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ABSTRACT: The commercial feasibility of perovskite solar cells (PSCs) is 0% PEA
not guaranteed as long as lead (Pb) is present in the active material, halide

perovskites. Mixed halide tin (Sn)-based alloyed perovskites with optimal

band gaps ranging from 1.15 to 3.55 eV are excellent alternatives to Pb-based 220 .
perovskites. In this work, we find that the addition of a bulky phenylethyl

ammonium (PEA) cation in the precursor solution leads to an improved solar ?6-‘4.30
cell performance and optoelectronic properties. A prolonged laser exposure is sy -4.64
found to induce a redshift in the sample absorption for the control and no shift

for the PEA-added sample, as shown by transient absorption spectroscopy. Perovskite
Further, we show that the addition of PEA improves band alignment of the -5:30

perovskite with phenyl-Cg,;-butyric acid methyl ester, which aids in electron \/ ooa 600 \J ’
injection and therefore increases photocurrents in solar cells. Further, we show

that PEA addition suppresses halide segregation improving material stability

and recombination dynamics in the perovskite material. As a result, the PEA-

containing Sn-rich PSCs exhibited a champion efficiency of 13% with an open-circuit voltage of 0.77 V and improved current—
voltage hysteresis behavior. These results shed light on the importance of halide segregation and band alignment when designing
lead-free PSCs.

KEYWORDS: perovskite solar cells, lead-free perovskites, compositional engineering, band alignment, Sn—Pb perovskites,
transient absorption spectroscopy, photoinduced halide segregation
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B INTRODUCTION

With the recently certified power conversion efficiency (PCE) of
25.5%, halide perovskite solar cells (PSCs) are ready to match

based perovskites. However, their performance is mainly limited
by low open-circuit voltage (V,.) because of high defect
concentration in the material.'>'* One of the main reasons for
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the performance of silicon (Si) and gallium arsenide (GaAs)
thin-film photovoltaic technologies." Nevertheless, the use of
toxic lead (Pb) in state-of-the-art ABX; perovskites [where A =
methylammonium (MA), formamidinium (FA), cesium (Cs)
and/or rubidium (Rb); B = Pb and/or tin (Sn); X = chlorine
(Cl), bromine (Br) and/or iodine (I)] is challenging in
kickstarting large-scale production and commercialization of
this new technology. Recent reports have shown the
bioavailability of Pb from perovskites and their detrimental
effects on plants.2 On the other hand, Sn/germanium (Ge)-
based perovskites, double perovskites such as Cs,AgBiBry,
Cs,AgBiCl,, AgBi,I,, and bismuth (Bi)/antimony (Sb)-based
perovskite-like structures are some viable alternatives to the Pb-
based perovskites.”*

Among the Pb-free alternatives, Sn-based perovskites are the
most attractive candidates because of their similar optoelec-
tronic properties to those of the Pb-based counterparts.”” ">
With band gaps ranging from 1.15 to 3.55 eV, long-lived charge
carriers, and high optical density, Sn-based perovskites should,
in principle, be able to exhibit similar efficiencies to those of Pb-
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the poor V,_ is unwanted oxidation of Sn** to Sn**, which acts as
a p-type dopant in the material.'* To circumvent full oxidation
of the perovskites, alloying of Sn with Pb has been used as a
promising strategy toward achieving less toxic PSCs with device
performances that approach those of the Pb-based counterparts.
So far, halide Sn—Pb perovskites with <60% Sn of total B-site
metal content deliver the highest efficiencies.'®"” The perform-
ance of halide Sn—Pb perovskites with >60% Sn is partly limited
by oxidization of Sn*" to Sn**, which generally reduces the V. of
PSCs.'®"” In addition to being less toxic, the band gaps of Sn-
based perovskites make them ideal for building perovskite—
perovskite tandem solar cells.””
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Figure 1. Perovskite thin-film deposition and its optical properties. (a) Schematic of preparation of the PEA/FA/MA(SnPb)1/Br perovskite precursor,
(b) schematic of perovskite thin film fabrication, Tauc plots showing band gaps of (c) FA/MA(SnPb)I/Br and (d) PEA/FA/MA(SnPb)I/Br, and
SEM images of (e) FA/MA(SnPb)I/Br and (f) PEA/FA/MA(SnPb)I/Br.

