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Understanding and Minimizing V¢ Losses in All-Perovskite

Tandem Photovoltaics

Jarla Thiesbrummel,* Francisco Penia-Camargo, Kai Oliver Brinkmann,
Emilio Gutierrez-Partida, Fengjiu Yang, Jonathan Warby, Steve Albrecht, Dieter Neher,
Thomas Riedl, Henry J. Snaith,* Martin Stolterfoht,* and Felix Lang*

Understanding performance losses in all-perovskite tandem photovoltaics
is crucial to accelerate advancements toward commercialization, especially
since these tandem devices generally underperform in comparison to what
is expected from isolated layers and single junction devices. Here, the
individual sub-cells in all-perovskite tandem stacks are selectively character-
ized to disentangle the various losses. It is found that non-radiative losses
in the high-gap subcell dominate the overall recombination in the baseline
system, as well as in the majority of literature reports. Through a multi-
faceted approach, the open-circuit voltage (Voc) of the high-gap perovskite
subcell is enhanced by 120 mV. Employing a novel (quasi) lossless indium
oxide interconnect, this enables all-perovskite tandem solar cells with 2.00 V
Voc and 23.7% stabilized efficiency. Reducing transport losses as well as
imperfect energy-alignments boosts efficiencies to 25.2% and 27.0% as
identified via subcell selective electro- and photo-luminescence. Finally, it is

1. Introduction

With the discovery that mixed-metal halide
perovskites enable much lower bandgaps
than their neat-lead or neat-tin based coun-
terparts, significant efforts commenced on
the development of all-perovskite tandem
solar cells."”/ Combining low-bandgap
(LG) and high-bandgap (HG) perovskites
in tandem solar cells overcomes the fun-
damental efficiency limits of their single
junction counterparts, without the need
for combining with more traditional low-
bandgap materials used previously such as
Si or copper indium gallium selenide.l6-%
All-perovskite tandems promise highest
efficiencies, on par with perovskite/silicon

shown how, having improved the V¢, improving the current density of the
low-gap absorber pushes efficiencies even further, reaching 25.9% efficiency
stabilized, with an ultimate potential of 30.0% considering the bulk quality
of both absorbers measured using photo-luminescence. These insights not
only show an optimization example but also a generalizable evidence-based
optimization strategy utilizing optoelectronic sub-cell characterization.

tandem technologies, while using much
thinner absorber layers, and move away
from the energy intensive production of
crystalline silicon. They can also be much
lighter, which makes them a promising
option for a range of different applica-
tions: from building- or vehicle-integrated
photovoltaics (PV) to high-altitude and
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Figure 1. a) Literature overview of various all-perovskite tandem solar cells indicating the achieved efficiency, plotted as a function of the employed
high-and low-bandgap perovskites. For consistency, we determined the individual bandgaps from reported external quantum efficiencies (EQE), via
d(EQE)/dE, and denoted this as PVgap. The color map displays the realistic efficiency potential for specific bandgap combinations (defined as 75% of
the radiative efficiency limit). b) Relative V¢ losses in monolithic all-perovskite tandems from (a), as well as the corresponding high-gap and low-gap
single junction devices.[#1617:2632] ¢) Photoluminescence (PL) of high- and low-gap perovskites fabricated individually on glass (isolated bare layers)
and incorporated in a monolithic tandem. d) Pseudo-/V curves reconstructed from intensity-dependent PL measurements highlighting Vo losses.

even space PV where they also benefit from their radiation
hardness.' Their energy-efficient processability, either from
solution or by thermal evaporation at ambient temperatures, is
roll-to-roll compatible and could allow a much more cost-effi-
cient technology with shorter energy payback times compared to
current technologies, or even perovskite/Si tandem PV.12

The solar to electrical power conversion efficiency (PCE) for
2-Terminal all-perovskite tandems has increased from 17% for
the first attempts, to the current record of 26.4%.313 We give
an overview of this rapid progress in Figure 1a, by plotting the
employed bandgap combinations and the achieved power con-
version efficiencies, alongside a realistic efficiency potential of
=0.75 x PCE™. Here PCE™ is the radiative efficiency from the
detailed balance limit assuming a step function absorption pro-
file for each band gap (see Supporting Information for calcula-
tion details). A large focus has been on improving the efficiency
and stability of the low-bandgap lead-tin perovskite.l>1315-1]
However, as we illustrate in Figure 1b, the high-gap perovskites
dominate the open-circuit voltage (Voc) losses for most
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tandem devices, especially after significant improvement of
low bandgap perovskites over the past 3 years. Overcoming the
Voc losses in the high-gap perovskite subcell, which typically
increase for higher bandgap perovskites,!8-2% therefore offers
room for further improvements. Moreover, the incorporation of
the high-gap and low-gap perovskites in a tandem often leads
to significant additional V¢ penalties. This can be due to deg-
radation of the underlying subcell or layers during subsequent
layer deposition, be it via sputtering or from solution, addi-
tional interfacial recombination induced by the interconnecting
layer, or processing issues and inhomogeneities. We highlight
several of those cases with a “D” in Figure 1b.

