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Today's best perovskite solar cells use a mixture of formamidinium
and methylammonium as the monovalent cations. With the addition of
inorganic cesium, the resulting triple cation perovskite compositions
are thermally more stable, contain less phase impurities and are less
sensitive to processing conditions. This enables more reproducible
device performances to reach a stabilized power output of 21.1% and
~18% after 250 hours under operational conditions. These properties
are key for the industrialization of perovskite photovoltaics.

Introduction

Perovskite solar cells have attracted enormous interest in recent
years with power conversion efficiencies (PCE) leaping from
3.8% in 2009" to the current world record of 22.1%.”

An organic-inorganic perovskite material has an ABX; structure
and is typically comprised of an organic cation, A = (methyl-
ammonium (MA) CH;NH;"; formamidinium (FA) CH3(NH,),"),*”
a divalent metal, B = (Pb*"; Sn**; Ge**),*® and an anion X = (Cl;
Br; I, BF,; PFs; SCN).” "' These perovskites can be
processed using various techniques ranging from spin coating,*
dip coating,'? 2-step interdiffusion,"* chemical vapour deposition,"*
spray pyrolysis,'®> atomic layer deposition,'® ink-jet printing,"”
to thermal evaporation'®'® making them one of the most
versatile photovoltaic (PV) technologies. The high performances
of perovskite solar cells have been attributed to exceptional
material properties such as remarkably high absorption over
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Broader context

Due to their enormous potential for use in the future of photovoltaics,
perovskite solar cells have attracted much attention recently. However,
achieving stable and reproducible high efficiency results is a major
concern towards industrialization. To date, the best perovskite solar cells
use mixed organic cations (methylammonium (MA) and formamidinium
(FA)) and mixed halides. Unfortunately, MA/FA compositions are sensitive
to processing conditions because of their intrinsic structural and thermal
instability. The films frequently contain detrimental impurities and tend
to be less crystalline explaining the large variability observed by many.
Adding small amounts of inorganic cesium (Cs) in a “triple cation” (Cs/
MA/FA) configuration results in highly monolithic grains of more pure
perovskite. The films are more robust to subtle variations during the
fabrication process enabling a breakthrough in terms of reproducibility
where efficiencies larger than 20% are reached on a regular basis. Using
this approach, efficiencies up to 21.1% (stabilized) and an output of 18%,
even after 250 hours of aging under operational conditions are achieved.
Therefore, triple (or multiple) cation mixtures are a novel compositional
strategy on the road to industrialization of perovskite solar cells with
better stabilities and repeatable high efficiencies.

the visible spectrum,® low exciton binding energy,”>*' charge

carrier diffusion lengths in the um range,>>* a sharp optical
band edge, and a tuneable band gap from 1.1 to 2.3 eV by
interchanging the above cations,”>*® metals*”*® and/or halides.*®
This has extended the scope of such perovskites towards lasing,>**'
light emitting devices,** plasmonics,*** tandem solar cells,
photodetectors®”~*® and XRD detection.*®

Using perovskites with mixed cations and halides has become
important because the pure perovskite compounds suitable
for PV applications, which are primarily MAPbX;, FAPbX; and
CsPbX; (X = Br or I), come with numerous disadvantages.

MAPbI; perovskites, for example, have never reached efficiencies
larger than 20% despite the numerous attempts made since the
early days of research in the field."” Moreover, there are concerns
with respect to the structural phase transition at 55 °C,*® degrada-
tion upon contact with moisture, thermal stability,**"
light-induced trap-state formation and halide segregation in the
case of “mixed halide” perovskites MAPbBerQ,X).42

35,36

as well as
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In principle, using FAPbI; instead of MAPDI; is advantageous
due to the reduced band gap, which is closer to the single-
junction optimum™® and would thus allow for higher solar light
harvesting efficiency. However, pure FAPbI; lacks structural
stability at room temperature as it can crystallize either into a
photoinactive, non-perovskite hexagonal é-phase (“yellow phase”);
or a photoactive perovskite o-phase (“black phase”),?****> which is
sensitive to solvents or humidity.*®

Alternatively, the often overlooked purely inorganic cesium
leads trihalide perovskites to exhibit excellent thermal stability.*”
However, CsPbBr; does not have an ideal band gap for PVs. The
perovskite phase of CsPbl; on the other hand has a more suitable
band gap of 1.73 eV*® and has been investigated for its good
emissive properties.*® Unfortunately, CsPbl; crystallizes in a
photoinactive, orthorhombic 3-phase (“‘yellow phase”) at room
temperature and the photoactive perovskite phase (‘“black
phase”) is only stable at temperatures above 300 °C.*?