In this work, our primary objective was to design a less toxic
perovskite material (by reducing the amount of Pb as low as
possible) for a single-junction solar cell without much
compromising photovoltaic performance. The Sn oxidation in
narrow band gap Sn-rich perovskites reduces the V. and
photovoltaic performance of the devices. The band gap of the
perovskite can be tuned by using fractional mixtures of I and Br
in the composition, known as mixed halide perovskites.”">* The
addition of Br to Sn—Pb perovskites is aimed at increasing the
band gap of the material from 1.15 to 1.4 eV, as this yields a
maximum in the theoretical efficiency calculated by Shockley—
Queisser, while maintaining a relatively large V. However,
these mixtures are known to induce segregation of halides, ™%
which is in turn responsible for low photovoltaic performance
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and stability of the devices.”*™*® The halide segregation involves
many different processes, including light-induced halide ion
migration, which leads to the formation of I-rich and Br-rich
domains.** Recently, we have found that halide distribution
becomes homogenized upon partial substitution of A-site
cations with inorganic cations.”” Recent record efficiency
reports suggest that addition of bulky organic cations [such as
phenylethyl ammonium (PEA), butylammonium, and guanidi-
nium thiocyanate] in the perovskites leads to surface passivation,
improved charge carrier lifetimes, and reduced ionic trans-
port,1630-33

In this work, we employ a mixed-halide Sn-rich alloyed
perovskite (with 70% Sn and 30% Pb of total B-site metal
content) with a band gap of 1.4 eV rather than the widely used

https://dx.doi.org/10.1021/acsaem.0c03191
ACS Appl. Energy Mater. 2021, 4, 2616—2628


https://pubs.acs.org/doi/10.1021/acsaem.0c03191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c03191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c03191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c03191?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c03191?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

a
43 178 nm
<
o
o
[s2}
o
o
o~
o
-O
L 5
400300 200 100 Opm 0nm
(o
- 180 1713] 1624 1461 1238
>
E 160 -
[
O 140 -
Q ]
- 1.20
g 100
=
:E 0.80 -
é 060 | ‘ f
E 040 - ‘U\Q\JW‘/% ) \
0.20 AM}' : A o

T

1900 1700 1500 1300

Wavenumber (cm)

1100

900

143 nm

220 +
2.00 -
1.80
160
140 A

1.20
1.00 -

0.80
0.60
0.40
0.20

1713] 1624] 81

Photo-induced Force (mV) o

900

1700
Wavenumber (cm)

1900 1500 1300 1100

Figure 2. IR spectra of perovskite film surface topography of (a) FA/MA(SnPb)I/Br and (b) PEA/FA/MA(SnPb)I/Br perovskite films and their IR

spectra in (c,d), respectively.

narrow band gap iodide-based alloyed perovskites. The mixed-
halide Sn—Pb-alloyed perovskite thin films, (FASnly),,
(MAPbBr;)o; (FA/MA/SnPb/1/Br), are prepared from a
mixture of FASnl; and MAPbBr; perovskite precursors. The
1.4 eV band gap of FA/MA/SnPb/I/Br is very close to the
optimal band gap for achieving maximum theoretical efliciency
in a single-junction solar cell.”® However, this material showed
poor solar cell performance, mainly because of inferior
photocurrent, despite its impressive V. The photoelectron
spectroscopy revealed the metal halide inhomogeneity in FA/
MA/SnPb/I/Br perovskite and their unfavorable band align-
ment with the electron selective layer, phenyl-Cq;-butyric acid
methyl ester (PCBM). The recombination dynamics in Sn-Pb
alloyed perovskites were investigated through transient
absorption (TA) measurements. A prolonged laser exposure
on the FA/MA/SnPb/1/Br perovskite during the TA measure-
ment led to a redshift of photobleach near the band gap,
indicating occurance of photoinduced halide segregation in the
samples. Here, we investigate the effects of adding bulky PEA
cations in a perovskite composition on the distribution of metals
and halides throughout the film, thereby achieving favorable
band alignment with PCBM and reducing the photoinduced
halide segregation in mixed halide Sn—Pb alloyed perovskites.
Optical and Morphological Properties. The FA/MA-
(SnPb)I/Br precursor solution is prepared by mixing FASnl,
and MAPbBr; solutions (in dimethylformamide and dimethyl
sulfoxide) at a 2.33:1 ratio. A 5% of PEA with respect to FA/MA
was added to produce PEA/FA/MA(SnPb)I/Br precursor
solution. A schematic of PEA/FA/MA(SnPb)I/Br precursor
solution preparation is presented in Figure 1a. We prepared films
of FA/MA(SnPb)1/Br and PEA/FA/MA(SnPb)I/Br using the
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commonly used antisolvent approach for Sn perovskites (Figure
1b). 3435

