantitatively determine the loss due to mobile ions on the
performance characteristics of perovskite solar cells, although
several groups have attempted to decouple the ionic and elec-
tronic behavior.?43%1 To quantify the contribution of ion-induced
efficiency losses to the performance and device degradation, we
have used scan-rate dependent J-V measurements, which we
call “fast hysteresis” (FH) measurements.[202223] Another recent
publication has focused on quantifying ionic losses in single-
junction devices during degradation, demonstrating that field
screening caused by ions is a major contributor to longer-term
degradation.[??]

Despite their importance, the specific impact of mobile ions
on the performance of tandem cells remains largely unexplored.
In monolithic tandems, the currents of both sub-cells need to be
roughly matched to realize an optimal performance. Therefore,
possible current losses due to mobile ions could further exacer-
bate the effects of a current mismatch and performance losses in
tandem cells. Moreover, knowing the magnitude of these losses
and the maximum achievable efficiency if they were absent is an
important step in optimizing the performance of the tandems.
Finally, with regard to all-perovskite tandems, which are partic-
ularly prone to degradation, it is important to understand which
subcell degrades most and develops more ionic losses during ag-
ing. This could be potentially addressed by subcell-dominated FH
measurements.

In this research paper, we investigate challenges faced by
perovskite-based TSCs with respect to ion migration and their in-
fluence on stability. To this end, we quantify the efficiency losses
caused by mobile ions using fast hysteresis and current-decay
measurements. We find that the ionic losses are prominent in
both types of tandem cells, i.e., the ion-freeze PCE is 30.7% in
the all-perovskite tandems and 31.4% in the Si/perovskite while
the steady-state PCE is only ~#28% in both tested cells. For fresh
Si/perovskite tandem solar cells, we observed a large peak hys-
teresis at fast scan speeds that are typically not accessed by com-
monly used source measurement units (i.e., 31% vs 17% PCE in
reverse and forward scan directionat ~400 V s~!, respectively).
This challenges the assumption that hysteresis is no longer a
problem for perovskite-based TSCs. Moreover, to characterize the
subcells in the all-perovskite tandem solar cell, we performed
a subcell-dominated fast hysteresis measurement by spectrally
over-illuminating one or the other subcell and assessing the cur-
rent limiting cell respectively. Using this approach, we found
that the wide bandgap (WBG) perovskite subcell (1.8 eV) exhibits
larger ionic losses than the low bandgap Pb/Sn (1:1) perovskite
subcell (1.26 eV), which is consistent with the single-junction
measurements and drift-diffusion (DD) simulations. We believe
that this is due to the tendency of the bromide (Br)-rich WBG
cell to halide segregation as influenced by grain boundaries and
halide vacancies,!**] which is likely related to enhanced ionic
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Figure 1. Quantification of ionic losses in Si/perovskite (Si-Pero) and all perovskite tandem solar cells using the fast hysteresis technique. a,b) Visualiza-
tion of the Si/perovskite and perovskite/perovskite tandem stack structures respectively. Adapted with permission from ref. [44,45] c,d) Current-voltage
(J-V) characteristics at different scan rates for Si/perovskite and perovskite/perovskite tandems, respectively, demonstrating the scan rate-dependent
hysteresis. e-h) J-V parameter plots (forward and reverse scans) comparing the steady-statey, peak hysteresis, and ion-freeze efficiency measurements

for both tandems.

losses. This is particularly, visible during device degradation of
WBG solar cells where the ionic losses increase rapidly. Overall,
our characterization technique provides important insights into
the dynamic response of tandem solar cells in the presence of ion
migration. As such, the study paves the way to mitigate the ad-
verse effects of mobile ions and design more efficient and stable
tandem solar cells for practical applications.

