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The Bigger Picture

Ruddlesden-Popper (RP) perovskites are cutting-edge materials in the field of hybrid halide perovskite
semiconductors as second-generation systems for optoelectronic devices. We report on the synthesis
and characterization of (CH3(CH;)3sNH3),(CHsNH3)4Pbslie, which represents the fifth (n = 5) member of a
homologous RP perovskite series. The orthorhombic material has a direct band gap £, of 1.83 eV and
exhibits room-temperature photoluminescence at 678 nm. Density functional theory calculations
indicate that the compound has broad electronic bands with light effective masses for electron and hole
carriers, comparable with those of the CH3NH;Pbl; (n = o) perovskite, resulting in high charge-carrier
mobility required for planar opto-electronic device applications. We thus demonstrate highly stable

planar solar cells fabricated with this material as a light absorber with a promising efficiency of 8.71%.

Summary

Here, we present the fifth member (n = 5) of the Ruddlesden-Popper (CH3(CH,)3NH3),(CH3sNH3),-1Pbylzns1
family, which we successfully synthesized in high yield and purity. Phase purity could be clearly

determined from its X-ray powder diffraction patterns, which feature the (0kO) Bragg reflections at low
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20 angles. The obtained pure n=5 compound was confirmed to be a direct band-gap semiconductor
with Eg= 1.83 eV. The direct nature of the band gap is supported by density functional theory
calculations. Intense photoluminescence was observed at room temperature at 678 nm arising from the
band edge of the material. High-quality thin films can be prepared by the hot-casting method from
solutions with a pure-phase compound as a precursor. The planar solar cells fabricated with n =5 thin
films demonstrate excellent power-conversion efficiency of 8.71% with an impressive open-circuit
voltage of ~1 V. Our results point to the use of layered perovskites with higher n numbers and pure

chemical composition.

Introduction

Halide perovskites are an exciting class of solution-processable semiconductors with a general formula of AMX3,
where A" (A" = Cs, CH3NH; [MA], or HC(NH,), [FA]) is a small cation that directs the formation of the structure (the

1,2 3, 4,5 6
The

“perovskitizer”), M?>* is a bivalent p-block metal ion such as Ge, Sn, or Pb, and X is a halide ion.

structure consists of [MXe/,] octahedral units, which corner connect to form an extended three-dimensional (3D)

framework creating cuboctahedral voids that are occupied by the A* cations.” This class of material, particularly

CH3NH3Pbls, has revolutionized the field of photovoltaics by demonstrating efficiencies of up to 21% within a few
8, 9, 10, 11, 12, 13

years. Several challenges, however, have come to the fore, one of which concerns the device stability

at ambient conditions and their long-term performance.14

Recently, a soluble semiconductor material system has emerged, namely the lead-based Ruddlesden-Popper (RP)
layered perovskites, which promise high performance and exhibit technologically relevant stability.15 RP
perovskites are two-dimensional (2D) materials that derive from the archetypal AMX3 3D structure by slicing it in a
perpendicular direction to a crystallographic plane (typically the (100) plane of the cubic structure) by
incorporating the halide salt of a bulky organic spacer. RP perovskites are defined by the general formula
(RNH3),A1_1MX3ne1 (n is an integer between 1 and =o), where (RNH;)" denotes the bulky organic spacer (typically an
ammonium cation), which is too large to fit within the perovskite cavity. The layers of [A,-;MnX3,.1] have a precise
thickness that increases with increasing n. This structural architecture, essentially representing a natural multiple
quantum well, allows for dielectric confinement, arising from the difference in the dielectric constants &, and ¢;
between the organic and inorganic layers, respectively. The quantum confinement begins to diminish as the
thickness of [A,-1M.X3n41] layers increases with increasing n values, leading to a large and tunable decrease in the

optical band gap and the tailoring of their electrical properties.ls’ 17, 18,19, 20, 21, 22