The thin films were prepared on a glass substrate for optical
characterization. The absorption spectra of these films were
measured, and the band gap was extracted for the FA/
MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br perovskites, as
shown in Figure 1c,d. Generally, Sn—Pb-alloyed perovskites are
narrow band gap semiconductors (~1.2 eV).!9353¢ The
presence of both Pb and Br in the mixed-halide Sn—Pb
perovskites resulted in a wider band gap of 1.4 eV. Adding 5% of
PEA to the FA/MA(SnPb)I/Br perovskite solution did not
significantly change the band gap of the perovskite thin film
(Figure 1d). We characterized the morphology by imaging the
top view of the perovskite films prepared on a glass/poly(3,4-
ethylene dioxythiophene)-poly (styrene sulfonate) (PE-
DOT:PSS) substrate by scanning electron microscopy (SEM;
Figure lef). The images show pinhole-free perovskite films with
crystal grain sizes between 100 and 500 nm. Pinhole-free films
with large grain sizes are highly desirable for efficient, hysteresis-
free, and reproducible solar cells.*”** No significant changes in
grain sizes were observed upon the addition of PEA. Both films
showed a relatively broad distribution of grain sizes, which is not
ideal for optoelectronic applications, and we anticipate that a
further optimization of solvent and antisolvent engineerin§
could result in larger grains with a more uniform distribution.’
Besides, we observed small features on the perovskite film
surface after the introduction of PEA. Following several
literature reports, we initially anticipated that these small
features could be 2D phases, formed as a consequence of the
addition of PEA.*>*' We tried to analyze small features on the
perovskite film by performing atomic force microscopy
integrated with infrared spectroscopy (AFM-IR or nano-IR)
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Figure 3. Structural properties and elemental composition of perovskite thin films. (a) Comparison of XRD spectra of FA/MA(SnPb)1/Br and PEA/
FA/MA(SnPb)I/Br (inset: shift in major XRD peak) and high-resolution XPS spectra of (b) C 1s and (c) N 1s of PEA/FA/MA(SnPb)1/Br
perovskites.

on perovskite film surfaces.”” IR mapping allows us to analyze indicating an increase in lattice constants. The major peak
the chemical composition, specifically, organic components at a located at 14.365° corresponding to the (110) crystal plane
specific location of the perovskite film surface by investigating shifted to 14.297° when PEAT was added (see the inset of Figure
the IR signal from that site. Figure 2a,b shows the topography of 3a). Generally, incorporation of a cation with a large ionic radius
perovskite films. IR spectra of marked spots on the perovskite into the structure increases the lattice constants. However,
film surface (see Figure 2a,b) are shown in Figure 2c,d. Both because of its larger size, we would not expect the PEA to be able
films showed a strong IR signal at 1713 cm™', which can be to be integrated within the perovskite structure.*” On the other
attributed to C=N symmetric stretching of the FA" cation.*~* hand, adding more iodine or homogenization of bromine with
The peak that appeared at 1461 cm ™" is the characteristic NH; respect to iodine in mixed-halide perovskites, increases the
asymmetric bending mode, which suggests the presence of lattice constant, as iodine expands the lattice. Peak profile
organic MA" cations in these samples. Additionally, the peaks analysis has shown that the addition of PEAI led to a slight
observed in PEA/FA/MA(SnPb)I/Br samples around 1500 decrease in the full width at half maximum (fwhm) (Figure S2).
cm™ (at 1500 and 1469 cm™) are consistent with the presence The decrease in the fwhm implies a less strained lattice upon
of an aromatic compound.**” Furthermore, the peak observed addition of 5% PEA. The reduction of fwhm of the (110), (200)
at 811 cm ™" also corresponds to in-plane CH bending vibrations peaks shows a lowering of the lattice strain along the inorganic
of aromatic compounds. These characteristic bands confirm the bonding direction of I-Sn (and/or Pb)-I, Br—Pb (and/or
presence of PEA molecules on the perovskite surface. Here, we Sn)—Br, or I-Pb (and/or Sn)—Br.”’
strategically chose locations [color-coded and cross-hair cursors Chemical Compositional Analysis. The elemental
(numbered) on AFM images specify the location where IR composition of perovskite films was probed by using XPS.
spectra were measured], such as grain boundaries, and observed The high-resolution spectra of various elements in perovskites
small features on the surface to investigate the compositional/ are shown in Figures 3b,c, and S3—S5. The presence of PEA in
chemical nature of unique features. PEA/FA/MA(SnPb)I/Br was confirmed by analyzing the C 1s
The signals corresponding to PEA molecules are varied in and N 1s peaks (Figure 3b,c). The z7—x* satellite peak observed
intensity at different locations, but we observed no trend or at291.2 eV around 6.4 eV from the main C 1s peak corresponds
pattern. For instance, location [10] positioned at a smaller to the aromatic rings of the PEA molecule (Figure 3b).
feature does not show IR bands for PEA cations; conversely, the Furthermore, the MA, FA, and PEA can easily be distinguished
small feature observed at location [6] showed characteristic from each other by the location of N 1s spectra (Figure S6). We
bands corresponding to PEA molecules. These results suggest have performed XPS and analyzed the N 1s peak of three
that small features seen on PEA/FA/MA(SnPb)I/Br perovskite different perovskite components [namely, FASnl;, MAPbBr;,
films are not exclusively 2D phases or PEA-containing and (PEA), Sny, Pby; (I5;Bry3)s (pure 2D phase)] present in