2. Results

To study the effect of ion migration on perovskite-bas tan-
dem solar cells, we studied Si/perovskitel*!! and all-perovskite
tandems.[*?] Figure 1a provides a visual representation of the
Si/perovskite tandem stack and its different layers. It features
a fully planar front side (upper half) and a standard ran-
dom pyramid texture at the rear side of the silicon hetero-
junction (SHJ) sub-cell (lower half). The self-assembled mono-
layer (SAM) 2PACz [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid
is used as a hole transport layer*3! A mixed-cation/mixed-
halide Cs,,, FA, ;5 Pb(Br, 151, 55)5 + 5% MAPDCI; perovskite with
a bandgap energy of 1.68 eV is used as an absorber layer with
1 nm lithium fluoride (LiF), 18 nm C, and 20 nm tin oxide
(Sn0O,) as electron transport layer (ETL). 20 nm indium zinc ox-
ide (IZO), 500 nm Silver, and 100 nm lithium fluoride serve as
TCO, electrode, and anti-reflective coating, respectively.3!l The
1 cm x 1 cm active area includes three grid fingers each ~35 ym
wide and 500 nm thick. This results in the following device ar-
chitecture Ag/TCO /a-Si: H(p)/a-Si: H(i)/c-Si(n)/a-Si: H(i)/nc-
SiO,: H(n)/TCO/2PACz/perovskite/LiF/C,/Sn0O,/IZ0/Ag/LiF,
which we denote as Si/perovskite tandem cell in the following.
Figure 1b provides a schematic of the all-perovskite tandem cell
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stack. It's made from a 1.80 eV WBG FA,;5Cs, ,, Pb(Br 3015 70)3
+ 10% MAPbI, (WBG) absorber layer and a 1.26 eV low bandgap
(LBG) Csy,FA) (MA ;Pb, s Sn, s I; bottom absorber layer. The cell
is based on [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid (2PACz)
as the hole-selective contact for the WBG top and PEDOT:
PSS for the low bandgap (LBG) bottom subcell. As elec-
tron selective contact C,y/ALD-SnO2 was used. This results
in the following device architecture glass/ITO/2PACz/WBG
perovskite/Cg,/ALD-SnO2/indium tin oxide (ITO)/(PEDOT:
PSS)/LBG perovskite/C,,/ALD-SnO,/Cu, which we denote as
all-perovskite tandem cell in the following. Additional details on
the device fabrication can be found in Note S1 (Supporting In-
formation). The steady-state performance characteristics and the
external quantum efficiency of both tandems are shown in Figure
S1 (Supporting Information).

To quantify the ionic losses in Si/perovskite and all-perovskite
tandem solar cells we first used the fast hysteresis (FH) tech-
nique. (Figure 1c-h) shows the scan-rate dependent J-V char-
acteristics and PCE parameters like open-circuit voltage (Vyc),
short-circuit current density (J5¢), and fill factor (FF). The results
highlight that the hysteresis behavior varied with the scan rate of
the J-V measurements. To better describe the analysis, we intro-
duce three essential points, the “steadystate”, “peak hysteresis”, and
“lon-freeze” condition as marked in Figure le. Steady-state refers
to measurements at the slowest scan rate where the true PCE of
the cell is obtained. The peak hysteresis corresponds to the max-
imum difference in PCE. Notably, the peak hysteresis can shift
by orders of magnitude in the scan speed range depending on
the effective ion diffusion coefficient in the used absorber.?"] The
ion-freeze efficiency is measured at the fastest scan rate, at which
ions are practically stationary with a uniform distribution across
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Table 1. Comparison of the ionic losses of Si/perovskite and all-perovskite
tandems obtained from the scan-rate dependent J-V characteristics.

lonic losses/Tandems Si/Perovskite tandem All-perovskite tandem

PCE losses (%) 4 2.5
Jsc losses (mAcm™2) 0.75 1.0
FF losses (%) 6.5 4

the absorber layer during the -V measurements. The loss due
to ion migration (also called “ionic loss”) was calculated by sub-
tracting the steady-state efficiency from the ion-freeze efficiency.
In other words, in a hypothetical situation where the mobile ions
in the perovskite layer are fixed, the same tandem devices could
achieve higher absolute efficiencies.

