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Abstract:

Metal halide perovskites are attractive candidates for the wide band gap absorber in
tandem solar cells. While their band gap can be tuned by partial halide substitution, mixed
halide perovskites often have lower open circuit voltage than would be expected and
experience photoinduced trap formation caused by halide segregation. We investigate solar
cell performance and photostability across a compositional space of formamidinium (FA) and
cesium (Cs) at the A-site at various halide compositions, and show that using more Cs at the
A-site rather than more Br at the X-site to raise band gap is more ideal as it improves both Voc
and photostability. We develop band gap maps and design criteria for the selection of
perovskite compositions within the CsFA1.xPb(Bryli.y)3, space. With this we identify
perovskites with tandem-relevant band gaps of 1.68 and 1.75 eV that demonstrate high
device efficiencies of 17.4 and 16.3%, respectively, and significantly improved photostability
compared to the higher Br containing compositions.

Silicon solar cells currently own 93% of the solar market as costs have plummeted,
outpacing even Swanson’s law which estimates that the cost of photovoltaics will drop 20%
for every doubling of cumulative volume sold?. This rapid cost reduction caused problems to
a growing CIGS industry, whose promise of inexpensive thin film manufacturing at a
comparable efficiency to silicon has still yet to be fully realized. Metal-halide perovskites, with
the formula ABXs (A = methylammonium (MA), formamidinium (FA), Cs, B = Pb, Sn, and X =1,
Br) are rapidly gaining attention for thin film photovoltaics, due to their long carrier diffusion
lengths?, defect tolerance enabling versatile solution or vapour processing®*, and strong
optical absorption®. Rather than challenging the incumbent silicon, the wide, tunable band
gap of perovskites holds the promise of boosting the efficiency of silicon by employing them
as the wide-gap absorber in tandem solar cells on silicon, which offer a path to surpassing
fundamental efficiency limits on single-junction solar cells® by extracting a portion of photo-
generated carriers at a higher voltage’*. Perovskite-silicon tandems have recently achieved
record efficiencies of 23.6% for monolithically integrated!® and 26.4% for mechanically
stacked configurations'®. Additionally, recent developments in the stability and efficiency of
low band gap tin-based perovskites have drawn attention for making highly efficient and
potentially low cost perovskite-perovskite tandems?”:8,

A major benefit of perovskites for top cells in tandems is the ability to continuously
raise the band gap, which was first done by substituting bromide for iodide. Noh et al
demonstrated that given the general composition MAPb(Brylix)3, where MA s
methylammonium, the band gap can be continuously tuned between 1.5 and 2.3eV simply by
varying x*. However, thus far, open circuit voltages have not increased linearly with
increasing band gap upon Br substitution?®, negating part of the benefit of using a tandem
configuration. The disappointing voltages are likely a consequence of higher trap densities or
traps deeper within the band gap in bromine-rich perovskites?. In some cases it is clear that
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photoinduced halide segregation, referred to here as the Hoke effect??, occurs. Upon
illumination, segregation of the halides into lower band gap I-rich and higher band gap Br-rich
regions, mediated by halogen vacancies?®?4, occurs on the timescale of seconds for the pure
MA-based perovskites. Photo-generated carriers are funneled towards these lower band gap
regions, which act as recombination centers, resulting in a loss in voltage?>?2°,

Substitution and alloying on the A-site by replacing MA with Cs and Formamidinium
(FA) has led to record efficiencies?”?® and improved structural, thermal, and moisture stability
of perovskites?®=31, Further, while targeting band gaps of approximately 1.73eV for tandems,
McMeekin et al demonstrated improved photo-stability (reduced halide phase segregation)
with 40% Br, albeit under milder illumination conditions than those experienced under
AM1.5G32, Duong et al took this a step further and employed four cations, Rb, Cs, FA, and MA,
for improved maximum power stability with 33% Br33. Both of the studies reported stability
against phase separation at less than one-sun illumination and neither composition achieves
photo-stability at one-sun equivalent intensity. Our group has previously demonstrated how
using only Cs on the A-site prevents halide phase segregation with up to 33% Br
incorporation3?, but the 1.9eV band gap and low efficiency limits its efficacy in tandems.

