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Abstract

Tin-lead mixed metal hybrid perovskites with tunable band gaps are attractive candidates to be
used as the low-band gap cell in high efficiency tandem solar cells. Nevertheless, perovskites
containing tin have a greater propensity to degrade due to the fast oxidation of Sn?* to Sn*, which
is a restrictive factor in the development of these materials. Although significant improvements
are achieved with Pb:Sn mixed-metal perovskites, in comparison to neat Sn perovskites, the
intrinsic instability may still pose a threat to long-term operation. For neat Pb perovskites, two
dimensional (2D) hybrid perovskites, where n layers of inorganic material are separated by a long
chain organic cation, generally exhibit greater stability but have lower photovoltaic performance
characteristics, motivating the study of 2D/3D mixed dimension systems to realize both high
efficiency and stability. In this report we demonstrate such optimal performance and stability
using formamidinium, cesium and t-butylammonium as A-site cations with Pb:Sn mixed metal low
band gap perovskites. As determined by film structure measurements, the optimised 2D
perovskite phases facilitate improved luminescence efficiency, which we infer to be via surface
defect site passivation. Perovskite solar cells based on n =4 and n =5 lead-tin perovskites achieved
power conversion efficiencies of up to 9.3% and 10.6%, respectively and correspondingly retained
47% and 29% of their initial efficiency during storage in nitrogen for 2000 hours. A similar stability
trend for n = 4 over n = 5 was also observed for unencapsulated devices during continuous
operation under combined air atmosphere and temperature for 10 hours, resulting in improved
stability over the 3D lead-tin counterpart.

Hybrid organic-inorganic perovskites have been extensively developed in the past few years due to
their outstanding semiconductor properties including large absorption coefficient, > tunable band
gap,? and long exciton and charge-carrier diffusion lengths.? As a consequence, impressive results
in different fields such as solar cells,*® light emitting diodes (LEDs)’ and photodetectors® have
been obtained. Specifically, in the field of solar cells, hybrid organic-inorganic perovskite solar cells
(PSCs) have become one of the most attractive forms of this technology as a result of rapid
improvements in champion power conversion efficiency (PCE), from 3.8 % in 2009 to 22.7 % last
year.>1% This value has been achieved through intensive research and development of 1.6 eV
bandgap lead-based perovskite absorbers.'*™3 Realising the full potential of these hybrid materials
relies also upon the ability to modulate their band gap by modifying the B site cation, typically



lead, in the three dimensional (3D) ABX3 perovskite structure. If the lead cation is completely
replaced by tin, then a narrower band gap of 1.4 eV can be obtained; while if it is partially
replaced, band gaps as low as 1.2 eV can be obtained.}**® This has motivated researchers in the
field of tandem solar cells,'® because a double junction tandem PSC can potentially yield up to 36%
power conversion efficiency (PCE).Y Particularly, perovskite tandem solar cells have been obtained
using FAos3Cs0.17Pb(losBros)s and FAg75Cso25SnosPbosls as wide and narrow band gap absorbers,
respectively. These tandem devices achieved PCEs of 17.0% and 20.3% in monolithic two terminal
and mechanically stacked four terminal tandem solar cells, respectively.’® Recently, the highest
PCE in four terminal configuration is 23.1% by using FAosCso2Pb(lo7Bros)s and
(FASI’\|3)0,6(MAPb|3)0,4.19

However, the sensitivity of the Sn-based perovskites to fast oxidation, where Sn% transforms to
Sn*, is a restrictive factor in the development of these semiconductors for stable PSCs.2° Mixed
tin-lead perovskites also exhibit poor intrinsic stability, with a degradation mechanism dependent
not only in the tin content but also in the A site cation.? In general, one of the most successful
attempts to improve the stability of both tin and lead-based perovskite is the partial substitution
of the A site cation for a larger hydrophobic cation that reduces both oxygen and moisture
ingress.?? This substitution leads to a two dimensional (2D) hybrid perovskite structure that can be
stoichiometrically described by the formula A;A’,.1BnX3n+1 Where A, A’ are cations, B is metal and X
is halide. The resulting material in then referred as a Ruddlesden-Popper perovskite with lower
dimensionality as the number of inorganic layers separated by the hydrophobic cation (n) goes
from infinity to one.?® To date the highest PCE for the 2D Ruddlesden-Popper perovskites is 13.7%
in a lead-based composition with Cs doping.?* For the case of tin, PSCs with PCE of 5.94% have
been demonstrated by introducing a small amount of a larger phenylethylammonium (PEA) cation
to form a mixed two dimensional 2D/3D absorber.?®> This value was recently improved by
optimizing the material composition, leading to better stability and a PCE of 9.0%.2° The most
promising A’ cations are those containing only a few carbon atoms that can provide stability
without negatively impacting the device performace, as is the case for the larger A’ cations such as
PEA. The most widely studied molecules containing 4 carbon atoms are n-butylammonium (n-
BA),%%? jso-butylammonium (i-BA)?® and tetra-butylammonium (tetra-BA),%° but there is also tert-
butylammonium (t-BA) with shorter axial chain length and higher thermal stability than the other
molecules. In this work we incorporate t-BA as A’ cation in combination with formamidinium (FA)
and cesium (Cs) in the mixed Sn/Pb low band gap perovskite system. We observed that this cation
is able to form a passivating 2D perovskite structure, leading to device performance up to 10.6%
and improved stability under continuous operation with air, simulated sunlight and temperature
exposure when compared to the 3D counterpart.