The effect of ion migration is predominantly seen through
a reduction in either current collection efficiency (Figure lc,
Si/perovskite tandem) or FF (Figure 1d, all perovskite tandem)
from fast to slow scan speeds as highlighted in Table 1. No-
tably, both tandems demonstrated a promising ion-freeze efhi-
ciency potential (31.4% for Si/perovskite tandem, 30.7% for all
perovskite tandem). We note the hysteresis is not fully closed for
Si/perovskite at the fastest accessible scan speeds due to the on-
set of the capacitive contribution to the current (Figure S2, Sup-
porting Information) which limits the maximum scan speeds (al-
though from simulations, we expect that the forward-scan PCE
will reach the PCE in reverse-scan!?’l). In both tandem cells, the
ionic losses primarily stemmed from FF losses and g losses,
aligning with previous literature observations on single junc-
tion cells.!??] The current losses in all-perovskite tandems are fur-
ther confirmed by current decay measurements (Figure S3, Sup-
porting Information), where the current decay is recorded upon
switching device bias from open- to short-circuit. Figure S3 (Sup-
porting Information) highlights that the current decay equals the
short-circuit obtained from the FH measurement when plotted
as a function of the inverse scan speed (i.e., scan time). It can be
seen that the current losses in the current decay measurement
equal the mobile-ion-induced losses in the fast hysteresis mea-
surements (as determined from the ion freeze and the steady-
state current). Additionally, a notable difference was observed be-
tween the tandems in terms of the magnitude and onset of peak
hysteresis, with the Si/perovskite tandem showing faster ions
and more substantial hysteresis. This could be explained by the
slower movement of ions in the LBG cell, while the timescale is
quite similar in the 1.68 eV mid-gap cell used for Siand the 1.8 eV
WBG cell used for the all-perovskite tandem cell (Figure S4, Sup-
porting Information). This suggests that the dynamic of ion mi-
gration is dependent on the specific subcell composition and
that the effective ion diffusion coefficient in the single-junctions
also governs the movement in the tandem cells. Nevertheless,
the Si/perovskite tandem cell appears to be more strongly im-
pacted by ion migration as compared to the all-perovskite tandem
cell. This finding is unexpected because all-perovskite tandems
are made of 2 perovskite-based subcells where the ionic losses
could potentially add up in the tandem cell. Moreover, the use
of a mid-energy gap perovskite (1.68 eV) in the Si/perovskite cell
was expected to result in fewer ionic losses compared to the all-
perovskite tandem, which consists of both a WBG (1.8 eV) per-
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ovskite that suffers more from halide segregation, and a LBG
perovskite subcell that suffers from Sn oxidation (Sn** to Sn**).
The latter is vaguely linked to ion-related losses.[**’] However, in
Figure S5 (Supporting Information), we observe that ionic losses
in fresh devices increase progressively from low-gap (~0.5%) to
mid-gap (~1%) and wide-gap (~1.5%) perovskite devices. The
difference between the latter two devices is likely related to the
smaller size of bromine compared to iodine which leads to a lo-
cal strain in the lattice resulting in a lower activation energy of
halide vacancy formation contributing to halide segregation.[*!]
This is reflected by the greater hysteresis and reduced stability
due to increased ion densities (Figure S6, Supporting Informa-
tion). In contrast, the Sn-based narrow-bandgap devices exhibit
lower ionic losses, potentially due to neutral defect complexes
formed by Sn vacancies compensating for halide vacancies.[**%0]

