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Rationalizing Performance Losses of Wide Bandgap
Perovskite Solar Cells Evident in Data from the Perovskite
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and Christian M. Wolff*

Metal halide perovskites (MHPs) have become a widely studied class of
semiconductors for various optoelectronic devices. The possibility to tune
their bandgap (E,) over a broad spectral range from 1.2 eV to 3 eV by
compositional engineering makes them particularly attractive for light
emitting devices and multi-junction solar cells. In this metadata study, data
from Peer-reviewed publications available in the Perovskite Database
(www.perovskitedatabase.com) is used to evaluate the current state of E,
tuning in wide E; MHP semiconductors. Recent literature on wide E;, MHP
semiconductors is examined and the data is extracted and uploaded onto the
Perovskite Database. Beyond describing recent highlights and scientific
breakthroughs, general trends are drawn from 45,000 individual experimental
datasets of MHP solar cell devices. The historical evolution of MHP solar cells
is recapitulated, and general conclusions are drawn about the current limits of
device performance. Three dominant causes are identified and discussed for
the degradation of performance relative to the Shockley-Queisser (SQ)
model’s theoretical limit for single-junction solar cells: 1) energetically
mismatched selective transport materials for wide Eg MHPs, 2) lower
optoelectronic quality of wide E; MHP absorbers, and 3) dynamically evolving

1. Introduction

Semiconductor material families with
an ideally continuously tunable bandgap
(E,) are at the heart of the technology of
optoelectronic devices of the 21% century.
While the family of III-V semiconduc-
tors is a well-established class of vacuum-
processed materials that are currently
dominating the field of light-emitting
devices and concentrator photovoltaics,
metal-halide perovskites (MHPs) are a
much newer and less-established class
of semiconductors with tunable E,s that
can be processed from solution and have
a significant potential for photovoltaics.
E, tuning is of high technological im-
portance in solar cells, as it paves the
way to effectively reduce the cost of
energy conversion by achieving higher
power conversion efficiencies in tandem
or multi-junction solar cells. The par-

compositional heterogeneity due to light-induced phase
segregation phenomena.

ticular challenge of multi-junction so-
lar cells is the requirement to split the
solar spectrum!!l into n equal parts,
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Figure 1. a) Histogram of perovskite E, distribution. The bin size is 0.02 eV. b
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) Evolution of the reported E, in the literature. 1.6 eV perovskites dominate

the reports throughout the years, aﬂdg even in the 2022s, most research is conducted on formulations close to pure MAPbI; (1.6 eV) and FAPbI;
(1.5 eV). c) Comparison with the PCE in the SQ-limit shows that the most exploited E, region is above the optimal E, region for single-junction solar

cells.

where n is the number of junctions. For double-junction solar
cells, the ideal Es of the bottom and top absorbers have been de-
termined to be about 0.9 eV and 1.6 €V, respectively.l?] For triple-
junction solar cells, the E,s of the bottom, middle, and top cells
should ideally be 0.7 eV, 1.2 eV, and 1.8 €V, respectively.l?! As-
suming the bottom cell is fixed and based on crystalline silicon
(c-Si), the optimal E, of the top cell of a double-junction solar
cell is around 1.7-1.75 eV,>%] and 1.4-1.5 eV and 1.9-2.1 eV,
respectively, for a triple-junction.l) Complete absorption above
the E, with an instantaneous onset is a good first-order approx-
imation, yet real materials have non-instantaneous absorption
onsets, raising the question of what the E, for a real material
is. This is discussed in greater detail in the Supporting Infor-
mation (S1), but regardless of the precise definition, adjusting
the E,s and thicknesses of the different semiconductors is the
most direct way to ensure that the solar spectrum is split to
minimize losses in a multi-junction solar cell. Over the last few
years, experimental implementations of tandem cells based on
MHP/silicon combinations have shown rapid improvements,[®7!
reaching over 33%,!®) now exceeding the Shockley-Queisser limit
(SQ-limit)l>1% of single-junction solar cellsll. Further interest
lies in the architectural domain, where solar cells with different
colour appearances are in demand for building-integrated photo-
voltaics (BIPV). Moreover, their E, tuning also allows the realiza-
tion of photodetectors or light-emitting diodes(!'-13] with a wide
range of detection ranges or emission wavelengths.

While crystaline silicon (c-Si), the workhorse of modern elec-
tronics, has a room temperature E, of 1.12 eV, III-V semiconduc-
tors based on gallium, indium, phosphorus, antimony, and ar-
senide are tunable over a wide E, range from 0.2 to 2.7 eV. This E,
tunability has enabled modern light-emitting and laser diodes!'*!
and high-efficiency multi-junction solar cells with applications in
concentrator solar cells and onboard satellites.[') However, the
high production cost of high-quality III-V materials has limited
the applications to products where a sufficiently high economic
benefit can compensate for the high cost per area. Thus, a class of
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materials that combines E, tunability, high material quality, and
low-cost processing is of great interest for optoelectronics and
photovoltaics. The discovery of MHPs, which exhibit optoelec-
tronic properties comparable to those of III-V materials while be-
ing processed at low temperatures from earth-abundant materi-
als, has led to intense research activities and several technological
breakthroughs for applications in solar cells and light-emitting
devices.l'*""l The E, of MHP semiconductors can be tuned by
a (partial) substitution of the constituent ions on all three sites
of the generic ABX; perovskite structure.[?! While methylam-
monium lead triiodide (MAPbI;) was the archetypal MHP com-
pound, a wider range of constituents has been discovered for
all three crystal sites. The most commonly used ions on the A
site are cesium (Cs*), methylammonium (MA'), and formami-
dinium (FA*); at the B site, lead (Pb?*) and tin (Sn?*); and at the
X site, iodide (I'), bromide (Br), or chloride (Cl'). This enabled
spanning a E, range from 1.2 eV for MAPb, ;Sn,51;,* to >3 eV
for MAPDCL,,122] as shown in Figure 1. The ability to modify the
E, within a technologically relevant range for one family of ma-
terials is a necessary but not sufficient condition to enable a wide
range of applications. Maintaining high material quality, compo-
sitional homogeneity and stability, and good electrical properties
over a wide E, range are critical requirements for efficient device
performance. Other material families, such as Cu(In,Ga)(Se,S),,
have not yet been able to achieve high power conversion efficien-
cies (PCEs) over a wide E, range, limiting their use in tandem
applications.[2>-%]

Herein, we evaluate the current status and recent progress in
the E, tuning and photovoltaic performance of metal halide per-
ovskites over the entire E, range from 1.2 to 3 eV, with a partic-

g
ular focus on wide E_, materials with Eg > 1.6 eV. While a ma-

terial’'s “quality” is pagrtly determined by its intended use, it is
generally essential to have low non-radiative losses in the absorb-
ing material, low resistive and recombination losses at the inter-
faces and within the transport materials, high stability and relia-

bility. Therefore, the following discussion is of general relevance
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to other applications as well, since the photovoltaic PCE achieved
reflects the intrinsic optoelectronic quality of the absorber and
the energetic losses introduced by the transport materials.