Consequently, the pure perovskite compounds fall short
mainly due to thermal or structural instabilities. Therefore,
it has become an important design principle to mix cations
and halides in order to achieve perovskite compounds with
improved thermal and structural stability.

Indeed, the perovskites for the highest PCEs, using the
“antisolvent method”, have mixed cations and halides.*® Our
group has followed a similar approach using the mixed
“MAg.17FAo g3PD(I g3Bro.17)3”’ formulation that has reached
efficiencies exceeding 18% for planar devices.’® Using this
material, we have recently achieved a PCE of 20.2% with a
novel hole transporter material (HTM)*° as well as 20.8% upon
inclusion of lead excess.”® This shows that combining different
cations can combine the advantages of the constituents while
avoiding their drawbacks. The recent success of the MA/FA
mixtures demonstrates that a small amount of MA is already
sufficient to induce a preferable crystallization into the photo-
active phase of FA perovskite resulting in a more thermally
and structurally stable composition than the pure MA or FA
compounds. This illustrates that the MA can be thought of as a
“crystallizer” (or stabilizer) of the black phase FA perovskite.
From this, we conclude that using smaller cations such as MA
plays a key role in the formation of the structurally stable black
phase FA perovskite. However, even with MA present, it is still
challenging to obtain FA perovskite with no traces of the yellow
phase as is frequently observed even for very high efficiency
solar cells.>>*® These yellow phase impurities need to be
avoided as even small quantities influence the crystal growth
and morphology of the perovskite inhibiting efficient charge
collection and thereby limiting the performance of the devices.

One cation that has recently attracted attention in mixed
cation perovskites is the inorganic cesium (Cs) with an ionic
radius of 1.81 A, which is considerably smaller than MA (2.70 A)
or FA (2.79 A).>> To date, only a few reports investigate the effect
of cation mixtures with Cs. Choi et al. present Cs/MA mixtures
which prove, in principle, that embedding small amounts of Cs
in a MAPbI; structure can result in a stable perovskite film
reaching 8% PCE.>® Furthermore, Park and co-workers report
on Cs/FA mixtures showing enhanced thermal and humidity
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stability, reaching a PCE of 16.5%.%* The improved structural
stability is explained by Yi et al. who showed that Cs is effective
in assisting the crystallisation of the black phase in FA
perovskite due to entropic stabilisation.®® In that work the
halides (Br and I) are also mixed resulting in PCEs up to
18%. McMeekin et al. also found that a similar composition,
with a shifted band gap, is particularly suitable for perovskite-
silicon tandems.”® While this manuscript was being prepared,
another study by Li et al. found that the effective ionic radius of
the Cs/FA cation can be used to fine-tune the Goldschmidt
tolerance factor towards more structurally stable regions.’”®
From this, it is evident that Cs is very effective in “pushing” FA
into the beneficial black perovskite phase due to the large size
difference between Cs and FA. MA on the other hand also
induces the crystallisation of FA perovskite but at a much
slower rate (because MA is only slightly smaller than FA) which
still permits a large fraction of the yellow phase to persist.
As already mentioned, such MA/FA compounds already show
impressive PCEs and thus the advancement of these compounds
is a likely avenue in the advancement of perovskite solar cells in
general.

Hence, this gives rise to our novel strategy of using a triple
Cs/MA/FA cation mixture where Cs is used to improve MA/FA
perovskite compounds further. We hypothesize and show that
already a small amount of Cs is sufficient to effectively suppress
yellow phase impurities permitting the preparation of more
pure, defect-free perovskite films.