In the next step, we focused on studying the influence of
mobile ions on the degradation of tandem solar cells. To do
this, we subjected our Si/perovskite and all perovskite tandems
to 1 sun illumination at open-circuit. Figure 2a,b illustrates
the scan-rate-dependent J-V of the fresh Si/perovskite and
all-perovskite tandems, respectively. To quantitatively assess
the impact of mobile ions on the performance degradation,
we performed FH measurements during the degradation
process. Figure 2c-d presents the scan-rate-depend change in
PCE throughout light-induced degradation. From these mea-
surements, three significant observations emerge. First, we
observed an increase in peak hysteresis to slower scan rates
with aging. This hysteresis increase was observed for single
junction solar cells as well and suggests a slowdown of ions
during aging. In particular, for the Si/perovskite tandem, this
slowdown indicates that either a slower ion species takes over
or an initial fast grain boundary diffusion is replaced by volume
diffusion of mobile ions as the limiting factor.’!! Second, there
is an increase in net ionic losses, which manifests itself as
the difference between the ion-freeze efficiency (at the fastest
scan rate) and steady-state (at the slowest scan rate) efficiency.
Mobile ions affect mainly the charge transport reflected through
a substantial decrease in FF and Jq. (Figure S7a—d, Supporting
Information), while the correlation of V. versus scan rate
exhibits a more parallel downward shift with the ongoing aging
(Figure S7e,f, Supporting Information). This is consistent with
increased field screening losses due to ion migration and ion
accumulation at the interfaces.?*??] Thirdly, the fast hysteresis
curves exhibit a parallel shift downward due to a simultaneous
decrease in ion-freeze and steadystate PCE. These losses can be
ionic or non-ionic in nature. Ionic losses can occur at the fastest
scan speeds depending on their distribution and accumulation
throughout the device at the start of the J-V scan and can lead
to a parallel downward shift of the V. with aging.[??] However,
for both tandems, we noticed a noticeable effect on FF and J. at
fast scan rates (especially for the all-perovskite tandem), which
resulted in a decrease in ion-freeze efficiency (Figure S7a,b,
Supporting Information). As we discussed previously,??! this is
an indication of non-ionic losses. Therefore, part of the losses
at fast scan speeds are assigned to non-ionic losses. Although
further research is required to understand and disentangle the
losses at fast scan speeds, here we focus on the losses between
fast to slow scan speeds which we can directly attribute to
ion migration. These losses are summarized in Figure 2e(f,
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Figure 2. Investigation of ion migration on the light-induced degradation in Si/perovskite and all-perovskite tandem solar cells. a,b) Stabilized J-V
curves without hysteresis at slow scan speeds (10 mV s™') after different illumination times under Vo and 1 sun illumination for the Si/perovskite and
all-perovskite tandem solar cells, respectively. c,d) Change in the PCE as a function of scan speed during light-induced degradation. The shaded regions

indicate the ionic losses at the end of the aging experiment. e,f) Efficiency losses at fast and slow scan speeds as a function of aging time.

highlighting the significant contribution of ionic losses
(red-shaded) to the device degradation. Quantitively, the ionic
loss in Si/perovskite increased from 4% to 11.5% (out of 19.2%
total loss), whereas the ionic loss in all-perovskite tandem in-
creased from 1.8% to 5% (out of 10.8% total loss) PCE ionic
losses. The ionic loss contribution to the total degradation loss
is thus 60% and 46% for the Si/perovskite and all-perovskite
tandem, respectively. Drift-diffusion simulated Figure S8 (Sup-
porting Information) further supports this, showing the impact
of varying ion densities on ionic losses and hysteresis at ex-
actly the same interfacial recombination velocities between
the absorber and the transport layers in both Si/perovskite
and all-perovskite tandem solar cells. At low ion densities, the
Si/perovskite tandem shows more ionic losses and a larger peak
hysteresis, while the all-perovskite tandem—despite having
two subcells with the same ion density—exhibits lower losses
and smaller hysteresis. Whereas, at higher ion densities, the
Si/perovskite device shows greater and “pure ionic losses”
(i-e., no losses at fast scan speeds), whereas the all-perovskite
tandem displays qualitatively the combined hysteresis profile
from both the subcells consistent with experimental results in
Figure 2. Extending on the simulations, Figure S9 (Supporting
Information) highlights the importance of the HTL/perovskite
interface of the top cell in both tandem devices in governing the
ionic hysteresis and the ionic losses although other interfaces
could have a similar effect as well.