To successfully implement 2D RP perovskites in solar cells, one has to control the orientation of the layers so that
cross-plane transport occurs in the device. If this is not achieved, the discontinuity of the inorganic perovskite
framework that is naturally perpendicular to the layers inhibits the transport of the photo-generated charge

carriers. One unexpected feature of these materials is their tendency to orient themselves perpendicular to the
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substrate with the Iayers,23 and by virtue of a powerful fabrication method called hot-casting,24 it is possible to
obtain a nearly perfect orientation of the RP layers perpendicular to the substrate. This enables facile carrier
transport across the device, giving power-conversion efficiency of ~12.52%.” The 2D RP perovskites were found to
exhibit superior moisture stability and enhanced durability over their 3D parent compound, most likely because of
the formation of a protective layer of the spacer, which does not allow moisture to penetrate and react with the
functional semiconducting inorganic layers. However, because the 2D RP perovskites are still a new class of
materials that have not been fully developed, they are currently lagging behind 3D perovskites in terms of solar cell
performance. In addition, the light absorption is lower because of the relatively wider band gaps of the low-n

members. Therefore, gaining absorption in the visible region requires investigation of higher-n-value members.

Here, we present the fifth member of the (CH3(CH;)3sNHs),(CH3NHs),-1Pb,lse  family, namely
(CH3(CH,)3NH3),(CH3NH3)4Pbslys  (henceforth termed BA,MA4Pbslig or briefly n= 5), which we successfully
synthesized in high yield and purity. We have determined its crystal structure by using single-crystal X-ray
diffraction and have established its optical and electronic properties as well as its utility in the fabrication of solar

cells by using the hot-casting method.”*

Results and discussion

We achieved the synthesis of BA;MA,Pbslig by mixing PbO, MACI, and butylamine (BA) in concentrated
aqueous HI (57% w/w) according to the off-stoichiometry protocol to obtain a phase pure material (see
Supplemental Information).” In this process, BA is used as the limiting reagent in order to prevent fast
precipitation, which could lead to crystallization of the less soluble products and a mixture of RP
perovskite products. To date, mainly two kinds of RP perovskites have been used in optoelectronic
devices: phenylethylammonium (PEA)-based devices, derived from the original work of Calabrese
etal.,” and BA-based devices, derived from the pioneering work of Ishihara etal.® on aliphatic
ammonium cations, which mostly emphasize the lower-n perovskites. In both series of compounds, it
has been shown that increasing the number of perovskite layers (n in the chemical formula) improves
the photovoltaic performance. Specifically, the BA series reaches efficiencies of ~11% for BA,MA,Pbslyq
(n= 3) and of ~12% for BA,MA;Pby,li3 (n = 4),25 and PEA reaches a maximum efficiency of ~5% for
PEA;MA,Pbslyo (n = 3)27 and ~15% for “PEA;MAsoPbgglig; (n = 60).”28 In the latter case, we use quotation
marks because the existence of the n = 60 member, which theoretically has a perovskite slab thickness
of ~38 nm, has not been documented. It is very likely that such athickness is above the quantum
confinement limit of ~12 nm obtained from work on nanocrystals of the related 3D perovskite CsPbl;.”
Although the quality of the devices is excellent, we think that the actual compounds in that work are

mainly 3D-like perovskites blended with lower-n RP perovskites because the PEA;MA,Pbslyg (n= 3)
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member can be clearly identified in most of the X-ray diffraction patterns. Pure RP phases are likely to
exist up to the “n ~ 10” nominal compositions, as in the case of the oxide RP perovskite phases.*® Thus,
we believe the stabilizing effect of PEA does not arise from the formation of RP perovskites but rather as
the beneficial effect of additives such as those observed in the purported “(5-AVA),(MA),_Pbls"” (5-AVA,
5-aminovaleric acid)*® and “MAPb(SCN),I,”*> which were shown to contain mixtures of the RP
perovskites AVA;MAPD,I; (n = 2)** and MA,PbI,(SCN), (n = 1), respectively.*® In most of these reports,
the absorption spectra seem to contain clear traces of several excitonic features characteristic of the
coexistence of various n members, a fact consistent with the forecast that “compounds with n > 3

% This is mainly because the difference in the thermodynamic

cannot be isolated in a pure form ...
stability of the higher-n members is small, and it becomes even smaller as n approaches oo, making it
difficult to isolate them in pure form. A similar effect is well known for some oxide RP perovskites for
which it has been shown that higher-n members tend to disproportionate to the n= 3 and n= oo

members by acting as thermodynamic sinks.*® In this work, we demonstrate that the n = 5 member can

be crystallized in pure form by a specific synthetic procedure.