This metadata study provides an overview of the E, regions
where photovoltaic performance is still suboptimal. While MHP
devices with a E, of around 1.6 eV show astonishing perfor-
mance, the performance in other E, regions still needs further
efforts to reach a similar level. In particular, there is room for im-
provement below 1.4 eV, the E, region theoretically optimal for
single-junction photovoltaics, and above 1.6 eV, the range opti-
mal for the top cell in multi-junction applications. We evaluate
material defects, energetic mismatch of the transport materials,
and chemical instability of the absorber as the mechanisms at the
core of the performance degradation. We argue that a limited ex-
ploration of suitable selective transport materials currently limits
the performance of MHP devices at all E,s other than the archety-
pal 1.5-1.6 eV of MAPDI, and FAPDI;, calling for more extensive
testing and development of selective transport materials, espe-
cially for wide E, devices. In addition, we highlight the inferior
luminescence quantum efficiency of mixed iodide-bromide per-
ovskites, likely related to the widely reported light-induced phase
segregation. We aim to show which approaches have successfully
overcome the performance limitations and thus help direct fu-
ture research efforts.

Beyond this discussion of the current status of metal halide
perovskite applications themselves, we present the opportunities
that lie in databases such as The Perovskite Database,!**! which
is accessible via www.perovskitedatabase.com. This database
project collected a significant fraction of the accumulated histor-
ical data published in metal halide perovskite solar cell devices,
with data from >45,000 individual solar cell devices. For 31,616
of these devices, the E, of the perovskite absorber was either
explicitly reported or inferred from reported absorption or EQE
data during data extraction for The Perovskite Database.[! The use
of the database allows us to conclude general trends and short-
comings in perovskite research from a large body of knowledge
rather than individual reports. In addition, we point out the limi-
tations of the current database and analyse how future databases
should be improved to allow more in-depth analyses by reporting
more of the fundamental properties of the absorber materials.
The dataset currently available in the database consists of single
metric or numeric values detailing a variety of sample descrip-
tors such as absorber composition and device layer stack in com-
bination with solar cell device performance metrics. The initial
dataset of The Perovskite Database entries was collected collabora-
tively by >80 participants to extract data from the published liter-
ature and uploaded in early 2021.12°] For this metadata study, we
identified recent publications not yet in the database, with a par-
ticular focus on “wide” E, perovskites as well as “E, tuning”, pub-
lished between 2021 and 2023. Data from these publications have
been extracted according to our standardised extraction protocol
and uploaded to the database. Still, we would like to explicitly
encourage colleagues to add their latest results to the database,
ensuring a more complete and correct data collection.

2. Bandgap-Dependent Performance

The E,s of MHPs used for solar cells stretch from 1.2 to over 3 eV
(Figure 1a). However, the distribution of reported devices within
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this E, range is far from uniform, with most entries around
1.55-1.65 eV. This E, range includes MAPDI;, which, since the
initial reports in 2012, has been the most researched MHP
(Figure 1Db). Since 2014, perovskites with E s around 1.5 eV,
which includes FAPDI;, have increased. While 1.50-1.65 eV is
slightly above the optimal E, range for single-junction solar
cells,!””l MHP semiconductors with wide E,s > 1.6 eV are of inter-
est as a complementary wide E, absorber to existing photovoltaic
technologies such as ¢-Si (E, = 1.1eV) and GaAs (E, = 1.4eV) in
multi-junction solar cells.

Exploring lower E, regions using MHPs requires the intro-
duction of tin on the B-site of the perovskite crystal structure, as
demonstrated in 2014. The discovery thereof enabled MHP for-
mulations with E,s below 1.4 eV, referred to as a narrow-E,. This
E, range is suitable for single-junction cells and the bottom cell in
a perovskite-perovskite tandem cell. Such narrow-E, perovskites
in the maximum of the SQ-limit, (Figure 1c) show thus poten-
tial as an alternative to the cost-intensive GaAs or even c-Si-based
solar cells.

The prospect of multi-junction devices has sparked a broader
interest in MHPs with wide Es since ~ 2016. By substituting a
small fraction of iodide with bromide, E,s around 1.7 eV can be
reached, which is ideal for a top absorber in a silicon-perovskite
tandem device. By increasing the bromide content, E s above 1.8
eV can be reached. Still, reports in that E, range are rare, prob-
ably due to a lack of applications in solar cells and challenges
with chemical photo-stability. Mixed bromide-iodide perovskites
are discussed further below.

What constitutes a good material is application-dependent, but
for solar cells, high optoelectronic quality is often referred to in
terms of high charge carrier mobility, long lifetimes, or high lu-
minescence quantum efficiency. Given the close link between
those properties and solar cell efficiency and the performance of
almost any optoelectronic device, the vast amount of data on so-
lar cell performance can be used as a proxy for the general opto-
electronic quality of metal halide perovskites. MHPs may have a
broadly tuneable E,, but that does not necessarily mean that high-
quality perovskites with any E, can be produced. This becomes
evident if the solar cell performance of all reported devices is an-
alyzed as a function of the E,.

Figure 2a shows the cell efficiency vs. the perovskite E,, with
colours indicating the publication year, alongside the theoretical
maximum, that is, the SQ-limit.[?’] Noticeable is again the pro-
nounced data point density in the E, range around 1.6 eV corre-
sponding to MAPDI,. From this simple representation, the great
success of MHPs becomes evident, with top efficiencies reaching
close to the theoretical limit in the E, range of around 1.55-1.6 eV.
It is worth noticing that this E, range is significantly higher than
the maxima of the SQ-limit at 1.33 eV and 1.1 eV, Figure 2a.?’]
This hints at an untapped potential if a similar optoelectronic
quality could also be reached for those narrow-E, perovskites.