A primary goal of Sn perovskites is to achieve low band gap materials, and it has been
demonstrated that narrower (than the singles metal counterparts) band gaps are obtained in the
mixed Sn/Pb systems, with common ratios of Sn/Pb from 0.67 to 1.5.}* Using Pb/Sn=1.5 as metal
cations (less Sn to have better stability), iodine as anion and t-BA, FA and Cs as cations, we
fabricated (t-BA)2(FAo.85CS0.15)n-1(Pb0.6SNo.a)nl3n+1 films when the n value is modified from n=2 to n=9.
We note that we first optimized the FA/Cs ratio for both morphology and performance, as
explained in the supplementary information (Figure S1). Figure la-d shows the change in
morphology of the films for the optimal FA/Cs ratios when increasing dimensionality from n=2 to



n=5, with increasing grain size over these values followed by a reduction for n=9. All compositions
presented well-defined grains with some plate-like morphology embedded at the grain
boundaries. This plate-like morphology could correspond to some segregated 2D perovskite or to
some impurities. However, these plate-like structures were absent in films annealed at lower
temperatures (100 °C and 130 °C), which also resulted in smaller grains of size ~40 nm, similar to
those reported for other 2D perovskites?’ (Figure S2); without any reflections at low angles
according to the XRD data (Figure S3), suggesting that the plate-like structures could be a new
phase, which we will discuss later.

In Figure 1le and 1f, we show the absorption profiles and photoluminescence (PL) spectra of the
films, respectively. The absorption onset and emission peak are shifted to higher wavelengths
when the n value is increased. The spectral shift between the absorption onset and emission peak
is only a few meV, and unlikely to be due to the emission emerging from a lower dimensionality
phase,*® allowing us to calculate a bulk band gap of c.a. 1.24 eV for n>2 as shown in the inset of
Figure le (see Tauc plots used to calculate the band gap in Figure S4). We observe an increasing PL
intensity (Figure 1f) and lifetime (Figure 1g) from n=2 up to a peak of n=5 (being almost identical
to n=3 and with a time taken to fall to half of initial intensity, t1,= 6.7 ns), with the intensity and
lifetime then dropping for n=9 (112= 5.1 ns). This indicates that the n=5 system exhibits the ideal
combined characteristics of large grain size for the 3D phase and segregated 2D phases that
appear to passivate trap states in lead-based perovskites incoprating the BA cation.3!
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Figure 1: Characterisation of (t-BA)2(FAo.85CS0.15)n-1(Pbo.6SNo.4)nlzn+1 thin films. SEM images for a)
n=2, b) n=3, c) n=5 and d) n=9. Scale bar corresponds to 2um. e) Absorption spectra with the inset
showing the calculated band gap from Tauc plots, f) steady state PL and g) TRPL of films excited at
634 nm for n=2, 3, 5, and 9. The TRPL measurements were acquired at a fluence of 0.2
w/em?/pulse.

The X-ray diffraction (XRD) patterns (Figure 2a) show strong diffraction peaks at around 26 = 14.0°
and 28°, which correspond to the (100) and (200) reflections from a typical 3D perovskite cubic
phase.’*32 Additionally, we also observed multiple low angle peaks at 26 = 8.7°, 10.3° and 10.8°.



These reflections are too low in 20 to correspond to 3D perovskites. Considering that perovskites
incorporating the long ammonium BA cation usually show 2D layered structure,?*3! we therefore
attribute these low angle reflections to originate from 2D perovskite phases. The observed non-
related multiplicity of these peaks suggests that a mixture of different n-values was obtained,;
therefore each sample is not a strict binary phase system. We also observed that, as expected, the
peak intensities of the 2D phases reduced as the n-value increased, and that the high excess of
Pbl, in n=9 sample (26 = 12.6°) may promote disorder due to defects and vacancies, which could
be one of the causes of the sample’s low PL intensity and recombination lifetime.