We demonstrate that the use of all three cations, Cs, MA, and
FA, provides additional versatility in fine-tuning high quality
perovskite films that can yield stabilized PCEs exceeding 21%
and ~18% after 250 hours under operational conditions. The
triple cation perovskite films are thermally more stable and
less affected by fluctuating surrounding variables such as
temperature, solvent vapours or heating protocols. This robust-
ness is important for reproducibility, which is one of the (often
underappreciated) key requirements for cost-efficient large
scale manufacturing of perovskite solar cells.

Results and discussion

We investigated triple cation perovskites of the generic form
“C8x(MAo.17FAg 83)(100—xPb(Io.83Br0.17)3”" abbreviated for conve-
nience as Cs,M from here (x is in percentage throughout the
manuscript), where M stands for “mixed perovskite”. CsyM, i.e.
no Cs, is the basic composition for the best state-of-the-art
devices.> We note that these compositions refer to the precursor
that also contains a lead excess as reported elsewhere.’’>® All
preparation details are given in the ESL{

Film characterisation

In Fig. 1a, we show X-ray diffraction (XRD) data for C,M with
x =0, 5, 10, 15%. All compositions exhibit a typical perovskite
peak at ~14°. For CsoM, we also note the small side peaks at
11.6° and 12.7° corresponding to the photoinactive hexagonal
d-phase of FAPbI; and the cubic Pbl,, respectively. This is a very

This journal is © The Royal Society of Chemistry 2016
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typical observation for the mixed perovskite composition showing
incomplete conversion of the FA perovskite into the photoactive
black phase. Upon addition of small amounts of Cs from 0, 5, 10,
to 15%, the yellow phase and the Pbl, peak disappear completely.
Moreover, the absorption and photoluminescence (PL) spectra
in Fig. 1b are blue-shifted by ~10 nm from CsoM to Cs;sM. In
Fig. S1 (ESIt), we also show top view scanning electron micro-
scopy (SEM) images for the Cs,M series.

The data in Fig. 1 are consistent with the Cs cation being
integrated into the perovskite lattice. The influence of the
smaller Cs on the MA/FA combination leads to a lowering of
the effective Cs/MA/FA cation radius in the new perovskite
compound. This shifts the tolerance factor towards a cubic
lattice structure that matches the black perovskite phase. Now,
the photoactive black phase is entropically stabilized at room
temperature, resulting in a suppression of the hexagonal yellow
phase of FA perovskite (which is not entropically stabilized
at room temperature anymore). This explanation is in good
agreement with the recent reports of Li et al.,”” Yi et al.,>® and
Lee et al.>® who used Cs/FA mixtures as the effective cation.
Interestingly, Li et al. observe phase separation at relatively
high Cs concentrations, which is attributed to the large size
mismatch between Cs and FA. Using a mixture of three cations
may alleviate this constraint because the relative size differences
of the cations are smaller which in turn could decrease the
entropic preference for phase separation.

The suppression of the yellow phase in the Cs,M series is
noteworthy because the CsyM perovskite already shows extra-
ordinarily high PCEs that have resulted from a very laborious
optimisation process (including the electron and hole extracting
layers). Thus, finding another variable that can improve the
transition into the black phase without affecting the other
parameters is very important for further developments. This
is especially true as we are getting closer to the theoretical
Shockley-Queisser limit of ~30% for a single junction PSC
with a band gap of 1.55 evV.*