perovskites. To sum up, a careful AFM-IR analysis revealed the PEA/FA/MA(SnPb)I/Br perovskite composition. FASnl;,
that these small features might be originating from a difference in MAPbBr;, and (PEA), Sny; Pby (I);Bry3), present a single N
crystallization induced by PEA, instead of a collection of 2D 1s peak located at ~400.3, ~400.5, and 401.7 eV, respectively.
perovskite phase. The peaks corresponding to MA and FA are close and not

Structural Properties. To understand the structural separable in FA/MA(SnPb)I/Br perovskite films (Figure S3b;
changes to the perovskite films upon the addition of PEA, we located at 400.1 eV). On the other hand, the N 1s peak of the
performed X-ray diffraction (XRD) measurements. XRD results PEA/FA/MA(SnPb)I/Br perovskite (Figure 3c) can be
are presented in Figure 3a. A significant increase in the XRD deconvoluted into two peaks: (1) located at 402.2 eV
peak intensity was observed for PEA/FA/MA(SnPb)I/Br corresponding to the N 1s peak from PEA and (2) located at
samples compared to FA/MA(SnPb)I/Br, showing that PEA/ 400.1 eV corresponding to the N 1s peak from FA/MA. To
FA/MA(SnPb)I/Br perovskites exhibit increased preferential investigate the PEA distribution in the PEA/FA/MA/ (SnPb)1/

orientation in the (110) plane than the counterparts without Br perovskite film, we analyzed C 1s and N 1s peaks after etching
PEA. Adding PEA also led to formation of 2D perovskite phases, the film surface with 10 keV Ar 500 + ions (Figure 4). The z7—z*
as evidenced by the emergence of a low angle peak around 20 = satellite peak of C 1s observed at 291.2 eV and N 1s peak located
3.5° (Figure S1).* Interestingly, we observed a shift in XRD at 402.2 eV from PEA were observed even after five etching
peaks in these alloyed perovskites when we incorporated PEA, cycles, suggesting that PEA molecules are distributed across the
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Figure 4. X-ray photoemission spectroscopy (XPS) depth profiling of perovskite films C 1s and N 1s XPS spectra of PEA/FA/MA(SnPb)1/Br

perovskite films after etching the surface with 10 keV Ar ions.

film from the surface to bulk. However, the intensity of these
peaks does not show any particular trend, which might be
because the PEA molecules are randomly distributed across the
film. As expected, FA/MA(SnPb)1/Br perovskite films did not
show any of the peaks corresponding to PEA (Figure S3).
Furthermore, we analyzed the chemical compositional differ-
ences between samples by quantifying XPS signal intensity ratios
between different elements. The estimated intensity ratios from
XPS compared to the ratios obtained from the chemical formula
to investigate chemical compositions of thin films. Table 1
presents the Sn/Pb and I/Br ratios estimated from high-
resolution XPS for the perovskites. The estimated Sn/Pb ratio
from XPS for FA/MA(SnPb)I/Br perovskite is 3.90, which
deviates from the theoretical value of 2.33. Because XPS is a
surface-sensitive technique (less than 3 nm), a large deviation in

2620

Table 1. Intensity Ratios between Elements Calculated from
XPS Spectra from Perovskites

