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ABSTRACT

With a certain amount of serendipity, research on dye-sensitized solar cells led to the
discovery of metal halide perovskite semiconductors as a solar energy conversion material®?
that has inspired world-wide research activities leading to efficiency increases from about
10% in 20123 to now 22%.>8 Apart from their use as a single junction solar cell technology,
metal halide perovskites can be processed as an add-on layer onto other solar cells to realize
efficient and low-cost tandem architectures. The perovskite band gap can be tuned
continuously from 1.1 to 3.0 eV by chemical engineering which makes them particularly
relevant for multi-junction devices.>*2 Experimental demonstrations of efficient tandem
devices comprising metal-halide perovskites as one™>*® or both!%® components in a tandem
stack highlight the potential for scalable and low-cost multi-junction devices!’ with
efficiencies approaching 30% is considered feasible, 8121920

To reach this performance in a perovskite/silicon tandem, the ideal band gap of the absorber
material in top device should be about 1.7 eV*122! (sine silicon has a band gap of 1.1
eV).112223 |n this review, we dedicate section I to the discussion of the chemical tunability of
metal halide perovskite with a particular focus on absorber materials with absorption onsets'
around 1.6 eV. Section Il reflects on the benefit and role of including cesium (Cs)
highlighting the work by Saliba et al.>® as this approach demonstrates a reliable pathway to
obtain efficient solution-processed metal halide perovskite absorbers with high reproducibility
and extended operational device stability. Section Il focuses on the state-of-the art of
perovskite photovoltaics as a function of the absorption onset of the absorber layer
highlighting materials with band gaps between 1.6 eV-1.75 eV as these are of great
importance to the development of efficient tandem solar cells.*28-29 |n the conclusion section
IV, we reflect on more general trends in metal halide alloys partially discussed elsewhere?®
highlighting cation-alloying as an approach to obtain highly efficient devices in the band gap
range between 1.6 and 1.7 eV.

The data shown and discussed here is dominantly based on three of our recent publications
and the interested reader is kindly referred to Unger et al.?® and Saliba et al.>® for more in-
depth discussions and experimental details.
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I. BAND GAP TUNING IN METAL HALIDE PEROVSKITE ALLOYS

Hybrid metal halide perovskites containing methylammonium (MA) molecules as central
cations in three-dimensional lead->* or tin-halide®® perovskites were first synthesized and
characterized by Weber in 1978. The different colors of crystals synthesized in these first
results indicated that the optical properties varied with the halide substitution from CI, Br, to
I. In 2012, Noh et al.® confirmed a tuneable band gap by halide substitution in the
MAPb(Brxl1-x)3 series. Since then, alloying has become a valuable approach to tune the
absorption onset e.g. by substituting iodide with bromide®?®27 or lower band gaps towards
the infrared in lead-tin alloyed perovskites.'%28-30 The Iatter is also motivated by the necessity
to find alternatives not containing lead as this might be one main obstacle in the
commercialization of perovskite solar cells.

Another important aspect driving the investigation of various alloys is the search for more
stable perovskite semiconductors because the MA cation is proving to be a volatile
component making the material prone to photochemical, thermal, and humidity induced
degradation.®>% Cation-alloys comprising methylammonium (MA)?6°333  formamidinium
(FA)2735 cesium (Cs)>2%3 and also rubidium (Rb)®%® have led to devices with better
reproducibility, morphology, performance, and stability. The data sets compared here stem
from a range of different ABX3 compounds where A can be a monovalent organic cations
such as MA*®2639 or FA*1140 inorganic cations such as cesium (Cs*), or a mixture of these.

The Goldschmidt tolerance factor, although introduced for oxide perovskites,* has been
proven to be a useful tool to empirically estimate form-ability also for halide perovskites.5%4?
Tolerance factor considerations are also useful in the rationalization of experimental trends in
perovskites and aid in engineering of alloys with e.g. higher stability and we here show
estimated tolerance factors of lead-based perovskites as a function of the cation as well as
anion radii in Figure 1 (left).
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Figure 1: (left) Goldschmidt tolerance factor estimation as a function of cation and anion radius for lead-
based perovskite materials. (middle) Crystal structure of (pseudo-)cubic metal halide perovskite with Pb%
depicted as central ion. (right) Correlation of the experimental absorption onset of various metal halide
alloys as a function of the metal halide perovskite pseudo-cubic unit cell lattice parameter ao. Data points
shown in grey are further discussed in Ref [23].