In this work, we characterize the FA/Cs and |/Br compositional space and develop
design rules for targeting band gaps of 1.68 and 1.75 eV due to their relevance for tandems.
We find that higher open circuit voltages are achieved and photostability is improved when
the band gap is attained by raising the Cs fraction more than the Br fraction. We fabricate
devices using two perovskite compositions for each band gap: a high Cs, low Br composition,
and a low Cs, high Br composition. We find the 1.68 eV band gap devices behave similarly,
whereas for the 1.75 eV band gap devices, higher Cs, lower Br compositions yield higher
performances due to increased voltage and fill factor (FF). Finally, we demonstrate
significantly improved photoluminescence (PL) stability at one-sun equivalent laser
illumination in perovskite compositions with tandem-relevant band gaps enabled by using
higher Cs and lower Br contents.

FA/Cs and I/Br Compositional Space for Band Gap Tuning

Although the A-site cation does not contribute to the density of states at the band-
edge, it can tune the band gap by changing the crystal structure3®, as shown
computationally3®37 and experimentally32. Using a smaller cation, such as Cs, can tilt the BXs
octahedra when in the tetragonal structure, reducing the X-B-X bond angle and increasing
band gap®. Thus, tuning the A-site cation composition can reduce reliance on Br to achieve
wide band gaps for tandem top cells.

We fabricate films and solar cells using perovskites with the composition CsxFA1-
«Pb(Bryli.y)3, where we systematically vary x from 15 to 40% and y from 5 to 30%. The Cs/FA
composition ratio was varied by changing the relative concentrations of Csl and FAI and the
Br/I composition ratio was varied by changing the relative concentrations of PbBr; to Pbl; in
the precursor solution. 1M solutions were dissolved in DMF and DMSO at a ratio of 4:1. The
four precursor salts were weighed out and added to the same vial prior to adding solvent.
Both devices and films of 30 different perovskite compositions were fabricated. All single
junction perovskite devices were fabricated in the p-i-n architecture. Briefly, 5 mg/mL PTAA
in chlorobenzene was spun on top of ITO-coated glass to act as the hole selective contact, as
it has been shown to enable high Voc p-i-n architecture solar cells*®*!. A modified version of
the compressed air gas quenching (CAGQ) method was used to fabricate the perovskite
layers*®?. The CAGQ method was preferred over the popular antisolvent route* to avoid



dissolution of the organic PTAA layer. Additionally, we found the CAGQ method to be easily
adaptable to a wide variety of compositions. The devices were finished with evaporated C60,
BCP, and Ag. Further details on the fabrication procedure can be found in the experimental
section.

Figures 1B-E show how for Br contents between 11.25 and 30% the perovskite band-
edge smoothly blue shifts with increasing Cs content, based on EQE. A high current density
can be extracted from nearly all perovskite compositions studied, as seen in the integrated
photocurrent from EQE in Figure 1F, indicating that the CAGQ method enabled the fabrication
of high quality film perovskite films across the wide compositional space. Poorer
performance, in terms of both low EQE and Voc, was consistently observed for compositions
with a large fraction of Cs and 5% Br (Figure 1A). The champion measured performance for
these compositions is plotted. Film formation in this high Cs, low Br region was considerably
slower than in other areas of the phase space and XRD of the Cs40Br5 composition displays
several non-perovskite peaks (Figure S1E). Thus, the poor performance of the high Cs, low Br
compositions is likely a result of this poor phase purity. XRD was also measured for low Cs
compositions and for high Cs, high Br compositions and only the perovskite peaks are
observed (Figure S1), indicating a higher degree of phase purity in the rest of the
compositional space.