a
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5
£
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c
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£ Y
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We characterize Cs,M further by assessing its thermal
stability and choose, for simplicity, to only compare Cs,M
and Cs;oM in the following (because we initially measured
the best device performance close to 21% on a Cs;oM device,
see Fig. S6a, ESIt). In Fig. 2, we show films of Cs;M and Cs;,M
kept at 130 °C for 3 hours in dry air. It is evident from the inset
images that the perovskite films without Cs (Fig. 2a) start
bleaching after this aggressive thermal stress test as evidenced
by the decreased absorption spectrum. Cs;oM on the other
hand retains the dark black colour and does not bleach
noticeably (see Fig. 2b); albeit some degradation is visible but
it is much less pronounced than for Cs,M. Thus, we conclude
an improved thermal stability for the Cs;oM films. In the ESI}
Note 1, we show XRD data for different cationic mixtures.
Fig. S2 (ESIt) shows CsoM and Cs;oM films at different times
during the 130 °C aging procedure revealing that the Cs-containing
films degrade less quickly. Fig. S3 (ESIt) shows an MA-free version
of our champion recipe, i.e. “Csg10FAg.00Pb(Ios3Bro17)3” after 4 h
at 130 °C revealing rapid degradation compared to the similar
CS0.17FA¢.53Pb(Ip.60BT0.40)3 compound.®® Therefore, we conclude
that Cs increases the thermal stability for a fixed halide ratio
and also note that an increased Br content contributes consider-
ably to thermal stability.

Furthermore, we investigate the film formation dependence
on processing conditions in the glove box. Fig. 2c reveals that,
unsurprisingly, CsoM does not form a perovskite phase directly
after deposition (without the annealing step) as can be seen
from the absorbance data, which do not show the characteristic
perovskite absorption onset. This is confirmed by the inset
image (showing that the film remains red) and the corres-
ponding XRD data that do not exhibit the characteristic
perovskite peak at ~14°. On the other hand, the same deposi-
tion conditions for Cs;oM yield a clear black perovskite phase
as evidenced by the film’s colour, the absorption spectrum and
the perovskite peak in the inset XRD pattern confirming that Cs
induces the black phase at room temperature. We hypothesize

Normalized Absorbance, PL (a.u.) T

650 700
Wavelength (nm)

Fig.1 XRD and optical characterisation of CsyM compounds. (@) XRD spectra of perovskite upon addition of Cs investigating the series
Csx(MAg 17FA0 83) 1 Pbllo 83Bro.17)s, abbreviated as Cs,M where M stands for “mixed perovskite”. Cs,M with x = 0, 5, 10, 15%. (b) The corresponding

(dashed lines) and photoluminescence (PL) spectra (solid lines).

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Thermal stability and film formation dependence on processing conditions. UV-visible absorption of CsoM (a) and Cs;oM (b) films annealed at
130 °C for 3 hours in dry air with the corresponding images. (c) Absorption spectra of as-fabricated films (at room temperature) without the subsequent
annealing step, the CsoM film is red (red line, image of red film). Upon addition of cesium, the Cs;oM film turns black (black line, image of black film). The
inset XRD data show that Cs;oM has the characteristic perovskite pattern whereas CsoM does not. (d) When the spin coating processing temperature,
TaGlove box IS kept at 18 °C, CsoM does not form a perovskite phase even after annealing at 100 °C for 1 hour (solid red line). The perovskite phase forms,
however, when using a processing temperature of 25 °C (dashed black line). Cs;oM forms readily the perovskite phase at 18 °C (solid black line). The inset
images show representative CsoM films at 18 °C (red), 25 °C (black); or for Cs;oM at 18 °C (black).

therefore that the Cs containing system is less sensitive to
temperature variations in the heating protocol or the precise
temperature in the glove box at the very beginning of the
perovskite film formation. We verified this hypothesis by
spin-coating Cs;M and Cs;oM precursor solutions in a
temperature-controlled, nitrogen-filled glove box setting the
temperature to 18 °C and 25 °C with the subsequent annealing
of the perovskite films at 100 °C for 1 hour. The results are
shown in Fig. 2d. At 18 °C, the Cs,M perovskite precursor does
not yield the black phase; it remains red and resembles the
non-annealed films as shown in Fig. 2c despite heating at
100 °C for 1 hour. On the other hand, the Cs;(M turns black
directly after spin coating and remains in the black phase after
the 1 hour annealing step. Increasing the temperature of the
glove box by 7 °C towards 25 °C is already sufficient to induce
the black phase formation in the Cs,M perovskite as can be
seen from the absorbance data. This last point is especially
interesting as it may help in identifying possible “hidden”

1992 | Energy Environ. Sci, 2016, 9, 1989-1997

variables during the manufacturing process, which are not
taken into account adequately because their relevance is not
appreciated sufficiently yet. Hence, we can already conclude
that adding Cs benefits MA/FA perovskites in terms of suppres-
sion of the yellow phase, thermal stability and “robustness” to
temperature variations during processing. In the next section,
we present the application of these triple cation perovskite
films in solar cells.