To understand where these losses come from and how they
can be reduced, it is important to not just look at the overall
tandem performance and single junction cells, but charac-
terize the behavior of both subcells when incorporated in the
complete tandem device. Traditional electrical characterization
of the monolithic tandem, however, provides little informa-
tion on the behavior of the individual subcells. Current-voltage

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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JV-measurements performed on corresponding single junc-
tion devices that are often reported alongside tandem results
and used in Figure 1b, do not necessarily reflect subcell per-
formance once integrated in the tandem accurately. Quantita-
tive measurements that provide information on the different
subcells within the monolithic tandem stack individually are
therefore crucial to understand performance-limiting layers and
mechanisms. Electro- and photo-luminescence (EL & PL) can be
measured from each sub-cell selectively in monolithic intercon-
nected tandem devices. These techniques have previously been
employed by the III/V solar cell community to investigate sub-
cell performance in multijunction solar cells.?24 We recently
extended these approaches to reveal efficiency limits in perov-
skite/silicon tandems.*’l However, although 2-terminal all perov-
skite tandem cells have become a topic of great interest, and
subcell selective characterization can provide valuable insights to
accelerate development, such an extensive subcell selective char-
acterization has to date never been carried out for these systems.
Herein, we conduct extensive PL and EL characterization of
isolated perovskite films, single junction devices, and complete
all-perovskite tandem cells, in order to identify the factors lim-
iting the performance in these cells in comparison with the
thermodynamic efficiency limit. We reveal that the high-band
gap sub cell is predominantly responsible for the V¢ losses in
our own complete tandem devices, as well as in many tandem
devices from literature at the moment. We employ a threefold
optimization strategy for the high-band gap perovskite, con-
sisting of; i) addition of oleylamine to the perovskite in combina-
tion with, ii) a lithium fluoride (LiF) layer between the perovskite
and the electron transport layer (ETL) and, iii) the use of the self-
assembled monolayer (SAM) 2PACz instead of the frequently
used hole transport layer (HTL) poly[bis(4-phenyl)(2,4,6-trimeth-
ylphenyl)amine (PTAA). We apply our threefold optimization
approach to triple cation-based high-gap perovskites with band-
gaps ranging from 1.80 through 1.85 to 1.88 eV and find a robust
reduction of V¢ losses for all tested bandgaps. This is impor-
tant since the latter two bandgaps promise highest power con-
version efficiencies in combination with the 1.27 eV perovskite
used herein (Figure 1b). We thereafter use the optimized high-
gap perovskites to fabricate efficient all-perovskite tandem solar
cells, reaching steady-state efficiencies of up to 23.4%, 23.7%,
and 21.5% for 1.80 eV/1.27 eV, 1.85 eV/1.27 eV and 1.88 eV/1.27 eV
bandgap combinations, respectively. Coming back to the sub-
cell characterization, we then characterize these optimized all-
perovskite tandems, and are able to determine the efficiency
potential that could be achieved if transport losses and energy-
level mismatches in the stack were eliminated. Furthermore, we
also show that the interconnect we employed is lossless. Overall,
our versatile sub-cell characterization approach will facilitate evi-
dence-based optimization of future all-perovskite tandem cells.

2. Results

2.1. Assessing the Limiting Junction in the Tandem Cells

In order to investigate whether the Vyc losses in our all-
perovskite tandems are dominated by the high- or the low-gap
perovskite subcells, we measured the photoluminescence
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quantum yield (PLQY) selectively by excitation with 520 and
818 nm in a monolithic all perovskite tandem (based on a
1.27 eV low-gap and 1.80 eV high-gap combination with an effi-
ciency of 20.9% under AM1.5G) and compared it to the PLQY
of identically prepared isolated high-gap (PLQY = 0.1%) and
low-gap (PLQY = 0.98%) perovskite layers on glass (Figure 1c).
Interestingly, the PLQY of the high-gap perovskite is reduced
by three orders of magnitude in the tandem device, compared
to the isolated layer, whereas the low-gap perovskite is only
reduced =20-fold. Since the quasi-Fermi level splitting (QFLS)
is directly given by the PLQY and the radiative limit of the sem-
iconducting material (QFLS 4, see Supporting Information) via
Equation (1), we conclude that the high-gap perovskite strongly
dominates Vo losses also in our system.