A single crystal suitable for X-ray diffraction (XRD) was isolated directly from the mother liquor before
filtration and mounted on a glass fiber tip. This is a necessary step because the electrostatic nature of
the dry crystals and their sensitivity to mechanical deformation hinders the successful selection of single
crystals. BA;MA,Pbslyg crystallizes in an orthorhombic space group with dimensions a = 8.9050(7) A, b =
77.013(4) A, and c = 8.9313(4) A and incorporates 4 formula units in the unit cell corresponding to two
discrete RP layers (Figure 1). The structure of the n = 5 compound is a slice that is five [Pblg]*” octahedra
thick, which share corners along the direction perpendicular to the layers (i.e., the b axis). The individual
[Pbsli6]® slabs are separated by the (BA,)*" bilayer with a separation distance of 7.12 A. The ordered
stacking of the perovskite [Pbsli¢]® layers leads to a large repeating distance of 31.39 A for the inorganic
moiety within the unit cell, along the stacking direction. Importantly, the raw crystallographic data show
the absence of diffuse scattering along the (0k0) direction, indicating the absence of undergrown phases
of other n members, further confirming the phase purity of the n = 5 RP perovskite (Figure 1C). Guided
by our previous work, we have refined the crystal structure as noncentrosymmetric and in the polar
space group C2cb, which is the expected space group for an odd number of layers (crystallographic
information can be found in Tables $1-55)." The structure was refined as an inversion twin, in addition
to its “normal” twinning along the (010) axis, with Jana2006.>” For consistency with our previous work,
we also report the centrosymmetric version of the structure crystallizing in the Acam space group. We

. . . . . . 38, 39
select the noncentrosymmetric version on the basis of crystallographic considerations,”™ * but because

4
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the compound is dynamically disordered, one could argue that the centrosymmetric structure
represents the average structure, whereas the noncentrosymmetric structure represents a local model

in relation to the group-subgroup relationship between the Acam (n° 64) and C2cb (n° 41) space groups.

To systematically characterize the plate crystals of the pure-phase n= 5 compound, we studied the
morphology and the crystallography as shown in Figure 2. A pronounced change in the trend of crystal
morphology occurred in going from the lower-n members (n = 1-4) to the higher-n members (n > 4). In
the former case, the crystals grew in the form of thin, square, or octagonal platelets and grew freely
along the plane of the inorganic layers but only slowly along the vertical stacking direction (Figure 2A).
This tendency seemed to weaken for n= 5, where in addition to the preferred platelet growth, the
crystals exhibited a strong vertical growth habit such that some platelets grew vertically from the
existing (010) planes of the thin platelets, leading to extensive twinning (Figure 2). For the n = 5 phase,
we observed excellent layer formation with high analytical purity with respect to other n members, as

demonstrated by high-resolution synchrotron XRD (Figure 2B).

Interestingly, the bulk material showed exceptional stability in humid air in that it maintained its
structural integrity for several months; in contrast, bulk MAPbI; developed a yellow hue over prolonged
periods of time as a result of the formation of the hydrated form, I\,-lAPbl_; -H-0 * The n= 5
RP perovskite also showed partial degradation NlAPb]; -H:() to , but this was counteracted
by the co-formation of the BA,MA,Pbsl;y (n = 3) RP perovskite member (Figure S1) according to the

following chemical equation:

(Equation 1)
BA;MA,Pbsl, H.O(disproportionation) BA;MA,Pb:[4 + MAPDI;-H,O

m=25)