Device characterisation

As illustrated in the cross-sectional SEM images in Fig. 3, the
solar cell architecture used is a stack of glass/fluorine-doped tin
oxide/compact TiO,/Li-doped mesoporous TiO,’°/perovskite/
spiro-OMeTAD/gold. All fabrication details can be found in
the ESL.

For the first optimisation, we use the above Cs,M series and
present current density-voltage ( JV) scans in Fig. S4 and Table S1,
ESL7 The efficiency for our baseline on this batch of devices was

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ee03874j

Open Access Article. Published on 16 March 2016. Downloaded on 4/4/2026 5:27:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

just below 17% with respectable currents of ~20 mA cm™>. Open
circuit voltages in general were relatively high reaching 1.1 V. The
main parameter lacking was the fill factor at 0.7. As the Cs
is added, the series improves mainly in the fill factor reaching
0.77 at optimum x = 10%.

With three cations present, the parameter space for possible
compositions increases accordingly (especially considering that
the halide ratio could be tuned as well). Thus, in ESI{ Note 2,
together with Fig. S5 and Table S2 (ESIt), we vary the ratio of
Cs: MA for the Cs;oM composition while keeping FA fixed. We
show that the resulting device data have an optimum with both
Cs and MA present indicating that the presence of both Cs and
MA is highly relevant. Although we initially achieved our high-
est PCE with Cs;oM, we found later that we reach slightly more
consistent and equally high values with CssM (not shown here).
In a next step, we compare the cross-sectional SEM images of a
full CsoM (Fig. 3a) and CssM (Fig. 3b and c) device. Interest-
ingly, we observe that the perovskite grains for the CssM
devices are more monolithic, i.e. they tend to go from bottom
to top. For CsyM, the grains tend to stack on top of each other.
This could be a first reason for the superior and more consis-
tent device performances of CssM because more uniform grains
enable better charge transport, which explains the higher fill
factor. We hypothesize that the film formation is assisted by the
addition of Cs inducing perovskite seeds already at room
temperature. These seeds in turn become nucleation sites for
further growth during the crystallisation leading to more uniform
grains. A similar process was recently reported by Li et al. where
MAI-modified PbS nanoparticles acted as seeds for crystal growth
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of highly uniform perovskite films.*® This presumed mechanism is
supported by the fact that the Cs-based films are already black at
room temperature with the XRD data showing a pronounced
perovskite peak (see the inset of Fig. 2c). However, we note that
more research is necessary to fully characterise and prove the
precise crystallisation mechanism.

One important aspect of perovskite solar cell research and
development is manufacturability (production capacity and
yields) without large batch-to-batch variations which, unfortu-
nately, can be the case for the MA/FA mixtures. This has been
hampering the entire research field and it is hard to pinpoint
“hidden” variables influencing this system (apart from pre-
parative errors). Simply put, perovskite solar cells can only be a
serious contender in the PV industry if they can be shown to be
long-term stable (towards which the Cs containing perovskites
may contribute greatly as pointed out in the thermal stability
tests in Fig. 2a and b) and at the same time manufactured in a
reproducible way at a large scale.

Table S3 (ESIt) is especially instructive in elucidating this
point. In this experiment, we fixed the FA ratio to 83% and
varied the remaining Cs:MA ratio from 0 (no Cs) to 17% (no
MA). CsgM, which corresponds to 83% FA and 17% MA, should
in principle result in high efficiency control devices. However,
we had a “bad batch” with low device efficiencies (<15% PCE)
without any easily discernible explanation. Interestingly, upon
addition of Cs, the device performances improved towards
reasonable efficiencies of about 16%. We believe that this is
an important hint to the cause of the variability observed for
MA/FA mixtures by so many groups, including ours. As we have

b

Fig. 3 Cross-sectional scanning electron microscopy (SEM) images of (a) CsoM (b) CssM and (c) low magnification CssM devices.