In order to get a deeper insight into the factors limiting the per-
formance of the all-perovskite tandem cell upon aging, we con-
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[23]

ducted a more detailed analysis of the losses of the subcells. By
selectively over-illuminating a specific subcell while limiting the
current of the tandem solar cell, we can gain a better understand-
ing of the ionic losses in the individual subcells during aging. It
is important to note that although in this measurement the -V
is still defined by both subcells, the under-illuminated cell con-
trols the Jq. and FF to a large degree.2>* To highlight the fact
that both subcells actually contribute to the J-V characteristics
although the current is dominated by 1 of them, we call this ap-
proach “subcell-dominated fast hysteresis characterization”. To
demonstrate the effectiveness of this approach, we conducted
subcell-dominated measurements on an all-perovskite tandem
solar cell, schematically shown in Figure 3a. We intentionally
over-illuminated the WBG cell (1.8 eV) with excess blue light us-
ing a 460 nm LED (light-emitting diode), which puts the LBG cell
into current limitation. This latter subcell then defines the Ji. of
the tandem as well as the FF, while the V. is still governed by
the sum of both subcells.[*} Analogously, the LBG cell was over-
illuminated with excess red light using an 808 nm LED, which
puts the WBG cell under current limitation, which then domi-
nates the J-V characteristics.

Figure 3b—e shows the PCE parameters of J-V characteris-
tics performed with the subcell-dominated FH measurement.
In the fresh devices, we found that both subcells exhibit rather
small ionic losses although they are slightly more pronounced
in the WBG cell, which has also a much higher peak hystere-
sis. The losses obtained in the subcells were then compared with
the single junction solar cell (Figures S10 and S11, Supporting

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

85U8017 SUOLULLIOD @A 18810 3|cedl [dde 8Ly Aq peusenob e sajole YO ‘85N JO S9N 10} ARIq1T8UIIUO AB[IM UO (SUOTHPUOO-PU.-SWLBW0D A8 1M ARe.d][Bul[UO//:SANY) SUORIPUOD pUe SWie | 8U18eS " [202/2T/20] Uo AriqiTauliuo A&(IM 'Ind uljied wniusz-z)joyweH A 0200202 Wuse/Z00T 0T/I0p/Wod 48| 1M Afelq el juo//Sdiy Wwolj pepeoiumod ‘0 ‘0v89rToT


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

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a b c
32 . . . . . . . .
LBG: over-illuminated
WBG: current limiting 28 -*‘ﬁ;: 1 18} E §
* 241 1 . s | 2
RS . Tl | 3
S 20t 1 c Q
L Tl |8
O 16 1 & —e—Reversescan| | ©
... LBG o lonic o a =
- 12} 18 Forward scan =
e 5 | 3
LBG: current limiting Toa st J —e— Fresh 3
WBG: over-illuminated ., 10k —e— Degraded 1 8
4 i , i g : i : ;
101 10° 10' 102 10° 10* 10" 10° 10’ 10? ; 10° 104
Scan rate (Vs™") Scan rate (Vs™)
e
10 32 - T T T r r r T
[ Fresh —
= [ ] Degraded m— 28 4 18 { 9
* 8 —t2 | o
@ 24t & e 2
@ g @ g 16 ” [oX
2 S 20} (&) 1]
2 W < 5
L L~ 14} P J
Z 4] O 16} onic S .« |—=—Reverse scan c
S . o \\\ 5 l/”/é —— Forward scan ©
w 12} loss - Q
L o ; 12} { %
o sl / —e— Fresh o)
—e— degraded ;
| 4 , . , ; 1op ; W e b
Tandem [ LBG subcell | WBG subcell 07 10 10" 102 10° 10t D T