A more detailed view can be obtained by normalizing the
performance metrics relative to the SQ-limit. This is done in
Figure 2b-d, where the relative PCE (1/n5q), open circuit volt-
age (Voc,sq = Voc) and short circuit current ( Jsc/Jsc sq) from
the perovskite database devices are plotted against the reported
E,, binned in 0.02 eV increments. For large E, ranges, both the
average and the maximum #/ng, are reasonably constant. Still,
there are also regions where the performance is worse. Most
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Figure 2. a) Device efficiency as a function of the reported perovskite E, for all cells in The Perovskite Database together with the SQ-limit (solid) and
the SQ-limit minus 5% (broken). The colour of the dot represents the publication date. Box plots of (b) the cell efficiency vs. perovskite E,, (c) the short
circuit current, Jsc, and (d) the Ve loss, that is, Ve sq — Vo, as a function of the E,. Both the PCE and Jsc are normalised with the values given by
the SQ-limit, that is, n/nsq and Jsc/Jsc, sq- The bin size is 0.02 eV, and the leftmost bin is at 1.18 eV. The end of the boxes represents the 25 and the
75 percentiles. The whiskers are placed at an interquartile range of 1.5, which means that for a normal distributed dataset, 99.3 % of points should be

within that range.

notably around 1.45 eV, just below the E, of FAPbI; and between
1.9 eV and 2.2 eV. Most of those performance dips are also re-
flected in the average Jsc/Jsc sq Which gradually rises with in-
creased E, until it plateaus around 1.6 eV, followed by dips be-
tween 1.8 eV and 2.2 eV. For E,s around 2.3 eV, primarily cor-
responding to pure MAPbBr;, the performance utilization again
increases to values close to the top region around 1.6 eV. For per-
ovskites with even wider Es, the performance is again poor, both
in absolute and relative terms. The trend in the V. loss, that is,
Voc,sq = Voo, 18 somewhat different. The minimum, that is, the
lowest average loss, happens for cells with a E, around 1.5 eV,
slightly below that for pure MAPDI;. With increasing E,, the V¢
loss does not stay constant but gradually increases with additional
spikes in the regions around 1.8, 2.0, 2.15, and above 2.3 eV.

Adv. Energy Mater. 2024, 14, 2303420 2303420 (4 of 13)

There are several possible E,-dependent reasons behind the
dips in the utilized theoretical performance seen in Figure 2. For
narrow-E, MHPs, there are fundamental challenges in the mate-
rial stability, such as Sn** oxidation. Light-induced phase segre-
gation has been discussed for wide E, bromide-rich mixed MHPs
to lead to open circuit voltage pinning.[?#%°] Those challenges and
strategies to overcome them will be discussed in detail in the fol-
lowing sections. The observations are also affected by effort. The
best-performing devices, both in absolute and relative terms, are
found in the E, ranges with the most significant number of re-
ported devices. This is consistent with recent reports on the uni-
versality of progress in solar cell research in general as a func-
tion of the accumulated number of publications as an assay of
the accumulated research effort.?% The rest of the device stack
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85U01 SUOWWOD SAIERID 8dedt|dde auy Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIHIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUORIpUOD pue swie | 8y} 89S *[5202/50/20] Uo ARiqiauluo A8 (1M 'Ind uilieg wnnuez-zioyw pH Ad 0ZrE0€202 WUse/Z00T 0T/I0p/W0d A8 | im Ake.q Ul [uo'peoueApe;/Sdny wouy pepeojumod 'S #7202 ‘0v89rTaT


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

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

has also primarily been optimized for perovskite formulations
close to MAPDI;, which may result in energy misalignments for
narrow and wide E, perovskites.

Another crucial performance metric is operational stability, a
significant concern from the earliest reports. Stability is not as
frequently reported as the standard JV metrics, and only 17% of
the devices in the perovskite database have some form of sta-
bility measurement reported. Of those, only 3,000 devices have
the initial and the final PCE disseminated. This includes tests
ranging from short stability measurements in a dark and dry at-
mosphere under open-circuit conditions to extended measure-
ments under maximum power point (MPP) tracking under hot
and humid conditions. This results in less comparability be-
tween individual data points. However, it seems like the devices
that perform best after a stability test tend to have a slightly
wider E, than the devices that performed best before any stabil-
ity measurement, that is, slightly above 1.6 eV rather than under
1.6 eV.

3. Wide Bandgap Metal Halide Perovskites: Mixing
Bromides and lodides

A signature feature of MAPDI; perovskites has been their
small V.-loss compared to the SQ-limit. For top performing
(MA,FA)PbI, perovskites, it lies as low as 60 mV, slightly above
values for GaAs solar cells.’'7! Considering the database’s re-
ported devices, the smallest voltage losses can be found in the
E, region around 1.45 eV, with an average open circuit loss of
slightly above 200 mV. Unfortunately, the V. loss can increase
continuously with increasing E,, as shown in Figure 2b. Addi-
tionally, there are spikes of voltage loss at specific E, regions
around 1.75 eV, 2.0 eV, and above 2.2 eV.

While the J is increasing at first when the E, increases, it
shows correlated drops at the same E, regions, and there is a gen-
eral downward trend for E, s above 1.8 eV.

Wider E, perovskites in the range between 1.65 eV and
2.3 eV are most often achieved by the substitution of io-
dide with bromide. In such mixed bromide-iodide systems, the
widely reported light- or electrical-bias-induced phase segrega-
tion presents an additional obstacle.’?3%] While the addition of a
small amount of bromide has been shown to be beneficial for so-
lar cell performance,[2°3] it has been widely assumed that chem-
ical instability upon the addition of large amounts of bromide
plays a role in the sublinear increase of Vi, loss with E,.1?%37-]
However, in the case of mixed halide perovskites, several inter-
connected effects can affect the device’s performance. To single
out the most important cause of loss in performance, it is nec-
essary to differentiate between voltage losses in the pristine, still
mixed material due to quenching at either transport materials or
material defects and on the other hand, voltage losses due to dy-
namic effects such as light-induced phase segregation.