To obtain a deeper understanding of each sample’s morphology we performed grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements, which provides information on sample
surface structure and the grain orientation distribution of different crystalline phases. We show
GIWAXS patterns in Figure 2b and 2c for n=3 and n=5 respectively, where we observe powder
diffraction rings indicating the polycrystalline nature of both the 3D and 2D perovskite grains. Note
that unlike bulk XRD, GIWAXS can reveal diffraction planes within the film that are non-normal to
the substrate, such as slantwise planes or planes that display preferred perpendicular orientation
of the periodicity of the 2D perovskite slabs.?®> In our case we did not observe preferred
orientation, but the isotropic rings found at 0.62 A, 0.73 A and 0.77 A are consistent with the
previous XRD data. The reduced 1D GIWAXS patterns are shown in Figure 2d and provide clearer
evidence for the existence of 2D phases that are randomly oriented throughout the film.
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Figure 2: Structural characterization of (t-BA)2(FAo.85CS0.15)n-1(Pb0.6SNo.a)nlsn+1 thin films. a) XRD
patterns and 2D GIWAXS patterns for b) n=3 and c) n=5 and d) reduced 1D GIWAXS patterns along

q:.

In order to validate their performance in solar cells, we fabricated planar heterojunction solar cells
with the architecture ITO/PEDOT:PSS/(t-BA)2(FA0.85CS0.15)n-1(Pb0.6SNo.4)nl3n+1/PCBM/BCP/Ag. In
Figure 3a, we show current density-voltage (J-V) data for the solar cells, with the corresponding
performance metrics presented in Table 1. The best performing device was obtained for n=5,
which exhibited a Jsc of 24.2 mA/cm?, a Vo of 0.70, and a FF of 0.63, yielding a PCE of 10.6%
reduced hysteresis as indicated. We note that the devices exhibited hysteresis in the forward and
backward scans (see Sl Figure S5) but this was reduced for n=5; this can also be seen in the
reduced data dispersion in Figure 3b which includes both forward and reverse scanning direction
data. Box plots of all other photovoltaic parameters are shown in Figure S6. By increasing n from 2
to 5, we observed significant improvements in Ji, which is consistent with a reduced transport
efficiency when a large amount of 2D material is present (as for n= 2).3

In order to understand the stabilized operation, we acquired the stabilized power output (SPO) by
measuring the current at a fixed maximum power point (MPP) voltage over 50 s, which we show in
Figure 3c. We find that for the n=5 PSC a champion SPO of 9.6% can be obtained, compared to
SPOs of 8.4% and 4.4% for n=4 and n=2, respectively. Finally, the calculated external quantum
efficiency (EQE) of the devices is shown in Figure 3d, indicating that each of the compositions
studied can generate a photocurrent following absorption of light from the near Infrared (NIR)
region. The EQE onset also showed a displacement towards shorter wavelengths for n=2
containing more t-BA cation and is in agreement with the previous calculated band gaps; in this
case, the small onset displacement combined with lower response across all wavelengths in the
EQE for the n=2 cell is in part responsible for the lower J,.. We also find that the FA/Cs ratios
shown here yield the highest performance (Figure S7 and Table S1).
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Figure 3: Photovoltaic performance of n-value dependent solar cells using (t-BA)2(FAo.s5CSo.15)n-
1(Pbo.sSno.a)nlans1 as active layer. a) JV curves, b) power conversion efficiency (PCE) box plot, c) SPO
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and d) EQE. PCE was measured under AM1.5 100 mW/cm?.

Table 2. n-value dependent solar cell
1(Pbo.sSno.a)nlan+1 solar cells determined from J-V curves in Figure 3.

Device
n=2
Average
Champion
n=3
Average
Champion
n=4
Average
Champion
n=5
Average
Champion
n=9
Average
Champion

PCE (%)

3.9+0.5
5.0

6.3+1.0
8.5

7.6%x1.5
10.4

9.3+0.8
10.6

6.4+1.3
8.9

Jic (MA/cm?)