QFLS = QFLS, 4 + k;T-In (PLQY) )

To further understand the potential of our tandem with the
given absorbers, we now measure intensity-dependent photo-
luminescence yields (iPLQY) which allows us to determine a
QFLS at each intensity. We then construct “pseudo-JV curves”
by plotting the total recombination current at each excitation
intensity minus the generation current (Jsc) on the y—axis versus
the QFLS on the x—axis (Figure 1d). Comparison of pseudo-JV
curves derived from iPLQY measurements on isolated films
versus measurements in the monolithic tandem stack exem-
plifies Vi losses present in the tandem configuration. It also
shows that these losses are dominated by the high-gap perov-
skite. Summing the QFLS obtained for the high-gap and low-
gap perovskite isolated layers and subcells further allows us
to construct pseudo-JV curves of corresponding tandems that
are free of resistive losses and, in case of the isolated layers,
additionally free of interface recombination from the various
contact layers, processing damage, etc. This efficiency potential
constructed from isolated layer measurements reaches 28.2%,
a value that corresponds to the practical efficiency potential of
around 0.75 x PCE™d, We present a more detailed analysis as
well as strategies to reach this potential at the end of this work.

2.2. Minimization of V¢ Losses in HG Perovskites

To understand the origins of Vi limitations in our high-gap
perovskite we measured the PLQY of 1.80 eV bandgap triple-
cation based perovskites (Csgos5(FAg.60MAg40)0.95Pb(10.60BT0.40)3)
with and without the hole-and electron transport layers (HTL
and ETL respectively). Comparing the PLQY of a perovskite
layer prepared on glass and on PTAA, our standard HTL, as dis-
played in Figure 2a, reveals that the PTAA is strongly limiting
the PLQY. This limitation is known and has been addressed
in the past by using self-assembled monolayer (SAM) HTLs
instead of conventional HTLs.3*3 Their use as a hole selective
contact can strongly reduce non-radiative losses at the perov-
skite—HTL interface compared to the conventionally used
PTAA,®3 which is particularly a problem for wide-gap perov-
skites (>1.75 eV).l]

Changing the HTL from PTAA to 2PACz significantly
improves the PLQY of our 1.80 eV triple-cation based perovskites
(Figure 2a), indicating a reduction of interfacial recombination
at the HTL side, which was strongly limiting before. Having

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) PLQY measured on different partial stacks. b) Schematic overview of the HG single junction solar cell and JV curves for 1.80 eV
Cs.05(FA0.60MAg 40)0.95Pb (l0.60Bro.40)3 perovskite solar cells for various optimization steps. c) The V¢ from the solar cells in (b), plotted as a function
of the different optimization steps. The dashed line displays the radiative Voc limit (Voc™), which is 1.51 V for perovskites with a 1.80 eV bandgap.
d) Voc statistics for optimized and control HG perovskite solar cells with bandgaps of 1.80, 1.85, and 1.88 eV. e) The V¢ divided by the radiative
Voc limit for recent pin perovskites with a range of different bandgaps, extracted from The Perovskite Database.?%l The open circle indicates a device
with an ETL based on an alternative fullerene blend.l*l The stars indicate our work and show optimized (champion) solar cells based on perovskites

bandgaps at 1.80, 1.85, and 1.88 eV.

removed the dominating HTL-Pero-interface limitation now
allows us to address the perovskite-ETL interface. We first try
inserting a thin layer of LiF between the perovskite and the ETL,
forming a strong surface dipole that repels minority carriers
away from the interface, thereby reducing interfacial recombi-
nation.*% In order to reduce the recombination losses fur-
ther, we then added oleylamine into the perovskite precursor
solution, which has previously been shown to improve the effi-
ciency of lead-based perovskite solar cells through both grain-
and interface modifications.’”] Interestingly when we tested a
combined approach of adding oleylamine to the perovskite pre-
cursor and inserting a thin LiF layer we found that they worked
in an additive fashion, increasing the QFLS to exactly the sum
of the individual improvements (Figure 2a).

We subsequently fabricated single junction solar cells with
the structure glass/ITO/PTAA or 2PACz/1.80 eV bandgap
triple-cation based perovskite w/ or w/o oleylamine and w/ or
w/o LiF/ETL/Cu to test our threefold optimization approach
prior to its incorporation into tandem devices. Looking at

Adv. Energy Mater. 2023, 13, 2202674 2202674 (4 Ole)

the JV curves displayed in Figure 2b, it can be seen that the
improvement in PLQY directly translates into an increased Vo¢
in devices. As seen in Table 1, summarizing device parameters
and statistics (more statistics can be found in Figure S1, Sup-
porting Information), the Vo improves =90 mV for the fully
optimized device compared to control devices, which equals the
sum of the individual gains. Figure 2c shows that every step of
our threefold optimization brings the V¢ significantly closer
toward the limit imposed by the bulk quality of the perovskite
absorber, which is 1.32 V as determined from PLQY measure-
ments of isolated perovskite absorbers. Notably, the threefold
optimized devices reach an average Vo of 1.26 V (max 1.29 V)
which is around 83% of the radiative V¢ limit of 1.51 V for
devices with a 1.80 eV bandgap. Ultimately, we tested the long-
term stability of our threefold passivation approach step by step
by tracking the efficiency under AM1.5G or equivalent illumi-
nation conditions and found that fully passivated devices out-
perform control devices, see Figures S21 and S22, Supporting
Information.
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Table 1. Device parameters and statistics for the different optimized and control single junction devices using a 1.80 eV HG perovskite absorber.