Three dominant effects have been discussed:

® non-radiative recombination in the bulk
® non-radiative recombination due to transport materials
® phase segregation leading to:
- Trapping of charge carriers in compositional inhomo-
geneities
- Voltage pinning due to said compositional inhomogeneities

Adv. Energy Mater. 2024, 14, 2303420 2303420 (5 of 13)
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We here set out to discuss these three effects and their role
in the observed losses in V¢ and Jsc in wide E, perovskites, be-
tween 1.6 and 2.2 eV.

3.1. Performance Losses Due to Halide Composition

To evaluate the role that the halide composition plays on the so-
Br

lar cell metrics, the bromide content, x = o7 Was extracted for
all devices in the database. We report here the nominal composi-
tion, as it is commonly defined, that is, by reporting the ratios of
salts/halides in the perovskite inks. The compositional range was
discretised in steps of Ax = 0.01. For a meaningful comparison of
the device parameters for different Es, we perform our analysis
relative to the SQ-limit.””] Vi, 5o — Vo is shown in Figure 3a.
Voc,sq — Voc gives a direct measure of the voltage loss com-
pared to the radiative limit and is not directly E,-dependent.l””] A
smaller voltage loss is favourable and signifies smaller deviations
from the theoretical optimum. To evaluate the dependence of the
Jsc on the composition, we normalised the [ by the maximal
short circuit current obtainable according to the SQ-limit (J5c sq)
for each E,, as shown in Figure 3b. Cells witha Vi¢ 59 — Voo =0
or Jsc/Jsc, sq > 1 were excluded from this analysis. In these cases,
either the Vo or Jqc is overestimated, or the E, is determined

g
inaccurately. A detailed account of the influence of the E, deter-

mination on overreporting can be found in the Supporting Infor-
mation, S1, and ref. [40]. Next to the reported data, both the aver-
age value (circles) and the average of the best 10% (stars) for each
compositional subrange were calculated to guide the eye through
the data cloud. We deem the average of the top-performing 10%
of reported cells of each compositional subrange to be a good in-
dicator of the state-of-the-art high-performance perovskite solar
cells without a mere focus on individual record devices. The num-
ber of devices reported for each compositional subrange is given
by the colour in Figure 3a,b. Next to pure iodide devices, devices
with a bromide content of x = 0.1 to 0.2 make up a large por-
tion of the reported devices. The addition of small amounts of
bromide indeed improves solar cell performance. The V. loss
for the best-performing devices decreases from 200 mV for pure
iodide devices to 150 mV. Similarly, the Ji for the top 10% of de-
vices increases from 90% of the radiative limit to 95% for devices
with a bromide content of x = 0.3.

Upon the addition of more bromide, both the Ji. as well
as the V. start to deviate significantly from the SQ-limit. The
Voc,sq — Voc of the average cells, as well as for the top 10%,
is continuously increasing up to a bromide fraction of x = 0.7.
For even higher bromide contents, a very sharp increase in Vg
loss can be seen, coincidental with a severe lack of reported de-
vices. Devices around x = 0.9 show a 600-800 mV voltage loss
for both the mean value and the top 10% of devices, compared
to 400 mV (200 mV) for the average (top 10%) of the pure iodide
counterparts. Similarly, the Jsc/Jsc sq decreases continuously for
bromide contents between x = 0.4 and x = 0.6 and then sharply
declines for bromide contents above x = 0.6. At x = 0.9, the J.of
the average cells (top 10%) is as low as 40% (70%) of the theoreti-
cal limit. It is remarkable, however, that despite the low quality of
high bromide devices, pure bromide devices perform similarly to
pure iodide devices. Especially, the top-performing pure bromide
solar cells show a significantly smaller voltage loss than devices

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U01 SUOWWOD SAIERID 8dedt|dde auy Ag pausenob ale sejoie YO ‘8SN J0 S8|nJ 0} Aiq 18Ul UO A8]IA UO (SUOIHIPUOD-PUE-SUIBYWO A8 | 1M Ale.q 1 BulUO//Sdny) SUORIpUOD pue swie | 8y} 89S *[5202/50/20] Uo ARiqiauluo A8 (1M 'Ind uilieg wnnuez-zioyw pH Ad 0ZrE0€202 WUse/Z00T 0T/I0p/W0d A8 | im Ake.q Ul [uo'peoueApe;/Sdny wouy pepeojumod 'S #7202 ‘0v89rTaT


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

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(@)

1.8 =0-average

4% average of top 10% .
2 . . 0

VocsaVoc [V]
no. of reports ©

0 02 04 06 08 1
nominal Br/(Br+l)

- all cations (top 10%)
- VA

Cs
1.0 -X- mixed

Vocsa-Voc [V]

0 02 04 06 08 1
nominal Br/(Br+l)

www.advenergymat.de

- i 10?,:

o 5
E" 0.6 10 Fi.’-
% 9
< 04 2

=0
=

-o-a\;erage: ..
" -*-averageiof top 10%

04 06 08 1
nominal Br/(Br+l)

-9 all cations (top 10% cells)
-l MA

0.2 ‘-C$
/- mixed

0 0.2 0.4 0.6 0.8 1
nominal Br/(Br+l)

Figure 3. Comparison of the device performance depending on the nominal Br/(Br+l) composition. a) The dependence of Vi, sq — Voc on the com-
position Br/(Br+I) shows the previously reported increase in voltage loss for higher bromide contents and a sharp decrease of the loss for pure bromide
samples. The circles show the mean of all devices, while the stars show the mean of the top 10% of the devices. b) Similarly, the Js.//sc sq shows a
decrease in current for bromide contents above 0.3 and a sudden increase in current for the pure bromide devices. c) The same general behavior of
Voc, so — Voc can be seen independent of the cation. d) The cation dependence of Js¢ [Jsc, sq shows that the general tendency of a decreased current
at high bromide contents is independent of the cation. However, mixed cation devices show an initial increase in the current up to bromide contents of

0.4-0.5 and only a decline at even higher bromide contents.

with a small fraction of iodide. In J¢/Jsc 5o, the remarkable in-
crease in the top-performing pure bromide cells is obvious. For
the top 10%, Jsc/Jsc, sq is almost at the same level as for the pure
iodide cells (85%). Nonetheless, the average cells only show a
Jsc/Jsc, sq of around 30%. This large difference between the be-
haviour for the top 10% and the average cells indicates that opti-
mising the intrinsic material property and the entire layer stack
is a major issue, especially for the high bromide cells.