Figure 1G shows the band gap as a function of composition, determined from Tauc
plots of absorption spectra. To quantify the capability of Cs and Br to tune the band gap, we
fit the variation in band gap versus composition with a linear function and extracted the slope.
We found a cesium band gap coefficient of 2.3 + 0.2 meV/% Cs and a bromine band gap
coefficient of 5.7 + 0.2 meV/% Br for this phase space, showing that an increase in Cs content
produces slightly less than half of the band gap change produced by an equivalent increase in
Br content.

Figure 1H shows the best open circuit voltage (Voc) attained from devices of each
perovskite composition. Promisingly, we find that increasing Cs content at a fixed I/Br ratio
does resultin anincrease in Voc alongside the increasing band gap. We have plotted the band
gap and Voc maps (Figures 1G and 1H) side by side with a proportionate y axis scale for direct
comparison. We observe that the lines have roughly the same slope, indicating that with
increasing band gap upon Cs substitution in eV, the Voc rises a nearly equivalent amount in
g*V (barring the high Cs, low Br compositions). In contrast, the wide spacing between the
separate lines, indicative of a large increase in band gap with more Br, does not match with
the relatively narrow separation between lines in the Voc plot. This shows that while raising
Br content is effective at raising the band gap, it fails to realize equivalent rises in the Voc. This
Voc plateau, observed upon increasing the band gap by tuning the I/Br ratio, has been
observed previously in both the p-i-n and n-i-p architectures®-%. Using Cs at the A-site
instead of Br at the X-site to raise the band gap is effective for both realizing higher band gap
and equivalently higher Voc.
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Figure 1: (A), (B), (C), (D), and (E) EQE for 5, 11.25, 17.5, 23.75, and 30% Br content,
respectively, showing how increasing Cs causes the band edge to blue shift, (F) integrated
photocurrent density from EQEs in Figures 1a-e, (G) band gap, and (H) Voc vs perovskite
composition for the CsxFA1-xPb(Bryl1.y)3s compositional space, showing change in Cs along the x
axis and change in Br from 5 to 30% as separate lines. Note, band gap values are calculated
from Tauc plots based on absorption and Voc is plotted based on the champion device from
one perovskite device batch to mitigate day-to-day batch variations.

The map of band gaps across compositional space enables us to evaluate different
compositions that have the same band gap to compare performance and photo-stability. We
hone in on two band gaps: 1.75 eV, corresponding to the Shockley Quiesser ideal top cell band
gap on silicon*” and use in realistic all-perovskite tandems*®4%, and 1.68 eV, corresponding to
the band gap that Hérantner and Snaith found to maximize efficiency and energy yield for
perovskite/silicon tandems under real world conditions taking into account the fact that the
perovskite cell does not absorb all of the light right at the band edge. For brevity, we refer to
perovskite compositions based on their Cs and Br contents. For example,
Cs0.17FA0.83Pb(Bro.2sl0.75)3 will be referred to as Cs17/Br25.