Sn/Pb 1/Br

composition (theoretical:2.33) (theoretical:2.33)
FA/MA(SnPb)I/Br 3.90 2.06
PEA/FA/MA(SnPb)I/Br 2.29 3.21

Sn/Pb ratio suggests a Sn-rich perovskite surface in FA/
MA(SnPb)I/Br perovskite thin film. The estimated I/Br ratio,
2.06, for the FA/MA(SnPb)I/Br perovskite also differs from the
theoretical value (2.33), obtained from a chemical formula
suggesting an I-poor perovskite surface. In short, the FA/
MA(SnPb)I/Br perovskite film has an Sn-rich and I-poor
surface. This may be due to the inhomogeneous distribution of
elements throughout the FA/MA(SnPb)I/Br perovskite thin

https://dx.doi.org/10.1021/acsaem.0c03191
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Figure S. Charge carrier dynamics and optical properties of perovskite thin films (a) TA 2D maps of (a) FA/MA(SnPb)1/Br perovskite and (b) PEA/
FA/MA(SnPb)1/Br perovskite on a glass substrate, (c) comparison of normalized TAS of FA/MA(SnPb)1/Br perovskite and PEA/FA/MA(SnPb)1/
Br perovskite at 0.1 ps after excitation with a 2.7 eV laser pulse, and (d) comparison of time-dependent behavior of the normalized GSB + SE signals at
1.5 eV. (e) Evolution of TAS at 0.1 ps after pump excitation and white light (WL) probe exposure for FA/MA(SnPb)I/Br and (f) PEA/FA/
MA(SnPb)1/Br perovskites. (g) Evolution of TAS dynamics at 1.5 eV after pump excitation and WL probe exposure for FA/MA(SnPb)1/Br and (h)

PEA/FA/MA(SnPb)I/Br perovskites.

film. The addition of PEA changes the chemical composition of
the perovskite film at the surface. The Sn/Pb ratio for PEA/FA/
MA(SnPb)I/Br is close to the theoretical value, which is in
agreement with the chemical formula (Table 1). However, the I/
Br ratio for PEA/FA/MA(SnPb)1/Br varies from the theoretical
value, making these films I-rich surfaces, which is consistent with
the observed XRD peak shift. This suggests that a more
homogenous metal distribution is present throughout the PEA/
FA/MA(SnPb)I/Br perovskite film with I-rich surfaces. A
simple explanation for the emergence of I-rich film surface can
be derived from AFM-IR and XPS depth profiling, clearly
showing a strong PEAI distribution on the film surface. We
reason that the strong presence of PEAI salt on the film surfaces
makes them I-rich surfaces. The change in I and Br distribution
due to a less strained lattice in PEA-containing perovskites also
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cannot be discarded. Previously, we have shown that
incorporating Rb and Cs cations lead to a less strained lattice
and the modified distribution of I and Br.”’ The observed
reduction in fwhm of the XRD peak in PEA-containing samples
indicates a less strained lattice in the sample. We posit that PEA
cations may have similar effects as Rb and Cs cations—a less
strained lattice modifying the perovskite composition.

In our opinion, the two hypotheses mentioned above are not
mutually exclusive, and instead, both less-strained lattice and
PEAI salt distribution on the film surface can lead to the
compositional changes in mixed-halide Sn—Pb perovskites. We
also found a reduction of Sn** oxidation to Sn*' after the
addition of PEA in the perovskite composition (Figure S7). The
Sn** oxidation often leads to an increased nonradiative
recombination in Sn-based perovskites, and partially hindering
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Figure 6. Solar cell configuration and characterization. (a) Schematic of the PSCs. (b) J—V curves of solar cells employing FA/MA(SnPb)I/Br and (c)
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the Sn** oxidation by adding PEA could improve the
performance and stability of the material.

Optoelectronic Properties. To understand the recombi-
nation dynamics in mixed-halide alloyed perovskites, we studied
the photophysical dynamics through TA spectroscopy (TAS), as

shown in Figure 5. TAS measurements were performed on a
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perovskite/glass substrate to study carrier dynamics and the
effects of prolonged photoirradiation in the neat mixed-halide
alloyed perovskite films. In this scenario, we do not expect any
quenching of the TA signal as the glass substrate does not actasa
quencher. Pump pulses of 2.70 eV and ~220 fs with fluences of