- n=3) (=00}

The formation of the n= 3 perovskite suggests that the disproportionation mechanism that was
discussed above for the oxide RP perovskites® is also operative in the halide perovskites, in that it offers
the added benefit of protecting the perovskite from complete degradation. The disproportionation

reaction could be a possible mechanism for the enhanced stability of the RP perovskites. Because the

“useless” NiAPbl.? i H:()is discarded from bulk material, an n = 3 RP perovskite “skin” develops,
effectively protecting the bulk material from further degradation. Note that the disproportionation of
the n =5 perovskite did not produce any black MAPbI; perovskite, as attested by the minor MAPbI3

impurity peaks present in the n = 5 sample, which did not evolve over time (see Figure S1). The amount
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of MAPbI;, although relevant to the stability study, was not detectable by any of the optical

characterization techniques that are described below.

The high purity of BA;MA,Pbsl;s allows for an accurate determination of the optical properties of the n =
5 RP perovskite (Figure 3A). The optical absorption spectrum is characterized by the band edge, an
excitonic peak, and an Urbach tail. The band gap of n =5 is estimated to be E; = 1.83 eV after correction
for the exciton peak and the Urbach tail. This value agrees well with the band-gap trend whereby the
lower-n perovskites have values of E;=1.91 eV (n=4), E;=2.03 eV (n=3), and E;=2.17 eV (n= 2).°
Notably, in the present study, the band-gap variation as a function of n in RP compounds was pushed
beyond n= 4, offering further insights into the effects of carrier confinement.** The excitonic
contribution of n =5 appears only as a kink in the absorption edge, but more detailed spectroscopic
studies are needed to quantify its excitonic binding energy.”” On the other hand, the Urbach tailinn=5
appears to be more pronounced with respect to other lower members, and this could be related to the
structural disorder possibly introduced by the extensive twinning or the electronic disorder (trap states)
associated with the lowering of the exciton binding energy. Conversely, the photoluminescence (PL)
spectrum of n =5 appears to be very well resolved with a near Gaussian-type emission peak at 678 nm.
The low-energy tail of the peak is characteristic of the RP perovskites and has been attributed to trap
states.*? Notably, this low-energy tail is suppressed for the n = 5 perovskite with respect to the lower-n
members, suggesting that the high-n members tend to have superior optoelectronic properties. The PL
peak, corresponding mainly to the excitonic contribution of the bulk material, agrees well with the
experimental band gap, indicating that the confinement effects decrease monotonously with increasing

n.

To assess the nature of the band gap in BA;MA,Pbslis and to better understand the effects of the
guantum confinement on the electronic structure of the perovskite, we performed density functional
theory (DFT) calculations on the basis of the experimentally determined noncentrosymmetric crystal
structure. The electronic band structure of the n = 5 RP perovskite with and without spin-orbit coupling
(SOC) is shown in Figure 3B. The compound has a direct band gap of E; ~ 1.13 eV without SOC at the I
point. The conduction band minimum (CBM) is made up of four degenerate states (CBM1-CBM4)
followed-up by a 2-fold degenerate state (CBM5 and CBM6) 0.17 eV above, and two nearly degenerate
states appear at the top of the valence band (VBM1 and VBM2). The inclusion of SOC into the
calculation lifts the degeneracy of the CBM states by about 1 eV, and the band gap is thus lowered to

E; = 0.28 eV, still at the I point. This is in agreement with the significant role of SOC in hybrid organic-
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43, 44

inorganic iodide perovskites reported in the literature. It is important to stress that band gaps

calculated with plain DFT are underestimated, which is a known issue, and the presented values are only

# % |n accordance with earlier findings, the projection of the density of states (DOS) on the

gualitative.
different constituent atoms indicates that the top of the valence band (VB) is mainly due to 5p orbitals
of I and 6s of Pb, whereas the CBM is mainly due to the 6p states of Pb. The organic molecules have
states either too deep in the VB or too high in the conduction band (CB) and do not contribute to VBM
or CBM states. In addition, the band structure shows flat dispersions along the Z-T and Y-I directions in
the reciprocal space, which correspond to layer stacking along the b axis in real space. The flat

dispersions indicate the absence of electronic coupling between the inorganic layers along the stacking

direction, reflecting the 2D nature of the crystal.