Scan rate (Vs™)

Scan rate (Vs™)

Figure 3. lonic losses in the low- and wide-bandgap (LBG/WBG) subcell on fresh and degraded all-perovskite tandem cells. The devices were aged for
19 h under 1 sun-equivalent open-circuit conditions. a) Sketch illustrating the measurement conditions. b—e) Scan-rate dependent PCE parameters from
the LBG and WBG-dominated fast-hysteresis (FH) measurement for fresh (blue/red) and aged (light blue/light red) cells, respectively. (b,e) Show an
increase in PCE loss due to mobile ions and increased peak hysteresis with aging. The ionic losses in the fresh and degraded cells — as obtained from
the efficiency difference between slow and fast scan speeds — are marked from the shaded blue and purple regions, respectively. (c, d) Show an increase
in ionic Jsc loss with aging. f) Corresponding loss analysis for fresh and aged subcells as well as for tandem cells from Figure 2.

Information) and tandem DD simulations (Figures S12, Sup-
porting Information), where we observed a good correlation with
experimental degradation measurements by increasing the ef-
fective ion density in the absorber layer. We note the tandem
DD simulations were performed using SETFOSI®! by enhanc-
ing the optical charge carrier generation efficiency of the over-
illuminated subcell to 125% (the simulation parameters are de-
tailed in Table S1, Supporting Information). In the single junc-
tions, the WBG cell also suffers comparably by more ionic PCE
losses than the LBG cell with ;. and FF being the major con-
tributing factor. We also note that we previously observed that
ionic losses increase rapidly in the WBG cell during aging result-
ing in ionic Js. losses of over 10 mAcm=2.122) Moreover, we com-
pared the current losses obtained in both subcells from the FH
measurements with the current losses obtained from current-
decay measurements, which demonstrated the same trend, i.e.,
the WBG subcell suffers comparably more ionic PCE losses
than the LBG subcell (Figure S13, Supporting Information). This
strengthens the confidence in the subcell-dominated measure-
ment to access the contribution of the subcells toward the ionic
losses.

We then aged the all-perovskite tandem under constant 1 sun
illumination at open-circuit conditions for 19 h. For the LBG cell
(Figure 3a), we observed an increased net PCE loss due to mo-
bile ions, an increased peak hysteresis, and a parallel shift in the
curve from fresh to degraded state. The parallel shift originates
from a loss in FF (Figure S14, Supporting Information) and Jq.
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(Figure 3c) at fast-scan speeds, which is attributed to a non-ionic
loss. In contrast, for the WBG cell in Figure 3b, we noticed a more
significant ionic loss, primarily driven by ionic Jq. losses (as in-
dicated in Figure 3d). As highlighted quantitatively in Figure 3f,
we found that the PCE loss due to mobile ions in the LBG cell
(1.26 eV) increased from ~2% to 4%. On the other hand, in the
WBG cell (1.8 eV) this loss increased from ~3% to ~8%. These
results suggest that the WBG cell in tandems is more susceptible
to the detrimental effects of mobile ions, which is likely linked to
the propensity for halide segregation, although we note that the
passivation layer (piperazinium iodide, PI) that was used for the
WBG cell also plays a role (Figure S15, Supporting Information).
Figure S16 (Supporting Information) presents maximum power
point (MPP) tracking measurements, showing the stability data
for the WBG (T80 lifetime of ~64 h) and the NBG single junction
(T80 = 15 h), as well as both the Si/perovskite (T80 = 240 h) and
all-perovskite tandems (T80 = 332 h). We attribute the shorter
lifetime of the LBG cell compared to the WBG cell, to chemical or
mechanical degradation effects which is likely related to the par-
allel shift observed in the fast hysteresis curve. Furthermore, the
more rapid degradation of the Si/perovskite tandem compared
to all-perovskite tandem aligns with the more significant ionic
effects seen in the fresh Si/perovskite tandem cell such as the
initial peak hysteresis and the ionic losses.