For 1.68 eV band gap perovskites, we study the Cs17/Br25 and Cs25/Br20
compositions. Both compositions make efficient solar cells — notably, the Cs25/Br20
perovskite reaches over 17 %, with higher FF than the Cs17/Br25 (Figure 2A, B). For
perovskites with 1.75 eV band gaps, we focus on Cs17/Br40 and Cs40/Br30 compositions. The
Cs40/Br30 composition also displayed a high efficiency of 16.3 % with a Voc of 1.17 V (Figure
2). The Vocs are slightly higher than in Figure 1 because Figure 2 shows our champion device
performance, while Figure 1 shows data all from the same batch of devices for consistency.
However, the wide band gap Cs17/Br40 composition shows a lower Voc and performance
than the Cs40/Br30 composition. We suspect that the higher bromine contents needed to
reach the larger band gaps introduce either an increased concentration of non-radiative
recombination sites or makes those sites deeper in energy relative to the relevant band?%°°,
which can be avoided by instead increasing band gap through Cs substitution. Additionally,
time resolved photoluminescence (TRPL) measurements (Figure S2) show that for each
targeted band gap, the lifetime of the high Cs, low Br composition is longer than that of the
low Cs, high Br composition. Lifetime and J-V performance parameters for the four
compositions of interest are provided in Table 1 for comparison. The significantly higher FF
for Cs25/Br20 composition is likely related to it having a longer PL lifetime than the Cs17/Br25
composition. These results suggest that the strategy of raising the band gap through Cs
composition becomes increasingly important at higher band gaps relevant for tandems. An
open-circuit voltage of 1.17 V and efficiency of 16.3 % is comparable to the highest reported
for perovskites solar cells with band gaps between 1.7-1.8eV in the inverted p-i-n
architecture®*°!, and was achieved using no additional defect passivation. Higher voltages for
mixed halide perovskites have been obtained in the n-i-p architecture324>46:5253: however, an
analysis of what is limiting the voltage of the p-i-n architecture is beyond the scope of this
work. To emphasize the utility of the FA/Cs and Br/lI compositional space map, we also
fabricated another 1.68 eV band gap perovskite with the Cs35/Brl8 composition. The
similarly high device efficiency of 17.3 % with a Voc of 1.12 V, as illustrated in the JV and EQE
data in Figure S3, speaks to the efficacy of the higher Cs containing perovskite compositions.
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Figure 2. JV (A and C) and EQE (B and D) plots of the 1.68eV (A and B) and 1.75eV (C and D)
band gap perovskites displaying the high performance of the high Cs containing compositions.

Compositions T (ns) Jsc(mMAcm™3) FF PCE (%)
Up/Down Up/Down
17Cs/25Br 6 1.10/1.10 19.0/18.9 0.74/0.72 15.4/14.9
25Cs/20Br 50 1.10/1.10 19.4/19.3 0.81/0.82 17.4/17.5
17Cs/40Br 6 1.13/1.13 17.4/17.1 0.74/0.74 14.6/14.3
40Cs/30Br 12 1.17/1.17 17.5/17.5 0.8/0.79 16.3/16.2

Table 1. TRPL lifetimes extracted from Figure S2 and performance parameters from Figure 2
for the different perovskite compositions.

Hoke Effect Studies on 1.68 and 1.75eV Band Gap Perovskites

A benefit of raising band gap with Cs is that the same band gap can be achieved with
a lower concentration of Br. This increases photostability, as higher Br contents lead to more
rapid halide segregation under illumination (the Hoke effect)?>3*. To compare the
susceptibility of the 1.68 and 1.75 eV band gap perovskite compositions to the Hoke effect,
we measured PL vs illumination time over a range of illumination intensities on devices of all
four compositions. A continuous wave, 488 nm wavelength laser was used for excitation. To
calibrate the illumination intensity, the laser power was tuned to reach the same current
density as under simulated 1-sun illumination. We note that we have calibrated the
illumination intensity rather than carrier density, which is likely to be far lower in these
devices compared to films due to additional nonradiative recombination pathways related to
interfaces with the contacts used. A red-shiftinthe PL peak over time or a lower energy peak
forming is indicative of lower-band gap, I-rich trap states forming, as seen by Hoke et al??. At
0.1 suns, the Cs17/Br25 composition begins to show a low energy PL peak growing over the
course of 10 minutes and at 1 sun this peak becomes more obvious (Figure 4A). In contrast,

6



the Cs25/Br20 composition shows almost no lower energy peak forming at 1 sun over the
course of 10 minutes (Figure 3B). At 10 suns, the Hoke effect clearly occurs in the Cs17/Br25
perovskite, as a large peak forms around 775 nm. No such peak is apparent in the Cs25/Br20
composition even at 10 suns highlighting good photostability of the high-Cs low-Br
composition.