AV and AFF indicate the improvement in these respective values compa

red to the unoptimized control device on PTAA.

Voc M Jsc [mA cm FF [%] PCE [%] AVoc [mV] AFF [9%]
PTAA device 117 40.02 170405 75.6+2.9 15.0+1.0 - -
2PACz device 118 £0.01 17.2+07 78.8+1.4 161406 10 3.2
2PACz + OAm 1.20£0.01 17.140.2 772420 159407 30 16
2PACz + LiF 1.23+0.02 171405 78.9+2.0 16.6 0.6 60 33
2PACZ + OAm and LiF 1.26 £0.01 16.6 0.5 791420 16.6 0.6 90 3.5

We tested the robustness of this threefold optimization
route with various high-bandgap perovskite compositions
by varying the Br-ratio from the initial 0.4 to 0.45 and 0.5.
This allowed us to vary the perovskite bandgap from 1.80 eV
to 1.85 and 1.88 eV respectively, as determined from EQE.
Control devices based on the 1.85 and 1.88 eV perovskites
both reached 1.17 V V¢ on average, see Figure S2, Supporting
Information. Using our threefold optimization significantly
improved the Voc to 1.27 V and 1.28 V, thereby achieving
remarkable Voc/Voc™d ratios of 0.82 and 0.81, respectively, as
can be seen in Figure 2d. This improvement becomes even
more apparent when comparing our achieved V¢ with data
obtained from literature. In Figure 2e we display the ratio
of the Vo divided by the Vocd as a function of the perov-
skite bandgap for a large number of perovskite pin devices,
extracted from The Perovskite Database.?’! Clearly visible
is a general trend of decreasing Voc/Voc™ with increasing
bandgap.B® This effect has been assigned to different phe-
nomena, from halide segregation (or Hoke effect), to interface
recombination, improper energy alignment, or high defect
densities at the surface of the perovskite.['®1%3% There is also
evidence to suggest that the use of Cg, as an ETL is the cause
of the limited Vs, with other fullerenes (or fullerene blends)
showing promise to overcome these issues (open circle in
Figure 2e).[40]

o

a Cu g
ETL2 —

LG Perovskite

Current density (mA/cm?)

hv

Our optimized 1.80, 1.85, and 1.88 eV perovskite based single
junction devices (blue stars) thereby reach comparatively high
Voc/ Vo™ ratios, well above 0.8. This highlights that our
threefold optimization route that was initially developed for
the HG perovskite with a bandgap of 1.80 eV, is applicable to
a wider range of perovskite compositions. A robust passivation
strategy is critical for future all-perovskite tandem development
to unlock highest efficiencies with optimal HG — LG bandgap
combinations, as shown in Figure la.

2.3. Implementation in Tandems

In a next step, we integrated our threefold optimized high-
gap perovskites into monolithic all perovskite tandems. For
this purpose, we use a 1.27 eV (as determined by d(EQE)/dE)
low-gap FAgg3Csg17PbgsSngsI3 perovskite subcell, which we
deposited on top of the high-gap subcells. The complete layer
stack comprises glass/ITO/PTAA or 2PACz/HG-Perovskite/
Cgo/AZO-nanoparticles/ALD-SnO,/ALD-InO,/PEDOT:PSS/
LG-Perovskite/Cgy/BCP/copper as shown in Figure 3a along-
side a cross-sectional scanning electron microscopy image of
the all-perovskite tandem structure. Our recombination layer
comprises an ultrathin (=1.5 nm) layer of indium oxide, like
we have reported previously for perovskite/organic tandem

0 c 1
3 i I I 2l b [ control
PCE = 23.4% & S :l optimized
= )
SF :Ezz 1
g °
" PCE =20.9% Eo 08
o
] 2
-10 + 20 L] 80 100 _ >° 07k
0.6 |
A5 ——1.80 eV, control
1.80 eV, optimized
- L 0.5

0 0.5 2

1
Voltage (V)

Figure 3. a) Schematic overview of the all-perovskite tandem structure alongside a cross-sectional scanning electron microscopy (SEM) image of an
all-perovskite tandem with optimized HG perovskite. b) JV curves of a tandem with optimized 1.80 eV HG perovskite subcell, and a control tandem. In
the inset, MMP tracking is displayed for both of these devices. The optimized wide-gap cell directly translates into improved tandem cell devices with
efficiencies reaching over 23%. c) Voc/Voc™ ratios for the control and optimized tandems displayed in (b).