12.2+0.6
13.9

18.3+1.6
21.3

20.8+1.8
24.2

23.9+0.6
24.2

19.6+2.1
23.5

800 900 1000 1100

gth (nm)

Voc (V)

0.59+0.03
0.61

0.62+0.03
0.64

0.64+0.04
0.70

0.66+0.02
0.70

0.61+0.05
0.67

performance parameters for (t-BA)2(FAo.s5CSo.15)n-

FF

0.54£0.04
0.59

0.55£0.04
0.60

0.57£0.06
0.61

0.59+0.04
0.63

0.54+0.06
0.57



To assess the stability of the PSCs we tracked the changes in SPO for unencapsulated devices over
2000 hours with glovebox storage (N, atmosphere) between measurements. As shown in Figure
4a, the n=2 and n=3 devices exhibit a faster decay, which could be related to defect-induced
degradation,® because even though they had the higher 2D content, for instance, n=2 had poorer
film quality with evident pinholes (Figure 1a) and lower radiative efficiency. Note that similar to
the lead-based 2D/3D perovskites J,c was the most affected parameter,®! as shown in Figure S8. In
contrast, the highest efficiency PSCs, n=4 and n=5, were also the most stable, retaining 47% and
29% of their initial SPOs after 2000 hours, respectively. Resulting in the longest stability test for
mixed tin-lead perovskites.
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Figure 4: Evolution of the normalized SPO over time for unencapsulated devices stored a) under

nitrogen atmosphere and b) exposed continuously to 1 sun illumination and 65 °C temperature
under ambient air atmosphere.

We also monitored the stability of these PSCs aged under air, 1 sun illumination and 65 °C. Figure
4b shows a faster decay for n=2 and n=3, which rapidly reduced the SPO to less than 1% after 8.3
h, which we propose is due to the combined self-defect and external- (air-) induced degradation.
The n= 4 and n=5 devices showed better stability, with n= 4 retaining 45% of its initial value after
10 hours. Interestingly, in both cases, there was a rise in efficiency in the first hour before the
onset of the degradation. This may be due to the same photo-induced trap passivation observed in
Pb based perovskites, resulting in initial improvements before degradation sets in.*® It may also be
due to the self-doping which occurs due to Sn vacancy generation in the Sn%* to Sn** degradation
process,” where “optimum doping” may occur after a certain period of degradation. To compare
this with a 3D mixed Sn/Pb perovskite we also fabricated the devices (Photovoltaic performance
shown in Figure S9), and we observe that SPO went down to 36% of its initial value after 5h,
corroborating the improved stability of our t-BA based 2D perovskites.

Conclusions

In conclusion, we investigated the formation and device performance of the 2D low band gap
(~1.24 eV) mixed tin-lead hybrid perovskite system, by introducing t-BA molecules to form 2D



domains within the FA/Cs 3D perovskite. The 2D domains increasing the PL efficiency and lifetime
by passivating non-radiative decay pathways. Diffraction studies reveal that the passivating 2D
domains are randomly distributed throughout the film. The resulting hybrid perovskites with
10.6% efficiency showed improved device stability, making them attractive candidates for high
efficiency low cost tandem solar cells. Our results demonstrate that achieving stable operation
mixed tin-lead hybrid perovskites is possible and therefore, future investigations in this direction
are highly encouraged.

Methods
(t-BA)2(FA(1-x) CSx)2(Pbo.65Sno.4)3110 and (t-BA)2(FAo.85CS0.15)n-1(Pbo.6SNo.4)nl3n+1 precursor solutions.

The (t-BA):(FA(1x) Csx)2(Pbo.sSno.s)slio precursor solution was prepared by mixing Formamidinium
iodide (FAI) (Dyesol), cesium iodide (Csl) (Alfa Aesar, 99.99%), lead iodide (Pbl,) (TCI, 99.999%) tin
iodide (Snl) (Sigma-Aldrich, Anhydrous, 99.99%) and tin fluoride (SnF) with a molar ratio of 2:2(1-
X):2x:1.8:1.2:0.24 = t-BU:FAI:Csl:Pbl,:Snl;:SnF,. Note that the 0.24 moles of SnF, corresponds to a
20% excess respect to Snl,, in order to prevent solution oxidation. The mixed powders were
dissolved in anhydrous N,N-dimethylformamide (DMF) (Sigma-Aldrich, 99.8%) to give a 69 %w/v
solution when x=0. The solutions were stirred overnight in a nitrogen-filled glove box, prior use.