As an example for the value of tolerance factor considerations, we highlight metal halide
perovskites comprising FA as well as the purely inorganic Cs-based metal halide perovskites



that have a substantially higher thermal stability compared to methylammonium-based
compounds. However, both tend to form non-perovskite crystal phases at room temperature
that are “yellow” due to their lack of semiconductor properties.®*#*% Tolerance factor
estimations place FAPbIz (O in Figure 1) at a value slightly too high to form stable cubic
perovskites and experiments prove that a non-perovskite trigonal phase is the
thermodynamically more stable phase at room temperature. CsPbls (A in Figure 1) on the
other hand is predicted not to form as the Cs-cation is too small to stabilize a perovskite
crystal structure. Mixing cations is hence a mean to adjust the effective cation size leading to
perovskite alloys with a more favorable tolerance factor.>***344 For pure bromide lead
perovskites, both the MA and Cs derivate can be obtained (as the tolerance factor is more
favorable for CsPbBrs, see Figure 1, left) suggesting that the methylammonium cation does
not affect material properties relevant for solar cell device operation.®

Besides determining whether or not a stable perovskite phase can form, the dimensions of
constituent ions also directly determine the perovskite lattice dimensions which, in turn,
determines the absorption onset of the resulting perovskite alloy, shown in Figure 1 (right).
The data depicted with crosses in the background is part of the data set discussed elsewhere?®
and we here chose to specifically highlight trends in cation alloys in the narrow band edge
range between 1.5 and 1.8 eV. The plot shows that both the purely inorganic CsPbls
compounds as well as FAPDbIs fall on a similar general trend-line for Pb-based ABX3 alloys
for different cations or cation-alloys as well as bromide/iodide anion alloys. As both these
materials only form meta-stable perovskite structures, the data point for the pure
FAPD(Bro.1slo.s2)3 (point D) were outside the displayed data range of Figure 1 and literature
values for pure CsPblz may vary strongly dependent on the degree of material degradation to
the non-perovskite phase.

Alloys of MA and FA3* and MA/FA alloys incorporating Cs*? (triple cations) are found to
follow the trend of absorption onset as a function of the pseudo-cubic lattice constant ap
closely (Figure 1, right)." For the data sets of (MAyFA1y)Pb(Broislosz)s (with y = 0% (D),
18% (E), 33% (F), 50% (G), 67% (H), 82% (1) and 100% (J)), the data points follow roughly
the predicted trend line but exhibit some scattering in the experimental data points that could
be caused by slight compositional inhomogeneity of cation and halide anion distribution in
the ABX3 absorber. Increasing the amount of Cs in Csy(MAo.17FA0.83)1-yPb(Bro.17lo.s3)s (with y
= 0% (K), 5% (L), 10% (M) and 15% (N) in Figure 1) the lattice dimensions and absorption
onset are found to decrease according to the predicted trend (K-N in Figure 1, right). Cs
incorporation is hence found to obey the trend-line established for hybrid perovskite
semiconductors incorporating MA and FA opposed to the statement made previously.?®>" The
amount of Cs that can be included in the structure seems limited as no stable perovskite
materials are found to form for Cs concentration exceeding 15%, above which, phase-
segregation and formation of “yellow” phases rather than perovskite semiconductor phases
seem to be favored.>4+%

Overall, we find that cation alloying, irrespective of whether organic or inorganic cations are
used," follow a similar trend-line suggesting that the optical properties at the absorption onset
are determined by the lattice dimensions. This insensitivity of the band-to-band electronic
transition on the chemical nature of the cation and that the cation merely determines the
lattice dimensions is expected from theoretical calculations. These predicted the band-to-band
electronic transitions to be solely determined dominated by the Pb-6s and I-5p orbitals
(valence band maximum) and Pb-6p orbitals (conduction band minimum) with no electronic
influence from the central monovalent cation.*®4’ Hence, it is mainly the metal-halide cage
that determines the optoelectronic properties of perovskites.



I1. ROLE OF ALKALINE IONS IN CATION-ALLOYS

The addition of alkaline ions such as Cs>®*3% and Rb®® to hybrid MA or FA-based lead
halide perovskites has advantageous effects on the semiconductor properties due to tolerance
factor adjustments as discussed in the previous section. Even the largest alkaline cation,
cesium, has an ion radius bordering “too small” to form stable perovskites by itself but can
favorably be used to tune the tolerance factor by partial substitution of the larger organic MA
and FA cations as discussed in the previous section.

From the blue shifted PL and decreased lattice parameter ao found from XRD analysis, it
can be concluded that Cs is included. The PL shift in addition is relatively linear which is
consistent with full inclusion of Cs. The absolute amount of Cs inclusion into the crystal
lattice is currently under investigation. The X-ray diffractograms shown for these materials in
Figure 2 (right) clearly indicate the contraction of the cubic lattice upon addition of cesium
from a = 628 A for (MAo17FA0ss)Pb(Broi7loss)s to a = 6.26 A for
Cso.15(MA0.17FA0.83)0.85Pb(Bro.17l0.83)3. Besides the slight change in lattice constants, the
qualitative comparison of the experimental diffractograms also shows a relative increase of
the 110 and 210 reflections compared to the main 100 and 200 peaks.
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Figure 2: (left) Illustration of Cs incorporation in mixed MA/FA lead halide perovskites with the
composition Csy(MAo.17FA0s3)1-yPb(Broizloss)s with indication of the 110 lattice plane that appears to
exhibit enhanced scattering upon Cs inclusion in the X-ray diffraction data for varying amount of Cs (0%
- 15%) shown on the right side. Full data set shown in Ref [5].