This journal is © The Royal Society of Chemistry 2016
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noted in Fig. 2c and d, the stabilisation of the black phase of FA
perovskite with MA alone is very sensitive to the temperature at
the beginning of the crystallisation process.

This could cause large deviation even within the same batch
as the processing temperature may have changed during the
fabrication. It is plausible that other variables, such as solvent
vapours, affect the MA/FA perovskite composition strongly
as well. Therefore, the MA/FA composition puts very narrow
constraints on the manufacturing process as extreme care and
precision is required in order to obtain high quality perovskite
films. This is not a robust manufacturing protocol and therefore
not suitable for industrial-scale manufacturing, where widening
the parameter tolerance for high quality perovskite films translates
into a higher likelihood for economic feasibility of the process.
In the case of the “bad batch”, we deduced that temperature in the
glove box was artificially low on the day of fabrication due to
maintenance reasons, which highlights the need to have precise
temperature control when using MA/FA mixtures.

Upon reinstating the previous operation conditions, we
conducted a large scale test with the CssM composition.
Fig. 4 shows the device statistics (open circuit voltage, short
circuit current, fill factor and PCE) of 40 controls (Cs,M) and 98
CssM devices collected over 18 different batches (prepared by
three different people). We note improvements in all device
parameters and especially in the standard deviation (S.D.),
which is a metric for the reproducibility: the V,,. improved from
1121 + 25 (n = 40) to 1132 + 25 mV (n = 98), the J;. improved

View Article Online
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from 21.06 & 1.53 to 22.69 & 0.75 mA cm™ >, the FF improved
from 0.693 + 0.028 to 0.748 + 0.018, and the PCE improved
from 16.37 &+ 1.49 to 19.20 £ 0.91%. 20 independent devices
show efficiencies >20%.

In Fig. 5a, we show our highest stabilized PCE exceeding
21%. The inset depicts the stabilized power output under
maximum power point tracking reaching 21.1% (at 960 mV)
which is in good agreement with the JV scans.

In Fig. S6a and b (together with Fig. S7, and Tables S5 and
S6, ESIt), we show more high performance devices verifying the
reproducibility of our devices. The voltage scan rate for all
scans was 10 mV s~ ' and no device preconditioning, such as
light soaking or forward voltage bias applied for a long time,
was applied before starting the measurement. This resembles
quasi steady-state conditions as suggested by Unger et al. and
Kamat and co-workers.®"®* Additionally, in Fig. S8 (ESIt) we
show another CssM device measured with different scan speeds
to illustrate further that the slow scan speeds are reliable for
devices with small hysteresis. We note the exceptionally high
fill factors reaching up to ~0.8, values rarely reached even for
the highest performances. We predict that this composition
can be the basis for >21.1% devices in the future using simple
manufacturing improvements.

Furthermore, in Fig. 5b we investigate long-term device
stability of a high performance CsoM and CssM device in a
nitrogen atmosphere held at room temperature under constant
illumination and maximum power point tracking. The maximum
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Fig. 4 Statistics of 40 controls (CsgM) and 98 Cs-based (CssM) devices as collected over 18 different batches. We note that all device parameters and the
standard deviation (S.D.), a metric for the reproducibility, improved: the V. improved from 1121 + 25 (n = 40) to 1132 4+ 25 mV (n = 98), the Js. improved
from 21.06 + 1.53 to 22.69 + 0.75 mA cm ™2, the FF improved from 0.693 + 0.028 to 0.748 + 0.018, and the PCE improved from 16.37 + 1.49 to 19.20 +

0.91%. 20 independent devices show efficiencies >20%.