Adv. Energy Mater. 2023, 13, 2202674 2202674 (5 of 11) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOLILLIOD AR 3ded! dde au Aq pausenob ae il VO ‘8sN JO SanJ o} Akeiq 18Ul UO AS]IAR LIO (SUORIPUOD-PUE-SWLBIALID" A3 | 1M Afe.d1jBu [UO//ScY) SUORIPUOD Pue S | U1 89S *[£202/80/02] Uo AelqiTauliuo A(IM ind Uljegd wniuez-z)oyw pH Ad /9202202 WUse/Z00T OT/I0p/uod A3 Im Afeid1eul|uoy/sdiy woiy papeojumod ‘€ ‘€202 ‘0v8arToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a 1.0 T T b 0 Cc T T T
HG bandgap:
——1.88 eV
0.8} ——1.85¢eV o 2+ J
1.80 eV £ XA
o -
< 57 1
0.6} E Tl =
w 2 )
= ls)
g g
04 S.0f | 1F E
[=
2 Time (s)
0.2} 3
o %, -15
o_o " 2ty L 1 I P 1 1 1 1 0 1 1 1
400 500 600 700 800 900 1000 0 0.5 1.0 1.5 2.0 180 185 1.88
Wavelength (nm) Voltage (V) HG bandgap (eV)

Figure 4. a) EQE spectra for all-perovskite tandems fabricated using three different HG perovskite bandgaps. These spectra alongside the integrated
Jsc values are shown in Figure S3, Supporting Information. We note that the high EQE at low wavelengths can be explained by light incoupling from
ITO due to the high refractive index of the perovskite absorber material.*l b) JV curves for representative tandems with three different HG perovskite
bandgaps. Best performing MPP tracking is displayed in the inset. c) Statistical overview of the V¢ for the different tandem systems. Further device

statistics can be found in Figure S4, Supporting Information.

solar cells."] This indium oxide layer is deposited by atomic
layer deposition (ALD) on top of a hybrid AZO-NP/ALD SnO,
layer that functions as internal barrier layer, stabilizing and pro-
tecting the layers underneath from follow up processing.[2*]
This is the first time that such an interconnect is implemented
in a perovskite/perovskite tandem structure.

As seen in the JV characteristics in Figure 3b, our all-per-
ovskite tandems with optimized HG perovskite sub-cells reach
a much higher Vi, than the non-optimized control tandems.
The improvement in Vg, of =120 mV, is consistent with the
improvement observed in the optimized HG single junctions,
and we present more detailed sub-cell analysis later on. Opti-
mized tandems reach 78% of their radiative V¢ limit, see
Figure 3c and maximum power point (MPP) tracking, displayed
in the inset of Figure 3b, shows that the optimized all-perovs-
kite tandems reach PCE’s of 23.4%, an improvement of =2.5%
absolute compared to the control tandems.

In order to optimize the efficiency of the tandems further,
we then implemented the three previously optimized high-gap
perovskite compositions. The bandgap shift from 1.80 to 1.85 eV
and 1.88 eV can be well seen in external quantum efficiency
(EQE) spectra in all-perovskite tandems made thereof (Figure 4a).
Naturally, the three different high-gap subcells also influence
the absorption onset of the LG perovskite. Using different band-
gaps allowed us to improve the current matching between the
HG and LG subcells, which is crucial for a monolithic tandem
interconnection (see Figure S3, Supporting Information for
integrated EQE values and Figure S20, Supporting Information
for the current mismatch between HG and LG subcell).

As shown in Figure 4b, the V¢ of fabricated all-perovskite
tandems increases with increasing HG-perovskite bandgap, and
best performing all-perovskite tandems based on a 1.85 eV HG-
perovskite reach 23.7% according to MPP tracking with a cham-
pion Vo of 2.00 V. The forward and reverse JV of this champion
device can be found in Figure S5, Supporting Information.