~500 nJ/ cm? were used to photoexcite into the conduction
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band (CB) of the perovskites. The two-dimensional TA maps
for FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)1/Br (Figure
Sab, respectively) present subtle differences. The dominant
characteristic of the TAS spectra located around 1.5 eV can be
assigned to a long-lived ground-state bleaching (GSB) and
stimulated emission (SE).*"~>* Another weak GSB + SE region
was observed above 2.2 eV. The presence of two distinct GSB +
SE regions in halide perovskites has been attributed to electronic
transition stemming from the perovskite’s dual valence band
composition. There is an ultrafast photoinduced absorption
process that occurs at ~1.4 eV, and this can be attributed to hot
carrier cooling and band gap renormalization.>” Finally, a short-
lived (~1 ps), weak photoinduced absorption spanning from
~1.9 to 2.2 eV can be attributed to photoinduced refractive
index changes and/or to transitions of free carriers from the CB
edge to higher states within the CB and/or from lower valence
bands (VBs) to the VB edge.s‘}”54 Figure Sc shows the TAS
spectra at 0.1 ps normalized to the 1.5 eV peak for both
perovskites. Although the spectral shape looks similar, the GSB
+ SE near the band gap is slightly red-shifted upon PEA addition,
and it is in line with the study by Shao et al.”®> The observed
redshift could be a result of compositional changes such as I-rich
surfaces in PEA/FA/MA(SnPb)I/Br perovskite films, as we
noted in XPS analysis.

The time-dependent behavior of the normalized GSB + SE
signal at 1.5 eV is shown in Figure 5d. The GSB + SE recovery of
the PEA/FA/MA(SnPb)1/Br sample is slightly slower com-
pared to FA/MA(SnPb)1/Br sample, suggesting a slower charge
carrier depopulation in PEA-containing samples. Slow GSB + SE
signal recovery in TAS implies a long-lived charge carrier
population and longer diffusion length in the perovskite
semiconductor. Compositional inhomogeneity and lattice strain
can instigate nonradiative losses in these mixed halide perovskite
films.*®

Further measurements were performed to study the evolution
under light exposure, where both pump light and probe light
were continuously impinging the sample for over 30 min in a
new spot. The FA/MA(SnPb)I/Br sample presents both a
decrease and a redshift of the bleach near the band gap (Figure
Se). The light-induced redshift is often attributed to phase
segregation in the mixed-halide perovskite.”**” The dynamics
(Figure Sg) show a decrease in the GSB + SE intensity, mainly
because of the phase segregation as well as degradation of the
material, and the dynamics are reduced from hundreds of ps at
the beginning of the measurement to only tens of ps after 30 min
exposure to light. Although the photoinduced halide segregation
is quite common in mixed-halide perovskites, the exact
mechanism behind this phenomenon remains unknown.>®
Strain- or carrier-induced lattice distortion, compositional
inhomogeneity, and defect-mediated halide migration are
actively considered as contributing factors to cause photo-
induced halide segregation.”***

The incorporation of PEA into the perovskite presents a
different scenario after 30 min of light exposure (Figure Sf).
There is no evident peak shift of the 1.5 eV feature, and there is
only a slight degradation of the GSB + SE peaks. Furthermore,
the dynamics become slower but still in the hundreds of ps range
(Figure Sh). This is a piece of clear evidence that the addition of
PEA makes the perovskite structure more robust and less prone
to photoinduced degradation. We hypothesize that better
compositional homogeneity and reduced lattice strain induced
by PEA led to less halide segregation in PEA/FA/MA(SnPb)I/
Br perovskite materials.
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Solar Cell Performance. The photovoltaic properties of
FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)1/Br perovskites
were evaluated in a planar solar cell architecture consisting of
indium-doped tin oxide/PEDOT:PSS/perovskite/PCBM/
bathocuproine (BCP)/silver (Ag) (Figure 6a). The current
density—voltage (J—V) curves and external quantum efficiencies
(EQEs) of champion devices are shown in Figure 6b—d,
respectively. FA/MA(SnPb)I/Br devices exhibited an average
PCE of 7.03 + 0.70% with an open-circuit voltage (V,.) of 0.72
+ 0.03 V, a short-circuit current density (J,.) of 15.03 + 1.35 mA
cm™2, and a fill factor (FF) of 64.73 + 1.36%. It should be
mentioned that the V. reported here for FA/MA(SnPb)I/Br
devices is among the highest for a Sn-rich alloyed PSC. Table S1
lists the highest V. reported in the literature for Sn-containing
(with a focus on Sn-rich compositions) devices. The high V. in
mixed-halide-based alloyed perovskite system (FA/MA(SnPb)-
I/Br) is a result of a wider band gap (1.4 eV) and reduced
recombination dynamics of this material. We are aware of only
one report with similar V. (0.76 V) for a Sn-rich perovskite
composition (FA,5Cs;,Sny,Pbg;1;), where the authors used Cs
to tune the band gap of the material via octahedral tilting.>”