(t-BA)2(FA0.85CS0.15)n-1(Pbo.6SNo.a)nlsn+1  precursor solution was prepared the same solution
concentration was used, but as the FA/Cs ration was kept fixed to 85/15, then the powders mixing
was modulated according to the molar ratio of 2:0.85(n-1):0.15(n-1):0.6n:0.4n = t-
BU:FAI:Csl:Pbl;:Snl;. 20% excess of SnF; respect to Snl; was also added to all solution. These
solutions were also stirred overnight in a nitrogen-filled glove box, prior use.

t-BA/FA/Cs Solar cell fabrication

ITO substrates were sonicated in water (5 min), Acetone (5 min) and Isopropanol (IPA) (5 min),
then dried and O;-plasma treated (10 min). PEDOT:PSS (Clevios, P VP Al 4083) was diluted 2:1 by
volume (methanol: PEDOT:PSS) and then spin coated in a drybox at 4000rpm, with a 4000rpm/s
ramp during 40s. The substrates were then annealed at 150 °C for 10 min and then transferred to
a glove box, where they were annealed again at 120 °C for 10 min before depositing the
perovskite. All the perovskite precursor solutions were deposited using a two-step program, 1000
rom and 4000 rpm for 10 and 15 s, respectively. 18 s after the program started, 200 pL of
anhydrous toluene (Sigma-Aldrich, 99%) was dropped, forming immediately a dark brown
perovskite film. The substrates were then annealed at 100 °C, 130 °C or 150 °C for 20 minutes.
Filtered PCBM solution (20 mg/mL in 3:1 by volume Chlorobenzene:(1,2-Dichlorobenzene)) was
deposited by dynamic spin coating at 2000 rpm during 30 s. The substrates where then place on a
hotplate at 80 °C for 5 minutes. Then a solution of 0.5mg BCP in 1ml of IPA was deposited at 4000
rpm. Finally, to complete the devices, 100 nm silver electrode was thermally evaporated.

3D (FA0.85Cs0.15)(Pbo.6Sno.4)l3 Solar cell fabrication



The same procedure as for the t-BA/FA/Cs solar cell was followed. But in this case the precursor
solution did not contain t-BA. A mixture of DMF:DMSO (4:1 volume) instead of only DMF was
used, because the films containing only DMF formed cracks after toluene was dropped.

Current—voltage measurements

Solar cells were measured with an Abet Class AAB solar simulator under simulated AM 1.5 sunlight
at 100 mW cm? irradiance, calibrated by an NREL-calibrated KG5 filtered silicon reference cell. The
mismatch factor was calculated at < 1%. J-V curves were recorded with a 2400 Series Sourcemeter
by Keithly Instruments. The solar cell active area was 0.0919 cm.

External quantum efficiency (EQE)

EQE spectra were evaluated via custom-built Fourier transform photocurrent spectroscopy based
on the Bruker Vertex 80v Fourier transform spectrometer. A Newport AAA sun simulator was used
as the light source and the light intensity was calibrated with a Newport-calibrated reference
silicon photodiode

Ultraviolet-visible absorption (Uv-vis)

The steady-state absorption spectra were acquired with a Perkin-Elmer Lambda 1050 UV/Vis/NIR
spectrophotometer.

Photoluminescence spectroscopy

Steady-state and time-resolved PL measurements were performed using a time resolved single-
photon counting setup (FluoTime 300, PicoQuant GmbH) using a 634 nm pulsed laser as excitation
at frequencies between 2 MHz and 5MHz.

Scanning electron microscopy (SEM)
The morphology of perovskite films was investigated using a SEM (Hitachi S-4300)
X-ray diffraction (XRD)

For the Mixed tin-lead perovskites a Rigaku SmartLab X-ray diffractometer with Cu Ka radiation
was used.

GIWAXS

Samples were measured in a grazing-incidence geometry at beamline 107 of the Diamond Light
Source (Harwell, UK). A beam energy of 10 keV was used with samples housed in a custom-built
chamber during measurement. Samples were tilted at 0.3° into the path of the incident X-rays. X-
ray scatter was measured using a Pilatus 2M detector, calibrated using silver behenate powder.
Collected data were analyzed using the DAWN software package (http://www.dawnsci.org/).

Stability test

Unencapsulated devices were kept inside a nitrogen-filled glovebox over 910 h for the operational
performance test. These devices were air exposed for around 10 min during photovoltaic
characterization. Other set of unencapsulated devices were aged under open-circuit conditions,



under full-spectrum simulated AM1.5, 76mA/cm? irradiance, using an Atlas SUNTEST XLS+ (1,700W
air-cooled xenon lamp). We note that the light source is pulsed at 100Hz frequency and we do not
apply any additional ultraviolet filter during the ageing process. The chamber is air-cooled to have
a temperature around 60 °C as indicated by a black standard temperature control unit mounted
inside. We do not have control on the humidity but monitored the laboratory humidity, which
around 50% relative humidity at room temperature, during the course of the ageing.
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