Comparing the cation-dependence of the top 10% of reported
devices (Figure 3c,d) shows that the general behaviour of the
solar cell performance upon the addition of bromide, consist-
ing of an initial increase upon the addition of small fractions
of bromide, followed by a continuous decrease upon further ad-
dition of bromide, a collapse of the solar cell performance for
very high bromide contents and a nearly complete recovery for
pure bromide devices is cation independent. Beyond this general
trend, also distinct differences can be seen. In Jsc//sc sq signifi-
cant differences can be seen in the narrow-E, region (Figure 3d).
In the MA-system, Jsc/Jsc sq benefits hardly at all from the
addition of bromide and already declines at bromide fractions
above x = 0.25. In contrast, in mixed cation systems, the high-
est Jsc/Jsc,sq can be seen in devices with a fraction of bro-
mide around x = 0.4 and a sharp decline only starts at bro-
mide fractions above x = 0.5. Additionally, in the Cs-system,
the decline seems to be much less severe than in all other
systems.

Adv. Energy Mater. 2024, 14, 2303420 2303420 (6 of 13)

The clear increase in performance for pure bromide devices
is obvious in all cation systems. This remarkable difference
between almost pure bromide devices and pure bromide de-
vices shows that the increased losses in both Jsc/[sc sq and
Voc,sq — Voc observed for mixed halide perovskites are at least
in part connected to the halide composition and not purely to
the E,. Notably, the shallow increase in losses for both Vi, and
Jsc upon increasing the bromide ratio may also stem from an
increased excitonic loss, yet cannot explain the abrupt behaviour
when moving from 0.7 <x<1tox=1.

3.2. Most Common Transport Materials

The primary focus of perovskite research has been on pure iodide
or almost pure iodide compositions, with over 30,000 devices
reported in the Eg range 1.5-1.6 eV, that is, FAPbI; - MAPDI,.
Accordingly, many optimised transport materials are optimised
for that E, range, which likely leads to misalignment with other
MHPs in other E, ranges. We here discuss the role of misaligned
transport materials in wide E, perovskites. Looking at the E-
dependent use of the most common hole-transporting materials
(HTMs) and electron-transporting materials (ETMs), as shown in
Figure 4, gives an overview of the state of layer stack optimisation
apart from the 1.6 eV perovskites. As over 1,800 different HTMs
were reported, we categorised them according to the material in
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Figure 4. Analysis of most commonly utilised ETMs and HTMs used in wide £, MHP-based solar cells. a) and b) show the most common ETMs in
the n-i-p and p-i-n configurations, respectively, b) whereas c) and d) show the most common HTMs of the of n-i-p and p-i-n configurations. For each
device, the layer in contact with the perovskite is chosen. The bandgap range from 1.55 to 2.5 eV is discretized in 100 subranges to determine the most
common material for each bandgap subrange. ‘none’ signifies that no HTM or ETM was used in the device stack.

direct contact with the perovskite. We show the most commonly
used transport materials separately for n-i-p and p-i-n structures
in Figure 4. Especially in n-i-p structures, it can be seen that de-
spite the large E, range, most of the devices were prepared with
the same ETMs and HTMs (Figures 4a and 4c). TiO, and Spiro-
MeOTAD are still the most prominent transport materials across
the entire E, range, with TiO, being used in more than 50% of
devices at all E,s. TiO, and Spiro-MeOTAD coincidentally fit rea-
sonably well with the archetypal MAPDbI, perovskites, probably
a major contribution to the success of initial perovskite devices.
However, at deviating Es, the energy levels are mismatched such
that a significant portion of the decrease in cell performance for
wide E, cells can be explained by energy level misalignments with
the transport materials. Remarkably, in close to 40% of the n-i-p
cells with E,s between 2.0 eV and 2.4 eV, no HTM was used.

In p-i-n structured devices, more diversity of transport ma-
terials can be seen. ETMs are clearly dominated by Cy, and its
derivatives, such as PC¢;BM and PC;;BM. Especially at E,s be-
tween 1.6 and 2 eV, above 80% of devices rely on Cg,-derived
ETMs. Only at E,,s above 2.0 eV, do other materials such as ICBA,

Adv. Energy Mater. 2024, 14, 2303420 2303420 (7 of 13)

Zr0,, and PSS gain relevance. The HTMs show even stronger Eg-
dependence, with more E, range-specific materials.

3.3. Performance Losses Due to Energetic Misalignment with
Transport Materials

To evaluate the effect of the misalignment of transport mate-
rials on the device performance, we here take a closer look at
devices containing C,-derived ETMs and PTAA as HTM. The
rearrangement of mobile ions impacts the electrostatics of de-
vices containing halide perovskites under working conditions.
Yet, the simplest manifestation—that is, an accumulation of ions
at the interfaces and hence a lowering of the effective field across
the bulk, accentuates fundamental considerations regarding the
alignment of energy levels at a given perovskite/transport ma-
terial interface as they reduce the positive effect of any built-in
electric field. As the database currently does not contain any in-
formation about the energetics of the perovskites or the transport
materials employed, direct correlations between recombination
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Figure 5. a) Open-Circuit Voltage (Voc) of selected p-i-n devices with fixed transport materials (undoped PTAA & Cqy) for reports with different Es (grey
circles). The blue symbols indicate notable exceptions from the last two years (circles with analogous TLs), benefitting from interface passivation, while
the blue star represents an analogous sample where the ETM layer was varied. The full lines correspond to the SQ-limit (maroon) and drift-diffusion
simulations with varying surface recombination velocities at the HTM/perovskite interface (orange shading). b) Band diagram of a 1.65 eV (left) and
1.90 eV perovskite solar cell with fixed transport materials (undoped PTAA & Cgp). In the 1.90 eV case, there is significant bending of the hole quasi-
Fermi level (Eg),) at the PTAA/perovskite interface due to the large offset (both indicated in green). This bending is reduced upon reducing the surface

recombination velocity (blue shadings).