The addition of 5% PEA yields a significant enhancement in
the overall device performance. PEA/FA/MA(SnPb)I/Br
devices exhibited an average PCE of 12.06 + 0.62% with V
0f0.76 + 0.01V, J,. 0f 22.61 + 1.06 mA cm ™2, and FF of 69.42 +
0.78%. Figure 6e—g shows a box plot of summarizing the
photovoltaic parameters obtained for FA/MA(SnPb)I/Br and
PEA/FA/MA(SnPb)1/Br devices from 21 devices per perov-
skite compound. We noticed a slight current mismatch between
J—V and EQE measurements. The current mismatch is quite a
common issue in PSCs. A broad range of reasons that are
peculiar to perovskite materials ranging from ion migration to
strong frequency dependence of the EQE for PSCs are posited as
reasons for the mismatch.°”®! Therefore, a current mismatch of
10—20% is typically observed for PSCs. In this report, the
current density mismatch is around 12%, which is within the
allowed range. We have also tried a higher amount of PEA (i.e,
10%) in the composition and found an inferior PV performance
compared to 5% of PEA (Table S2). All the photovoltaic
parameters were improved in PEA/FA/ MA(SnPb)I/Br devices
compared to FA/MA(SnPb)I/Br devices, with the J,. showing
the most substantial enhancement. The enhancement in J,. was
also reflected in the EQE, which is the ratio of the number of
photons to the number of generated charge carriers in a solar
cel. The FF depends in part on the band alignment at
perovskite/PEDOT:PSS and perovskite/PCBM interfaces. The
origin of voltage loss in mixed-halide perovskites often attributed
to a photoinduced halide segregation.”***®* In that scenario,
halide segregation under illumination causes the formation of
Br-rich (I-poor) or I-rich (Br-poor) domains in mixed-halide
perovskites, which facilitates recombination and limits the V. of
the solar cells.””> We also see an increase in the V,_in PEA/FA/
MA(SnPb)I/Br devices in conjunction with reduced halide
segregation (TAS results) in perovskite films.

Contrary to popular belief, a recent study by Snaith et al. has
shown that the V. loss is due to the relatively low radiative
efficiency of the solar cells (resulting from recombination
originating both at the absorber layer and at the perovskite/
charge selective layer) rather than from photo-induced halide
segregation.”* These contradicting reports indicate that voltage
loss in mixed-halide perovskites is more complicated than what
was previously thought, which suggests that more careful studies
are needed to uncover the exact mechanism behind V__ loss in
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mixed-halide perovskite devices. Therefore, the V. improve-
ment in PEA/FA/MA(SnPb)1/Br devices could have multiple
origins, such as reduced photoinduced halide segregation and/
or reduced recombination in perovskite materials and at the
perovskite/charge selective layer interfaces.

The devices exhibited improved J—V hysteresis for the PEA/
FA/MA(SnPb)I/Br materials. For instance, the PEA/FA/
MA(SnPb)I/Br champion device demonstrated a PCE of
13.3% in the reverse scan and 12.6% in the forward scan,
while the FA/MA(SnPb)I/Br champion device exhibited a
more considerable hysteresis with a PCE of 9.1% in the reverse
scan and 7.5% in the forward scan (Figure 6b,c). The hysteresis
index (H-index) = (PCE¢,ward — PCE everse/ PCE everse) X 100, a
metric to measure the severity of J—V hysteresis, is used to
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compare both systems. The FA/MA(SnPb)I/Br device shows a
high H-index of 21%, while the PEA/FA/MA(SnPb)1/Br device
shows an H-index of 8%.

We also found slightly better shelf stability for PEA/FA/
MA(SnPb)I/Br perovskite devices compared to FA/MA-
(SnPb)1/Br perovskite devices (Figure S8). FA/MA(SnPb)I/
Br perovskite devices completely degraded after 170 h, whereas
the PEA-containing perovskite devices were operational after
more than 200 h. This is indicative of Sn-rich perovskites being
very prone to degradation against moisture. XPS has shown
lower Sn** oxidation in freshly prepared PEA-containing
samples than the control sample (Figure S7), which could be
one reason for the better stability of PEA-containing perovskite
devices. In addition to Sn** oxidation, the perovskite/charge-
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selective layer interfaces also contribute to the Sn—Pb perovskite
device’s degradation.