Interestingly, the Js¢ of our 1.80/1.27 eV tandem combination
exhibits a relatively high Jsc equal to the integrated EQE from

Adv. Energy Mater. 2023, 13, 2202674 2202674 (6 Of“)

the HG subcell, although this tandem combination should be
limited by the LG subcell producing a somewhat lower inte-
grated EQE current. We performed all measurements with an
illumination mask and confirmed that the spectral mismatch
between our sun simulator and AM 1.5G is very small (see
Figure S19, Supporting Information) to exclude potential over-
estimations and thereby confirm that the Jsc measured from JV
is correct and not overestimated. Device statistics, displayed in
Figure S4, Supporting Information, further corroborate that our
tandems—especially the 1.8/1.27 eV HG/LG combination — can
operate without strict current matching. We believe this is
caused by a rather low shunt resistance within the LG subcell,
and show electrical simulations and sub-cell selective resistive
photovoltage measurements highlighting the existence and the
impact of low shunt resistances in the LG subcell on tandem
solar cell operation and performance in the SI (see Note S1,
Supporting Information as well as Figures S17 and S18, Sup-
porting Information). Importantly, Figure S18, Supporting
Information, also shows that while the observed shunts in the
LG cell can lift the current matching condition, the shunts will
still reduce the PCE due to a concurrent reduction in FF, thus
not causing an overestimation of the PCE. Indeed, looking at a
statistical analysis of our fabricated devices we observe that the
1.80/1.27 eV tandem combination exhibits a larger Js¢ but lower
FF in comparison to the better current matched 1.85/1.27 eV
and 1.88/1.27 eV combinations (see Figure S4, Supporting
Information).

2.4. Sub-Cell Analysis

In order to get a deeper insight into the factors limiting the per-
formance of these optimized tandem solar cells, we performed
more detailed sub-cell selective EL measurements. Hereby
we apply a forward bias to the tandem device that injects a
current into both subcells. EL within both subcells then can
be measured in the dark and easily distinguished by their
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corresponding photon energy, for example, around 1.80, 1.85,
and 1.88 eV for the HG-Perovskite subcells and 1.27 eV for the
LG-subcell respectively, see also EL spectra displayed in Figure S6,
Supporting Information. In order to measure the EL quantum
yield (ELQY) as a function of injection current, we used appro-
priate long-pass and short-pass filters together with a large-area
Silicon-photodiode. Analogous to the PL, we can calculate the
QFLSg; from the measured ELQY for each injection current Ji;
using Equation (2).

QFLSy = kBT.ln[ELQY-ﬂ] )

0,rad

Radiative dark current J,,q values were calculated from
EQE measurements, as detailed in the experimental methods,

www.advenergymat.de

and we summarize results in Figures S7 and S8, Supporting
Information, as well as Table S1, Supporting Information for
the different perovskites. Plotting the implied or pseudo-voltage
(psVeL = QFLSg/e) on the x—axis and the Ji,; current minus
Jsc J = Jimj = Jsc) on the y-axis allows us to derive pseudo-
light-JV curves from the measured ELQY values. The derived
pseudo-] V-characteristics are not only free of parasitic transport
losses but most importantly reveal pseudo-]V-characteristics
of the individual subcells, which cannot be accessed using
standard JV measurements under illumination. We show
EL-pseudo-]V curves of the individual subcells for all-perovskite
tandems based on the 1.85/1.27 eV bandgap combination in
Figure 5a alongside the summarized pseudo-JV curves repre-
senting the resulting tandem as well as standard JV character-
istics under AM1.5G. Open and closed symbols refer to control
and threefold optimized HG subcells that we prepared within

a E, (HG Pero)= 1.85eV EL subcell analysis: control vs. optimized tandems
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Figure 5. a) Pseudo JV curves from EL for an optimized and control tandem based on a 1.85 eV HG Csq o5(FAg.5sMAg.45)0.95Pb(l.55Bro.45)3 perovskite.

Shown are the individual subcell pseudo-JV curves as well as the resultin

g (added) tandem pseudo-/V curves in comparison with traditional JV curves

measured under AM1.5G. The inset displays Vcs obtained from the JV curves of optimized and control tandems employing a 1.85 eV HG perovskite.

b) Comparison between pseudo-/V curves obtained from an optimized
based on the same perovskites. Corresponding JV curves for both single
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1.85/1.27 eV tandem and pseudo-/V curves obtained from single junctions
junction and tandem devices are plotted alongside to highlight FF losses.
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the same batch to avoid batch-to-batch variations. Comparison
of the subcell pseudo-JV’s clearly shows that the improvement
in the tandem Vo of AVpc?4€™ = 120 mV between control and
optimized devices, directly results from the optimized HG sub-
cell featuring an improvement of 120 mV. Both values are cor-
roborated by the mean Vi improvement of 0.10 V we observe
when evaluating statistics as shown as inset in Figure 5a.