losses and energetic offsets are not available a priori. However,
the dataset allows the selection of a subset of solar cells with
fixed properties. Figure 5 presents the reported Vs of such a
subset of p-i-n devices with fixed transport materials (PTAA and
Cqo, as HTM and ETM, respectively). The selection of this sub-
set is motivated by the fact that this layer stack is currently most
commonly used in the fabrication of perovskite/silicon tandems,
where E, tunability is of particular interest. In Figure 5a, notably,
the V¢ of these devices appears to plateau above E, = 1.65 eV
at approximately 1.21 V. This coincides with the range of Es,
which are reported to exhibit a phase-instability under illumina-
tion, so it may appear intuitive to assume that this is the origin of
this plateauing. However, this is not the only explanation. A more
straightforward explanation is given when considering the inter-
play between energetic offsets (that must occur) when changing
only one of the constituents and a varying degree of interfacial
recombination (often quantified in the form of a surface recom-
bination velocity, S). Based on experimentally validated input pa-
rameters, we made drift-diffusion simulations of the stack men-
tioned above with the software SCAPS-1D.[“I=*3] For this purpose,
we varied only two parameters: the E, of the perovskite (through
changing the ionisation potential with fixed electron affinity, that
is, shifting the valence band) and the recombination at the per-
ovskite/HTM interface by varying the number of available traps
to facilitate recombination at this interface, resulting in a set with
S = (100, 10, 1 cms 1), respectively.

These simulation results are shown in Figure 5a as solid lines
in different shades of orange. In the range between S = 10 to
100 cm s71, the model appears to capture the situation in the best
devices quantitatively well (grey dots, i.e., highest V. reported),
including the plateau. The same effect would be observed if the
conduction band and the recombination at the perovskite/ETM
interface were modulated.

The other simulations (S = 1 cm s7!) can be considered as
guides on how to reduce recombination and hence increase Vi
for wide E, devices (E, > 1.65 eV), that is, by reducing the surface
recombination velocity or reducing the number of available carri-
ers involved in the vicinity of the interface (energetic alignment,

Adv. Energy Mater. 2024, 14, 2303420 2303420 (8 of 13)

better minority carrier repulsion). This would allow for higher
Vocs at wider E,s and a shift of the onset of the plateau to wider
E,s. These are precisely the strategies employed in the reports

irfdicated as “notable exceptions” in Figure 5a. The most signifi-
cant part of these devices showed a reduction of surface recom-
bination in bilayers with transport materials (blue circles) or a
reduction of energy offset by varying the transport material (blue
asterisk, the devices from Figure 6¢). To better understand this
phenomenon, we also visualized the band diagrams of these sim-
ulated devices at open circuit in Figure 5b for the almost perfectly
aligned (1.65 eV) and the highly misaligned (1.90 eV) case. In the
latter case, one observes a reasonably large offset between the va-
lence band of the perovskite and the HOMO level of the PTAA.
This, in turn, results in significant recombination at the inter-
face, which results in a strong bending of the hole quasi-Fermi
level (E;y) and pins the achievable Vi, albeit the bulk would
allow for a significantly higher Vs (approximately 0.15 eV dif-
ference between  in the bulk vs. at the contacts). Upon reducing
surface recombination at the limiting interface, the bending is re-
duced but not eliminated (HTM in this case, blue shading) even
if this recombination is entirely suppressed (S =0 cm s71). How-
ever, this resolves only the loss under flat band conditions, that is,
at open-circuit, while at working voltages V < V., the bending
would still occur, resulting in a significant fill factor (FF) penalty.
This underlines the importance of energetically aligned transport
materials to maximize the Vi, FF and, consequently, efficiency
when tuning the E, for wide E, devices.

Two examples showing the importance of adjusting the inter-
face between a wide E, and the transport layer are the works from
Liu et al. and Chen et al., shown in Figure 6a—c.[*7]

Chen et al. perform a detailed loss analysis of the V. of a
Csy,FA(gPb(I,¢Br,,); device with a bandgap of 1.79 eV, shown
in Figure 6a,b. The results demonstrate the potential of passivat-
ing the interface between the electron transport layer (ETL) and
the perovskite in wide-band gap devices. While untreated films
report a 100 mV loss due to the interface, treating the interface
with PDA reduces this loss by a factor of five to only 20 mV.
This reduces carrier trapping and improves carrier extraction.[*/]
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Figure 6. Examples of two approaches to enhance the V¢ in devices utilizing Cgy derived transport materials. a) and b) Show how, with PDA treatment,
the Vo loss at the ETM interface can be drastically reduced. Reproduced with permission.[*4] Copyright, Springer Nature, 2023. c) Device performance
of ITO/PTAA/MAPb (I gBrg,)3/ETM/BCP/Ag solar cells with high Vs of up to 1.35V. Device parameters of the solar cells are compared for different Cg,
derived ETMs given on the x-axis. Note that PCBM has the highest electron affinity in the series, with ETMs involving CMC and ICBA generally having
lower electron affinities. The ETMs with higher electron affinities generally have lower Vi values. In comparison, combinations with lower electron
affinities have higher Vg but, in some cases, also lower FFs. In this particular case, a blend of CMC and ICBA led to the best compromise between FF
and V¢ suggesting that the fine-tuning of interface properties can have a significant effect on device performance, in particular for absorber materials
with somewhat wide E,s (such as 1.72 eV in this case). Reproduced with permission.l”] Copyright, the authors, 2021.