Interfacial Energetics. The substantial increase in J in
PEA/FA/MA(SnPb)I/Br devices motivated us to investigate
band alignment of perovskites with charge selective layers, as this
has been observed to influence the photocurrent of devices
heavily.”® Ultraviolet photoemission spectroscopy (UPS) was
performed on FA/MA(SnPb)1/Br and PEA/FA/MA(SnPb)1/
Br perovskites to understand the ionization energy (with respect
to vacuum) and therefore the VBM of these compounds (Figure
7a—d). The PEA/FA/MA(SnPb)I/Br showed lower ionization
energy compared to that of FA/MA(SnPb)I/Br (—5.66 vs
—6.04 eV, respectively). As we have noted in the XPS and XRD
discussion, the precise chemical composition may be different in
PEA/FA/MA(SnPb)I/Br compared to FA/MA(SnPb)I/Br,
which may result in changes in the VBM position of the
material. We reason that I-poor (and potentially Br-rich)
perovskite surfaces of FA/MA(SnPb)I/Br, as seen in the XPS
analysis, influence the energetic position of the VBM, as Br
perovskites exhibit 51gn1ﬁcantly higher ionization energy (and
therefore deeper VBM:s).%° Our observation is in line with the
DEFT calculations performed by Beljonne et al.,, where authors
have shown that perovskite film surface termination plays a
critical role in determining the VBM and conduction band
minima (CBM) energy levels.®” Besides, Wang et al. recently
reported a similar effect on mixed-halide Pb perovskites upon
addition of n- propylammomum spacer cations, showing a CBM
upshift of 0.16 eV.*® To construct a CB alignment with the
electron selective contact, we added the optical band gap to the
ionization energy of the compounds and the known energy
levels of PCBM®” and PEDOT:PSS’° and sketched it in Figure
7e,f. Because of a deeper VBM, the CBM of FA/MA(SnPb)I/Br
has an unfavorable band alignment with PCBM creating an
energy barrier of approximately 0.3 eV for the electron transport
across the perovskite/PCBM interface. In contrast, the CBM of
PEA/FA/MA(SnPb)I/Br aligns well with that of PCBM, with
no apparent barrier across the perovskite/PCBM interface.
Table 1 presents that the PEA/FA/MA(SnPb)I/Br perovskite
has an I-rich surface, which pushes the CBM of the perovskite
higher, reducing the energetic barrier at the interface. Energetic
barriers at the electron-selective contact/perovskite interface
have been shown to cause low J. and increased the H-index in
PSCs.”® While the favorable band alignment across perovskite/
PCBM boosts the J,.in PEA/FA/MA(SnPb)1/Br solar cells, the
CBM misalignment with PCBM inhibits interfacial charge
transfer in FA/MA(SnPb)I/Br solar cells, which in turn reduces
the J,. in the devices.

The efficiency of interfacial charge transfer also affects the J—
V hysteretic behavior in the device. The energy barrier at the
perovskite/PCBM interface leads to the accumulation of
charges at the interface, inducing a high electric field and/or
dipole formation, causing a large J—V hysteresis in the device.”®
Improved J—V hysteretic behavior in PEA/FA/MA(SnPb)I/Br
solar cells can be linked to an efficient charge collection at the
perovskite/PCBM interface.

B CONCLUSIONS

In this work, we found that unfavorable band alignment at the
mixed-halide Sn—Pb perovskite/PCBM interface resulting from
compositional inhomogeneity is mainly responsible for its lower
solar cell performance. Photoelectron spectroscopy and TA
results reveal that the addition of bulky PEA cations in mixed-
halide Sn—Pb perovskites invokes compositional changes and
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reduces the Sn** oxidation in the material. The compositional
changes in PEA-containing mixed-halide Sn—Pb perovskites
present a favorable band alignment across the perovskite/
PCBM, improving the photocurrent, FF, and J—V hysteretic
behavior in the solar cells. The TAS measurements showed the
suppression of light-induced halide segregation upon the
addition of PEA in mixed-halide Sn—Pb perovskites, which
indicate improved stability of the material. In summary, we
investigated the beneficial effects of incorporating bulky organic
cations into mixed-halide Sn—Pb perovskites and their impact
on the performance of Sn-based mixed halide PSCs.
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