To analyze this Voc improvement further, we compare in
Figure 5b pseudo-JV characteristics of the optimized tandem
(closed circles) to the corresponding EL-pseudo-]V characteristics
of identically prepared single junctions (open square symbols).
Notably, the LG perovskite pseudo-JVs in the tandem and in the
single junction are identical, indicating that there are no Vy¢
losses stemming from the integration in the tandem device. The
optimized HG perovskite shows a slight (=20 mV) decrease in V¢
upon incorporation in a tandem device. This could be caused by
the processing of the LG perovskite on top of the HG subcell, but
the difference is so small it could also be the result of device-to-
device variation. On the other hand, the pseudo-FFs (psFF) and
pseudo-PCEs (psPCE) of the HG subcell are improved in the
tandem compared to psFF and psPCE of identically prepared
HG single junctions. Our interconnect—comprising an ultrathin
layer of indium oxide and a layer of tin oxide, both deposited by
atomic layer deposition on top of a spin coated layer of Al doped
ZnO nanoparticles previously only applied in perovskite/organic
tandemst*!l—therefore can be considered quasi lossless.

Finally, we compare in Figure 5b, the pseudo-] Vs (symbols) to
regular [V curves for HG and LG single junctions (lines) meas-
ured under AM1.5 and HG-filtered AM1.5G, respectively. It can
be seen here that the Vo and pseudo-Voc (psVoc) match very
well. The FFs on the other hand are much lower than their cor-
responding pseudo-FFs, especially for the LG perovskite. This
indicates that the cells suffer from severe transport losses, while
the EL pseudo-]V measurements are only sensitive to the total
non-radiative recombination losses analogously to a dark-JV
curve and barely affected by resistive losses.[*’] Overall, we can
conclude that the FF can be improved from 74.6% to 84.6% by
optimizing the charge transport in both subcells, which could
enable an efficiency of 25.2%. (Table 2)

We further note that when using EL, a measurement that
is performed in dark, care has to be taken on transient effects

Table 2. Summary of implied Vo and efficiency potentials from EL for
optimized 1.85/1.27 eV HG/LG based perovskite tandems, compared to
device parameters measured under AM1.5G. Note that the comparison
presented here was made on one exemplary device, while we summa-
rize further device parameters and statistics in Figure S3, Supporting
Information. Jsc in all cases was equal to Je, of 14.87 mA.

psVoc [V] psFF %] sPCE [%]
HG subcell From EL 1.26 88.2 16.4
LG subcell From EL 0.73 80.6 8.8
Tandem From EL 1.99 84.6 25.2
Tandem AM1.5 2.00 74.6 21.4
HG single junction From EL 1.27 843 15.9
HG single junction AM1.5 1.27 78.7 15.6
LG single junction From EL 0.73 813 8.8
LG single junction HG filtered AM1.5 0.72 7.2 7.6
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that are barely present under full AM1.5G illumination. Espe-
cially for the LG perovskite, the ELQY can increase upon light
soaking of the cell as well as upon keeping the cell biased at
Voc in the dark. We show examples of this effect in Figures S6
and S9, Supporting Information as well as the impact on
extracted pseudo-JV characteristics from EL measurements in
Figure S10, Supporting Information. Pseudo-JV characteristics
we analyzed here were taken after the cell reached a steady-state
comparable to standard JV measurements under AM1.5G. We
note that the derived V¢ at Jiyj. = Jgen conditions must equal
the device Vo if Rau”s reciprocity is fulfilled.*! This is gen-
erally observed for perovskite cells,”* and therefore a good
sanity check of the EL and derived pseudo-JV characteristics. If
done properly, injection-dependent ELQY measurements reveal
accurate pseudo-light [V characteristics that allow us to obtain a
comprehensive overview of the limiting factors.

Finally, we also perform intensity-dependent PL measure-
ments on the optimized tandems, and compare the results to
those from ELQY. Figure 6a displays the QFLS as a function
of the equivalent injected current (ELQY) or generated cur-
rent density (PLQY). If plotted on a semi-logarithmic scale the
data follows a linear slope given by the subcell/tandem ide-
ality factor. And while the ideality factors are relatively similar
we notice significantly higher QFLS for PLQY measurements
compared to ELQY for both the LG and the HG subcells. The
discrepancy between these two values indicates energy level off-
sets present in the device stack, causing a difference between
QFLS generated under illumination (i.e., from PLQY) and the
device Vic. Note that the QFLS from EL equals the device V¢
if Rau’s reciprocity is fulfilled.*! In Figure S11, Supporting
Information, simulated energy diagrams alongside a simulated
JV curve corroborate the impact of potential energy level off-
sets. We note that the discrepancies between QFLS determined
by EL and PL are also present in our single junction devices
(see Figure S12, Supporting Information), and thus stem from
energy level offsets already present in the single junction
stacks, rather than energy level offsets introduced by incorpora-
tion in the tandem cell or the recombination layer. Reducing
such energy level offsets would enable us to minimize the
QFLS discrepancy between ELQY and PLQY results, and push
the efficiencies up further toward the potential indicated by
the PLQY measurements at 27.0% versus 25.2% from ELQY.
Corresponding intensity-dependent PL measurements, as
well as a comparison between pseudo-/Vs obtained from EL
and PL measurements can be found in Figures S13 and S14,
Supporting Information, respectively.