As such, the subcell-dominated measurements, allow us to
conclude that the presence of non-ionic losses observed during
the degradation of the all-perovskite tandem solar cell (Figure 2d)

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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originates likely from the LBG subcell. Considering that these
losses affect the FF at fast scan speeds indicates a deterioration of
charge transport during aging. Overall, these measurements help
in identifying which subcell is more susceptible to ionic degra-
dation losses which facilitates the development of strategies to
mitigate their effects for more efficient and stable tandem solar
cells.

Going forward, our numerical results (Figure S8, Supporting
Information) indicate that improved interfaces can significantly
reduce ionic losses by lowering the effects of field screening,
which in turn enhances overall device stability. This represents
a promising mitigation strategy as careful optimization of inter-
face materials could lead to more stable and efficient perovskite
solar cells. We also discussed the impact of the perovskite sto-
ichiometric variations on ion migration. Our findings demon-
strate that higher bandgap perovskites tend to experience greater
ionic losses. This correlation points in the direction of fabricat-
ing a more robust perovskite crystalline thin film to reduce the
possibility of halide segregation, especially in WBG devices. This
can be achieved through additive engineering or shifting to a
more controlled fabrication method. Additionally, we previously
observed a strong correlation between the stability of fresh de-
vices the peak hysteresis (where ion migration harms cell per-
formance the most), and the T80 lifetime. Figure S6 (Supporting
Information) confirms this trend. This indicated that ionic behav-
ior is a critical factor in predicting long-term device performance.
By analyzing fast hysteresis measurements and other ionic be-
haviors on a much larger data set, aging models can be deviced
to predict the long-term stability of the tandem devices based on
their initial ionic properties. This could provide a valuable tool for
the design and optimization of perovskite solar cells, allowing for
the early identification of potential degradation pathways.??]

3. Conclusion

In conclusion, our study challenges the notion that hystere-
sis is no longer a concern in perovskite-based tandem solar
cells. Through the utilization of the fast hysteresis technique, we
have demonstrated the presence of hysteresis in high-performing
Si/perovskite and all-perovskite tandems. In fresh Si/perovskite
tandem solar cells, we observed a very large peak hysteresis at
fast scan speeds (i.e., 31% vs 17% PCE in reverse and forward
scan directionat ~#400 V s~!) and we have observed similar behav-
ior in all-perovskite tandem. Moreover, we have shown that mo-
bile ions have a significant impact on the performance of these
tandems, i.e., the ion-freeze PCE is 31.4% in the Si/perovskite
and 30.7% in the all-perovskite tandems versus the steady-state
PCE of ~28% in both cells. Through accelerated degradation
of these tandems under 1 sun illumination open circuit condi-
tion, the Si/perovskite suffered an ionic loss of 11.5% absolute
(contributing 60% to the total degradation loss) whereas the all-
perovskite tandem suffered an ionic PCE loss of 5% (contribut-
ing 46% to the total degradation loss). This indicates that for
the herein investigated cells, the Si/perovskite is more sensitive
to inherent ionic losses, while other degradation processes limit
the all-perovskite tandem cell performance. By further investigat-
ing the all-perovskite tandems, we found that the wide-gap sub-
cell experiences a higher contribution of ionic losses compared
to the low-bandgap sub-cell, which is affected by charge trans-
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port or mechanical losses during degradation. These conclusions
are drawn from subcell-dominated current limiting FH and cur-
rent decay measurements, alongside corresponding single junc-
tion devices and DD simulations. Overall, this study provides ev-
idence that mobile ions and hysteresis still remain critical factors
to explore in perovskite-based tandem solar cells. Importantly, we
have introduced an easy-to-implement technique to analyze the
impact of mobile ions on tandem cell performance. This work
will encourage further investigation into understanding and mit-
igating the effects of mobile ions and hysteresis, facilitating ad-
vancements in perovskite-based tandem solar cell technologies.

Supporting Information

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