Through this treatment, a Vo of 1.33 V at a bandgap of 1.79 eV
is achieved, which corresponds to a surface recombination veloc-
ity, S, of about 1 cm s71, as obtained from the SCAPS simulation
shown in Figure 5a. Liu et al. increased the E, of a highly lumines-
cent MAPDI, recipe based on lead-acetate[zﬁ by adding 20% bro-
mide leading to a E, of 1.72 eV, that is, close to the ideal E, for tan-
dem applications. While the pure MAPbI; led to a V¢ 0of 1.26 V
at 1.6 eV E, with PTAA and PCBM as hole and electron transport
material, it was initially not possible to increase the V. in par-
allel with the E, increase. Therefore, the authors optimized the
electron transport material by using fullerenes (i.e., Cy, deriva-
tives) with lower electron affinities. The optimized recipe at the
end involved a mixed fullerene layer based on ICBA (indene-
Cg bisadduct) and CMC (C¢,-fused N-methylpyrrolidine-m-C,-
phenyl) that led to a V¢ of 1.35 V at a 1.72 eV E, as shown
in Figure 6¢c. Thus, the voltage loss relative to the SQ-limit
(1.42 V) had gone up by only 10 mV (=60 mV for MAPDI; and
~70 mV for MAPb(I,3Br,,);). This result shows that at least
for bromide concentrations up to 20%, no fundamental reason
would forbid high bulk quality. The challenge, however, is to
find suitable charge-transport materials. The downside of ICBA
and CMC is their slightly lower mobility, which is detrimental
to charge extraction, thereby limiting overall efficiency. As long
as inverted perovskite solar cells stick with fullerenes as ETMs,
this may become a fundamental problem for wide E, perovskites.
Significantly lower electron affinities than PCBM can often only
be obtained using fullerene multiadducts like ICBA.[*! Fullerene
multiadducts; however, are known to increase disorder and de-
crease electron mobility.[*647]

The mismatch of energy levels between the MHPs and the
transport materials is expected to show a continuous decrease in
device performance with increasing deviation from the standard
E, of 1.6 eV, to which most transport materials are optimized. The
nearly linear increase in Vi, loss can, therefore, be explained by
an increased mismatch between the absorber and transport ma-
terials. This conclusion is especially corroborated by the recent
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examples defying this trend by diligent optimization of the de-
vice stack.

Beyond the continuous decrease at E,s between 1.6 and
1.8 eV, the sudden collapse of device performance for very high
bromide contents above x = 0.5 and the abrupt increase of device
performance for the top performing pure bromide cells (shown
in Figure 3) cannot be explained with a pure mismatch phe-
nomenon. Especially the stark difference between devices with
a high bromide content (x =~ 0.9) and the pure bromide devices
pinpoints to the halide mixture itself to play a significant role in
the reduced V.

3.4. Non-Radiative Recombination

Non-radiative recombination is detrimental to the efficiency of
solar cells, as it decreases the number of charge carriers to be
extracted and, even more so, the potential work they can deliver,
in consequence, the V.. Non-radiative bulk recombination typ-
ically occurs from the conduction band via defects in the E, to
the valence band. Lead halide perovskites have been shown to be
‘defect-tolerant’, meaning that shallow intrinsic defects are much
more likely than deep intrinsic defects. It is so far still an open
question whether deep or shallow defects eventually dominate
the recombination, and it could very well depend on the type of
perovskite and the preparation process. No matter whether it is
a small density of deep defects or a (possibly higher) density of
shallow defects that dominates recombination, it should be sig-
nificantly less detrimental as compared to many other polycrys-
talline semiconductors. This is mainly due to shallow defects hav-
ing typically lower capture coefficients for the capture of either
electrons or holes.!*®] In contrast, deep defects are more likely to
capture electrons and holes equally well. Thus, a given density
of shallow defects is expected to have a reduced impact on the
luminescence quantum efficiency relative to the same density of
deep defects. In perovskites with a E, around 1.6 eV, the external
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Figure 7. a) shows that the Q™, as reported in the literature, reduces with higher bromide fractions. However, the pure bromide samples show a Q'e“m
close to that of the pure iodide samples. The inset shows that even in one of the earliest measurements of the PL for varying bromide fractions, this

dependency is apparent in the noise level. b) Shows the non-radiative loss (u,q.

photoluminescence quantum yield (PLQY, Q™) has repeatedly
been reported around and even above 10%.129:49:50]

However, for mixed bromide-iodide perovskites, the Q™™ has
been reported to be reduced.[?*#°1] Already in the first report of
phase segregation in mixed bromide-iodide perovskites by Hoke
et al,, it became clear that the Q"™ of pristine films, prior to
segregation is dependent on the bromide content.®?! This can
be seen in increasingly noisy spectra in the inset of Figure 7a.
Only the pure bromide sample has a reduced noise again. As the
database focuses on device metrics rather than fundamental ma-
terial properties, Q!*™ is not yet included in the database. We in-
stead rely on individually reported Q"™ datasets and our original
data. More information concerning the original data can be found
in the Supporting Information.

In Figure 7a, the Q"™ is shown for varying bromide contents
x. It becomes clear that the Q"™ decreases with the bromide con-
tent to values as low as 0.3-1%. However, for the pure bromide
perovskites, the Qc}“m recovers to values as high as 5-10%, simi-
lar to that of pure iodide perovskites. Such a drop in the lumines-
cence quantum efficiency Q'™ can be directly correlated to a loss

in the achievable Quasi-Fermi-Level-Splitting (4, QFLS) through
refs. [52,53]:
Hrad. — H = _kBT h’l [Qelum] (1)

The non-radiative loss, shown in Figure 7b, shows that an ad-
ditional loss of approximately 100 meV in high bromide samples
can be expected purely due to an increase in non-radiative recom-
bination that may originate, for instance, from an increased de-
fect density.

An astonishing factor in this context is the sharp increase
of the Q'™ for the pure bromide samples, which reach values
that are only slightly lower than the pure iodide samples (15%
Richter etal., 5% Suchan et al., and 12% Sutter-Fella et al.).[*945]
This composition-dependent behaviour of the Q"™ indicates
that the decrease in Q"™ in the mixed samples must be an
effect directly connected to the mixture. This could be defects
due to lattice inhomogeneity due to the size difference of the
ions or pre-existing chemical inhomogeneity. Qualitatively, this
composition-dependent behaviour of the Q™ agrees surpris-
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— p) as calculated from the reported Q'e“m.

ingly well with the behaviour of both Js. and the V. loss of the
top performing devices, shown in Figures 3a and 3b.

While 100 meV is a significant loss that will become very
relevant for optimized solar cells, it is still far from explaining
the observed additional loss of roughly 500 mV in devices with
x=0.9.

3.5. Phase Segregation

Besides the discussed losses in pristine devices, light-induced
compositional instability is a necessary factor to consider when
evaluating the solar cell performance of mixed (I, Br) metal halide
perovskites. The light-induced phase segregation of mixed halide
perovskites has been widely discussed after a first report by Hoke
et al.®2] In a first step upon illumination, nano-sized iodide-rich
domains form. These newly formed iodide-rich domains have a
smaller E, than the surrounding mixed material. Thus, it has
been observed that nearly all charge carriers funnel into the newly
emerging iodide-rich domains. This charge carrier funnelling is
thought to stabilize the iodide-rich domains and even lead to con-
tinuous phase segregation in a second stage.