Looking beyond the transport losses and QFLS-Vy¢ mis-
match, we ultimately also investigate the efficiency potential
of the isolated absorber materials through intensity-dependent
PLQY measurements. Figure 6b displays pseudo JV curves
from ELQY and PLQY measurements on the tandems, along-
side the pseudo-JV characteristics from PLQY measurements
on the isolated perovskite layers, and clearly shows the limita-
tions imposed by the transport layers. The combination of our
1.27 eV LG perovskite with the 1.85 eV HG perovskite reaches
an absorber efficiency potential of 28.4% with an implied Vy¢
of 2.22 V. Notably our threefold optimized 1.85/1.27 eV HG/LG
champion tandem with a V¢ of 2.00 V already reaches 84% of
this material potential. Although we have now optimized the

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) QFLS of the HG and LG perovskite subcells in a 1.85 eV/1.27 eV tandem calculated from ELQY or PLQY as a function of the equivalent
injected current density (ELQY) or generated current density (PLQY) respectively. Summed QFLS representing the actual tandem are further shown
alongside the Vo obtained from JV characteristics under AM1.5G b) Pseudo-JVs reconstructed from EL (solid line) and PL (dashed line) tandem
measurements, displayed alongside a pseudo-JV reconstructed from a PL measurement of isolated perovskite layers. The latter indicates the material
efficiency potential. Displayed for tandems based on a standard thin (green) LG absorber with and an optimized thick (golden) LG absorber, with

improved current density.

device Vo by focusing on improving the HG perovskite, we
note that the tandems still suffer from a limited short circuit
current due to the lead-tin perovskite not being thick enough
to absorb all the light. Therefore, as an ultimate optimization
step, we increase the thickness of the LG perovskite, using a
fabrication method adapted from Hu et al.*! thereby reaching
higher EQE values at long wavelengths (see Figure S15, Sup-
porting Information for EQE). In combination with our opti-
mized 1.80 eV HG subcells this increases the tandem current
and ultimately boosts the device efficiency to 25.2% (JV) and
25.9% stabilized (MPP tracking in Figure S16, Supporting
Information). With this increased tandem current, the mate-
rial potential determined from isolated absorber layers reaches
30.0%, as can be seen in Figure 6D, thereby exemplifying the
enormous potential of this PV technology.

3. Conclusion

In this work, we identified Vyc losses in all-perovskite tandem
solar cells and show that in our present material set, as well
as many literature devices, nonradiative recombination within
the high-bandgap perovskite subcell dominates V¢ and perfor-
mance losses. We developed a multifaceted optimization route
to improve the high-bandgap subcell by replacing the HTL
PTAA by 2PACz, adding oleylamine to the perovskite in com-
bination with including a thin LiF layer between the perovskite
and the ETL. In an additive manner, our combined approach
enables high-gap perovskite absorbers with high QFLS and an
improved Vg potential, reaching 83% of their radiative Vi
limit. The high V¢ potential translated directly to the V¢ of
the all-perovskite tandems that were subsequently fabricated,
and improved their steady-state power conversion efficiency to
23.7% for our champion combination of 1.85/1.27 eV HG/LG

Adv. Energy Mater. 2023, 13, 2202674 2202674 (9 O‘F")

perovskite subcells. We performed a thorough subcell analysis
to disentangle further factors limiting the performance of these
tandem devices and found that although there is still room for
improvement of the Vs of both individual subcells, our ultra-
thin InO, based interconnect is quasi lossless, and both sub-
cells reach Vs equally high to those in their respective single
junctions. The FF on the other hand is significantly lower than
the pseudo-FF obtained from EL measurements, indicating sig-
nificant transport losses. Reducing such transport losses would
allow us to approach efficiencies of 25.2%, which is the effi-
ciency potential for our 1.85/1.27 eV HG/LG perovskite tandem
combination extracted from EL-based pseudo-JV characteris-
tics. We also observe a discrepancy between the pseudo-Vqc
obtained from EL measurements, and the QFLS obtained from
PLQY measurements, the latter being significantly higher. This
indicates there are energy barriers present in the stack, which,
when reduced, will provide a significant additional optimiza-
tion potential, enabling efficiencies of up to 27.0%. Concluding,
the indium oxide interconnect that was used in these tandems
is quasi lossless, but both individual subcells, specifically the
low-gap after the optimization of the high-gap perovskite, can
still be improved to reach better performances, as we demon-
strate with a proof-of-concept device which, due to a thicker
LG absorber, reaches 25.9% stabilized efficiency, with an ulti-
mate efficiency potential of 30%. The insights of this extensive
subcell-selective characterization provide crucial feedback and
allow us to develop evidence-based optimization routes to
improve the tandem efficiencies further in the future.

Supporting Information

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