This could indicate a change in the preferential orientation of crystals during growth but is in
this case likely due to the substitution of organic cations with Cs as the latter should have a
much higher scattering factor due to its elemental mass compared to the organic cations.
Interestingly, the ratio between the 100 and 200 peaks seem unchanged whereas reflections
from *“diagonal” (see illustration in Figure 2, left) lattice planes increase. This suggests that
cesium cations do not seem to be preferentially incorporated into adjacent unit cells but rather
into unit cells diagonal from each other, which can be expected to be entropically favored.
More thorough XRD analysis is needed to illuminate structural details of Cs-inclusion into
hybrid perovskites such as site occupancy, which is beyond the scope of this manuscript.



Alkali-cation additives such as Cs not only affect the optoelectronic properties of metal halide
perovskites but also influence the film formation. X-ray diffractograms with increasing
amount of Cs (Figure 2, right) provide evidence that fewer impurity phases such as Pbl>
(reflection peak at 12.6) are present. Also, UV-Visible absorption data and X-ray
diffractograms prove metal halide perovskite semiconductor formation without any annealing
when Cs is present in the wet film. Even highly efficient devices could be made from such
films without annealing.>*® Cross-section scanning electron microscopy images (Figure 4, a
and b) suggest a more uniform and monolithic crystal growth for Cs-containing perovskites.
Apart from adjustment of the effective cation radii yielding materials with more favorable
tolerance factors, alkaline cations also improve the stability and induce more favorable film
formation conditions as well as supressing impurity phases.

As an additive, Rb seems to have a similar beneficial effect on metal halide perovskite layer
formation but at present the amount of Rb integration is still under debate. It would appear
that Rb only incorporates partially and less effectively than Cs. Interestingely, recent XPS
studies by Phillipe et al. show that the presence of Cs facilitates more Rb integration into the
perovskite grains.*® Potentially, the slightly lower cation radius and hence even less favorable
tolerance factor prevent full Rb-inclusion.® Similar to Cs, Rb induces crystallization of the
perovskite layer at lower temperature®® and helps to supress impurity phases. As for Cs-
containing materials, more thorough material analysis distinguishing the role and beneficial
effects on film formation, crystallinity and stability as well as detailed analysis of the amount
and distribution of potentially incorporated alkaline cations is needed to illuminate their
precise function in metal halide perovskite solar cells.

I11. CATION-ALLOYS FOR INCREASED DEVICE EFFICIENCY AND STABILITY

Inclusion of Cs cations in the precursor of solution-processed metal halide perovskite
semiconductors has been shown to have a three-fold benefit on the resulting solar cell
devices: 1) increased thermal stability, 2) less phase impurities, and 3) higher experimental
reproducibility by reducing the impact of processing conditions.®

This was established by comparing large data sets for devices comprising none or 5% Cs
hence allowing to draw statistically relevant conclusions. The substantial increase of the
power conversion efficiency from an average of about 16.5% to 19.5% (Figure 3 ¢) was
dominantly caused by a clear increase in the photocurrent as well as a substantially increased
fill factor while the open circuit voltage only shows a slight improvement. These findings
allude that the intrinsic metal halide perovskite semiconductor properties improve upon
inclusion of Cs in Csy(MAo.17FA0.83)1-yPb(Bro.1710.83)3.

Apart from a potentially higher internal quantum yield due to a better crystal quality, the
higher short circuit current and fill factor® indicate an improved charge carrier collection
efficiency. A possible reason might be the absorber layers morphology as Cs-incorporating
materials appear to grow more monolithically off the meso-porous TiO- layer on the electron-
selective fluorine-doped tin oxide substrate (SEM image in Figure 3 b) compared to the
material incorporating no Cs at all (SEM image in Figure 3 a). Fewer inter grain boundaries in
the direction of current flow are formed which is likely of substantial benefit for charge
carrier collection. Cs alkaline cations are interpreted to have a beneficial effect on the
crystallization kinetics and film formation of metal halide perovskite layers. Another
important aspect is the lack of impurity such as the higher band gap lead iodide, Pbl, as these
might lead to non-beneficial energetic offsets at the titanium dioxide, TiO», interface that
would make charge carrier extraction at this interface less favorable.