The formation of a low E, phase has been shown to lead to
voltage pinning at the lowest energy phase.[?#33] V. losses of
70-130 mV have been reported.>®>”] With that, it can explain
a fraction of the observed increased V. loss for devices with
higher bromide content. Mahesh et al.l*! conclude that this sur-
prisingly small V. loss related to phase segregation is due to two
effects counteracting each other. The effect of the voltage pinning
occurring due to segregation can be reduced if the luminescence
quantum efficiency of the narrower E, material is significantly
higher than that of the mixed material. Beyond this phase, seg-
regation has been shown to have an even stronger effect on the
Jsc with a decrease of over 80% of the initial value. The newly
formed isolated iodide-rich domains may act as trap states re-
ducing Jsc.’%%71 A summary of the in-situ reports, tracking the
evolution of V. and Jy. during phase segregation is shown in
Figure S3, Supporting Information.[2>>¢-8] The experimental ev-
idence thus clearly shows that phase segregation is detrimental
for the solar cell performance.
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Figure 8. Cartoon indicating the dependence of the contribution of differ-
ent loss mechanisms to the overall observed loss in Vo on the bromide
content.

In such a chemically unstable material, reported JV curves re-
sult from a mixture of pristine effects, such as the layer stack and
the intrinsic material properties, as well as dynamic effects, such
as phase segregation, light soaking, degradation and hysteresis.
In reported JV curves, it is often still unclear how long the sample
has been illuminated or bias (and under which conditions) prior
to the measurement, such that only a convoluted effect is visible.

Furthermore, it is noteworthy that not only the Q™™ but also
the reported composition-dependent chemical photo-stability fol-
lows the same dependence on the halide composition as the
herein reported V. loss and Js..*¥1 The instability of mixed
halide perovskites with compositions of x > 0.2 has been shown
to increase with bromide content gradually and exhibits a max-
imal instability at x = 0.9 when only a small fraction of iodide
is added to pure bromide perovskites, reproduced in Figure S4b,
Supporting Information.[*! This qualitative agreement between
device performance, the pristine material quality and the chem-
ical photo-stability pinpoints an interconnecting effect. Pre-
existing defects impacting the Q"™ may as well be templating
the phase segregation, which is mainly dependent on defect
concentration.[?>>°1] Vice versa Pefia-Carmargo et al. pointed
out that initial phase segregation at a very low level may appear
as increased defect density,*!! such that the apparently increased
defect density in bromide-rich samples could also be a disguised
initial phase segregation. This highlights that defect density and
chemical instability cannot be viewed as two disconnected topics
but are highly correlated.

3.6. Rating of Performance Losses of Wide Bandgap Metal Halide
Perovskite Solar Cells

After considering the different loss mechanisms and their effect
on the E, and composition-dependent device performance, we
can conclude that not a single mechanism can be deemed re-
sponsible for the entirety of the voltage losses observed in wide E,
perovskites. However, for different E,s and composition regions,
different mechanisms may be dominant, as indicated in Figure 8.

The losses at the transport material interfaces are expected to
be dependent on the band offset, increasing continuously with
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energetic distance from the band energy for which the layer stack
was optimised. In most cases, the layer stack has been optimised
for a 1.6 eV pure or almost pure iodide perovskite as the absorber
layer. Losses at transport materials due to interface recombina-
tion or band-misalignment can be assumed to be the dominant
loss mechanism at moderate bromide concentrations with E, s
up to 1.8 eV. Recent breakthroughs!**®] showcase that diligent
optimisation for this specific E, range may lead to high-quality
perovskite devices with a low voltage loss of around 60 mV for
a E, up to 1.75 eV. This shows that layer stack optimisation and
finding proper transport materials is the main challenge to de-
veloping efficient wide bandgap cells.

Higher bromide contents are needed for even wider E,s, which
adds additional complication through chemical instability and in-
homogeneity. Above a bromide content of x = 0.5, the device per-
formance is nearly collapsing. The light-induced phase segrega-
tion and decreased Q™™ set in in this range, which may cause
this performance collapse. The stark difference between mixed
devices with a high bromide content (x ~ 0.9) and the pure bro-
mide devices points to phase segregation playing a significant
role in the reduced V¢, which has been shown to have a simi-
lar abrupt onset.*®] Thus, high-performance perovskite films in
this region, which are of importance for perovskite-perovskite,
perovskite-I111-V tandems as well as green perovskite LEDs, re-
quire further work to understand the connection between phase
segregation and defect density.

4, Conclusion

The comparison of the over 45,000 experimental datasets on
the efficiency of metal halide perovskite solar cells enables us
to draw generalised conclusions regarding the current limits of
their device performance. We compared and discussed the effect
of both intrinsic and optimisation limitations, including subop-
timal band alignment, poor absorber quality, and chemical insta-
bility, on the device performance.

While perovskite devices with increasingly diverse E,s were de-
veloped throughout the years, by now spanning the whole range
between 1.2 eV and 3 eV, the material quality is not necessarily
optimal for the entire E, range. The best-performing solar cells
are still obtained with structures close to the MAPbI; archetype
with E,s between 1.55 eV and 1.6 eV., which is likely due to the
dominant effort in optimising devices for MHP absorbers in this
E, range.

The performance discrepancy between the theoretical limit of
wide E, MHP semiconductors is, as discussed in this work, a
consequence of substantially less effort in optimising/matching
selective transport materials for wide E, MHP solar cells, but
also a lower optoelectronic quality of wide E, MHPs due to non-
optimised layer fabrication as well as dynamically established
phase-inhomogeneity that leads to performance losses.

Overall, viewing a large number of experimental datasets
on perovskite device efficiency in direct comparison shows the
tremendous progress in metal halide perovskites in recent years.
Supporting Information: Additional details on the distribution of
bandgaps in the analysed datasets, a detailed discussion of chal-
lenges in accurate bandgap determination, a discussion of the
evolution of device metrics during operation as well as a brief
discussion of certified devices.
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