1994 | Energy Environ. Sci., 2016, 9, 1989-1997

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ee03874j

Open Access Article. Published on 16 March 2016. Downloaded on 4/4/2026 5:27:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a 24_21.17% 10mV/s|
& 120.32%
g 18 21.1%

— R e P I 0 o
g S
‘; ~
i L
2 124 @)
[0
s o
€
o
g 61 maximum power point tracking

’ '\ \u'
0 T T T T T T T

016 ' 0.8 1.0 I 1.2
Voltage (V)

0.0 0.2 0.4

20 '({ —0—Cs M

View Article Online

Communication

—— CSSM

- full illumination
room temperature

8 —
maximum power point
| ! ! ! ! ! | ! | ! |
0 50 100 150 200 250
Time (h)

Fig. 5 JV and stability characteristics (a) current—voltage scans for the best performing CssM device showing PCEs exceeding 21%. The full hysteresis
loop is reported in Table S4 (ESIt). The inset shows the power output under maximum power point tracking for 60 s, starting from forward bias and
resulting in a stabilized power output of 21.1% (at 960 mV). The voltage scan rate for all scans was 10 mV s~ and no device preconditioning, such as light
soaking or forward voltage bias applied for a long time, was applied before starting the measurement. (b) Aging for 250 h of a high performance CssM and
CsgM devices in a nitrogen atmosphere held at room temperature under constant illumination and maximum power point tracking. The maximum power
point was updated every 60 s by measuring the current response to a small perturbation in potential. A JV scan was taken periodically to extract the
device parameters. This aging test resembles sealed devices under realistic operational conditions (as opposed to “shelf stability” of devices kept in a dry
atmosphere in the dark and measured periodically). The device efficiency of CssM drops from 20% to ~18% (red curve, circles) where it stays relatively
stable for at least 250 h. This is not the case for CsoM (black curve, squares).

power point was updated every 60 s by measuring the current
response to a small perturbation in potential. A JV scan was taken
periodically to extract the observed device parameters. This aging
protocol resembles sealed devices under realistic operational
conditions (as opposed to “shelf stability” of devices kept in a
dry atmosphere in the dark and measured periodically). The device
efficiency of CssM drops within a few hours from 20% to ~18%
where it stays stable for at least 250 h. The CsyM device, on the
other hand, shows much less stable behaviour. This biexponential
decay behaviour is in agreement with our previous work where we
extract a half-life parameter as a long-term metric for stability.*® In
our case the CssM device has a slow half-life component of
~5000 h which is one of the highest values reported for the
comparable system of high efficiency perovskite solar cells (see
Table S7, ESIt).

This indicates that the film stabilities from above correlate
with improved device stabilities. The other device parameters
(Jser Voo and FF) are shown in Fig. S9 (ESIt). It is noteworthy
that the current and voltage do not decrease significantly and
that most degradation stems from the fill factor. This could
potentially be remedied by choosing a suitable HTM or
advanced sealing techniques as fill factor losses can stem from
decreased conductivity of a degraded organic HTM.**® In
Fig. S10 (ESIt), we show more control devices. We observe that
none of the high performing Cs,M devices (16-18%) was as
stable as the best Cs devices and especially the current
degraded significantly over time. The stability tests are not
complete yet and more data (which are very time-consuming for
aging tests) are needed for a full study on the long term
potential of the triple cation compositions.

These stability data are noteworthy because they were collected
on some of the highest performing devices in the field and to our
knowledge this is the first test where a state-of-the-art 20% device

This journal is © The Royal Society of Chemistry 2016

was aged (which is more likely to show a pronounced loss
compared to a lower performing device) demonstrating the great
potential of perovskite solar cells for industrial applications.

Conclusion

This work, for the first time, used a mixture of a triple Cs/MA/
FA cation, to achieve high efficiency perovskite solar cells with
a stabilized PCE at 21.1% and an output at 18% under opera-
tional conditions after 250 hours (maximum power point
tracking under full illumination held at room temperature).
Adding Cs to MA/FA mixtures, which are currently reported as
the best performing devices, suppresses yellow phase impurities
and induces highly uniform perovskite grains extending from the
electron to the hole collecting layer consistent with seed-assisted
crystal growth.

The triple cation perovskites are also more robust to subtle
variations during the fabrication process enabling a break-
through in terms of reproducibility where PCEs >20% were
reached on a regular basis. This work also opens the prospect
for other alkali metals, such as Li, Na, K and Rb, to be explored
as cations for perovskites. Therefore, triple (or multiple) cation
mixtures are a novel compositional strategy on the road to
industrialization of perovskite solar cells.
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