The 1.75 eV band gap compositions, Cs17/Br40 and Cs40/Br30, show a far more
striking difference in the PL stability (Figure 3C, D). Previous reports of perovskite devices with
a~1.75 eV band gap have either suffered from poor photo-stability at intensities approaching
1 sun or lower power conversion efficiency!’. The Cs17/Br40 perovskite shows the Hoke
effect at as little as 0.03 suns in 10 minutes, whereas the Cs40/Br30 shows only a slight shift
at 10 suns over 10 minutes, in Figure 3C and 3D. As suggested in the previous section, band
gap tuning with Cs becomes even more important at higher band gaps as one can mitigate a
large voltage loss and increase photostability simultaneously.

We also monitor Voc during each PL measurement (Figure 4) and see that phase
segregation is correlated with a loss in Voc. The high Cs, low Br compositions have a more
stable Voc under laser illumination than low-Cs compositions with the same band gaps. Most
notable is the significantly improved Voc stability at 10 suns for the high Cs compositions.
However, even samples that do not undergo an obvious change in PL emission still lose Voc
(Figure 4). This could be due to small amounts of halide segregation, undetectable in our PL
measurements, that would cause recombination through lower band gap I-rich trap states,
resulting in Voc loss. To reinforce this point, the evolution of the PL center of mass in energy
is compared to the Voc loss over time in Figure S5, for each composition. It is apparent that
the change in PL center of mass follows a similar trend to the loss in Voc. Thus, Figure 4 also
suggests that Voc stability alone is a fairly good proxy for stability to halide segregation and is
potentially more important and relevant to monitor.

At 1 sun intensity, the Cs17/Br25 and Cs25/Br20 drop 14 and 5 mV, respectively, and
the Cs17/Br40 and Cs40/Br30 compositions drop 23 and 7 mV, respectively, over 10 minutes.
This highlights that while stability to halide segregation has been improved, increasing Cs and
lowering Br does not stop the Hoke effect from occurring, it just suppresses the rate at which
it occurs. It is important to note that we fabricate perovskite films using the CAGQ method
which produces smaller grains (Figure S6) than those fabricated by McMeekin et al, and a
smaller number of grain boundaries can lead to a suppression of halide segregation>!. This
suggests that these compositions could be made more stable yet with optimized deposition
conditions.
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Figure 3. Device PL data comparing Cs17/Br25 and Cs25/Br20 perovskites with a 1.68eV band
gap (panels A and B) and Cs17/Br40 and Cs40/Br30 perovskites with a roughly 1.75eV band
gap (panels C and D). The initial PL peak is shown as the orange dashed curve. The final PL
peaks after 0.1, 1 and 10 suns of excitation for 10 minutes with a 488nm laser are shown for
each composition. Devices were held at open circuit during the measurement.
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A and B) and Cs17/Br40 and Cs40/Br30 perovskites with a roughly 1.75eV band gap (panels C
and D).

Following on previous success in A-site compositional engineering, we have explored
the CsxFA1«Pb(Bryliy)3 space with the goal of finding compositions that show both high
efficiency and improved photo-stability with band gaps suitable to achieve efficient tandems.
Increasing band gap with Cs reduces reliance on Br to realize high performance wide band
gap perovskites with suppressed halide segregation. Through our exploration of the FA/Cs
and I/Br compositional space we have found that low Br and high Cs leads to reduced Voc and
EQE, while high Br and low Cs result in poorer stability to halide segregation and an unstable
Voc. Thus, as a rule of thumb, we believe it is desirable to have slightly more Cs than Br,
percentage-wise, in a wide band gap perovskite composition, with Cs25/Br20 and Cs40/Br30
arising as our champion compositions for 1.68 and 1.75 eV band gaps, respectively.
Combining this approach with others reported in the literature, such as obtaining greater
control of defect density and grain size during film formation and lowering ionic mobility
through quasi-2D structures®>>? in these higher Cs-containing, mixed halide compounds
present a pathway to further suppressing halide segregation and improve the photo-stability
to thousands of hours. It remains to be seen whether photo-induced phase segregation can
be suppressed to the point of attaining 25-year operational lifetimes with band gaps in excess



of 1.7 eV, but increased Cs concentration and compositional engineering bring that goal one
step closer.
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