The most important benefit of Cs-containing alloys is their clear increase of the long-term
device stability shown in Figure 3 d. This indicates that either Cs improves the intrinsic
material stability significantly or that the devices incorporating Cs are less prone to device-
related efficiency decline due to e.g. the demise of interfacial properties leading to a
substantially reduced charge collection efficiency.
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Figure 3: (a & b) Scanning electron microscopy cross section images of device comprising
Csy(MAo.17FAo.83)1-yPb(Broa7loss)s with 0% (a) and 5% (b) Cs. (¢ & d) Comparison of the power
conversion efficiency (c) and long term stability (d) of devices comprising 0% and 5% Cs. Small
amounts of Cs is found to have a beneficial effect on the reproducibility, performance and long term
stability of metal halide perovskite solar cells. Data reproduced from Ref [5], published under a CC
BY-NC 3.0 creative commons agreement.

The data discussed in detail for Cs-containing perovskites also includes the following
overview graph where the device performance metrics are compared as a function of the
absorber layer absorption onset. The data points in grey scale are further discussed
elsewhere?® and referenced therein. These overview plots show that single junction devices
are approaching theoretical performance limits and especially for devices with compositions
absorption in the range of 1.6 eV. These plots also clearly hint at currently limited absorption
ranges that will be further discussed in section IV. As an upper limit, the maximum
photocurrent density was estimated by integration of the AM1.5G spectrum with respect to
the absorption onset, assuming that all photons above the band edge are converted with 100%
efficiency and no parasitic absorption losses. Reported short-circuit current densities of highly
efficient devices are often close to or surpass the theoretically predicted values. Negligence of
capacitive effects in current-voltage measurements®®°! or inaccuracies in the active device
area that might be particularly severe for small device areas may lead to overestimation of the
device performance. We here wanted to focus on cation alloying.



The data sets of the Cs-° and Rb-incorporating® metal halide perovskite devices are
highlighted in Figure 4 showing that these values are at the forefront of state-of-the art metal
halide perovskite device technology. In addition to these triple and quadruple cation
compounds, we here also included recent results on Cs/FA*** and Rb/FA® mixed dual-
cation compounds as also in these cases, the clear benefit of the inclusion of alkine cations is
evident but also mixed FA/MA cation alloys®* exhibit their performance maximum at

intermediate MA to FA ratios.
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Figure 4: Device performance metrics of metal halide perovskite solar cells as a function of the absorption
onset of the perovskite absorber showing data discussed elsewhere in grey?® and highlighting devices
based on cation alloys from data reported in 5634384344 and are further discussed in Ref [23].

IV. CONCLUSION

The comparison of power conversion efficiencies as a function of the absorber layer onset for
a variety of ABX3 perovskite alloys highlights that there have been tremendous improvements
in the obtained device efficiency in the past years due to chemical, compositional, process,
and device engineering. As highlighted in this work, cation-alloys and particularly the



incorporation of small amount of alkaline cations have a beneficial effect on the device
performance and durability. This approach has substantially improved the performance and
reproducibility of single junction perovskite devices during this past year.

As evident in Figure 4 and further discussed in Unger et al.?®, metal halide perovskites can be
tuned in a wide range of band gaps and substantial progress has been made both for low band
gap devices, single junction devices with band gaps on the order of 1.6 eV and higher
bandgap pure bromide compounds while there is a range between 1.7 and below the band gap
of pure bromide derivatives of about 2.3 eV that can currently not be covered due to halide
segregation.®?%2" These materials currently exhibit photo-induced phase segregation effects
coined the “Hoke effect”?® as halide vacancies are prone to form and have a low activation
energy for migration. Apart from materials in the compositional range where photo-induced
phase segregation is observed, the migration of halide and other ionic vacancies will be
detrimental for the long-term stability of perovskite solar cells.?5>2

While perovskite materials can often be tuned continously, phase segregation seems to be
governed by ratios of ion radii. Thus, not every wide band gap material reported can be
formed in such a way to permit continuous device operation without phase segregation as
evidence statistically in previous works.?%°2 Only a limited amount of alkaline cations such as
Cs can actually be included in predominantly hybrid perovskite materials comprising organic
monovalent cations. More work comparing the vast and growing amount of literature data
reported for metal halide perovskite semiconductors is needed to discuss generalizable trends
of these emerging semiconductors to assess their potential and limitations.
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ADDITIONAL COMMENTS

1 The reader should note that experimental data is compared as a function of the absorption onset rather than the
band gap as the latter is indeed not directly available from experimental data in materials with excitonic
contributions to the spectrum close to the band gap as is the case for metal halide perovskites.5:5

ii Note that the trend for Cs-incorporating MA/FA alloys (points K-N in Figure 2, right) closely correspond with
the predicted trend unlike the statement first made in the original paper as we realized during the work on this
manuscript that the estimated values for the lattice parameter ao were faulty. A correction was send to point out
this mistake in the original manuscript.z