In the energy range of -0.2 to 0.6 eV, several flat dispersion curves are also computed along the Y-T line
with small energy separation among them for the n = 5 perovskite. By comparison, at and close to the
band gap, only one band is predicted for the single-layer (n = 1) RP perovskite, as well as for the 3D
perovskite (n = =) in both the CB and the VB.** *® The formation of these flat electronic minibands and
the lowering of the band gap for the n = 5 RP perovskite are indicative of a systematic vanishing of the
guantum confinement effect as n tends to infinity, in agreement with the experimental absorption and
emission spectra. However, the prediction of the quantum effect associated with n cannot rely on a
simple effective mass Hamiltonian applied to a superlattice built from two bulk materials A and B. The
single-layer (n = 1) RP perovskite does not contain the atomic motif related to the A = MAPbI; material.
The limitations of this simple picture and effective mass approaches are clear for small n values

* The effective mass model with finite

supposedly corresponding to ultrathin quantum wells.
confinement predicts unrealistic electronic dispersions in the CB and VB along the stacking axis and
minibands that are not predicted by more accurate DFT calculations.*”® The single-layer (n = 1) RP halide
perovskite exhibits only one band in the CBM and VBM in the vicinity of the electronic band gap
(Figure S2; see also Even et al.”®). More generally, the flat dispersion curves in RP phases close to the
band gap bear the signatures of a composite material consisting of an inorganic quantum well and an
organic barrier with no common Bloch functions between the quantum well and the barrier.*” * The
single CBM and VBM close to the band gap in single-layer RP perovskite are replaced by n CBM and VBM
sub-bands (Figure 2B for n = 5; for 2 < n < 5, see Stoumpos et al.”®> and Tsai et al.’). The evanescence of
the 2D character of the compound with increasing layer thickness can also be best seen from the

comparison between its DOS and those of the n = 1 (pure 2D character) and n = o (pure 3D character)

end members (see Figure S2). This comparison reveals a step-like behavior of the total DOS of the n=1



Chem. Volume 2. Issue 3. p427-440. 9 March. DOI: http://dx.doi.oreg/10.1016/i.chempr.2017.02.004

member near VBM, which is characteristic of a 2D system.>® These findings are clearly illustrated in the
graphical plots of the I point wave functions at VBM and CBM, computed without SOC, in Figure 3C. An
unusual feature of these wave functions (¥) is their appearance at specific octahedral layers for VBM
and CBM. Wy is mainly expressed at the “core layers” (second and fourth) with an anti-bonding
character between the 5p | orbitals and 6s Pb orbitals, whereas the wave function of CBM (Wcgy) shows
up at the surface layers (first and fifth) and has a bonding character among the 6p lead orbitals. CBM5
and CBM6 (at +0.2 eV), shown in Figure S3, are located on the central layer (third). SOC could possibly
interchange the character of these six lowest CBM states but most probably not with even higher lying
states (CBM7 at+0.4 eV and CBMS8 and CBM9 at +0.6 eV). Thus, the above-mentioned localized
character of the VBM and CBM suggests that the electrons and holes are spatially separated within
distinct RP perovskite layers. This could prove a useful tool in the engineering of functional devices

because it is of great importance regarding the electrical properties of the compounds.

The high-frequency dielectric constant (€..) profiles were also calculated and are shown in Figure S2 for
nanoplatelets of the n =1, n =5, and n = o RP perovskites. For the pure 2D compound (n = 1), €.. varies
from g, = 2.1 for the intercalated organic bilayer to € = 4.0 for the inorganic perovskite layers. Similarly,
the contribution of the organic molecules to €.. remains practically constant (g, ~ 2.0) for the n=5
member, given that the number of inorganic layers has little influence on it. However, the contribution
of the perovskite thickness to €.. drastically increases to &= 5.5 for n= 5, effectively reaching the
maximum value obtained for the pure 3D end member (n = o=). The calculated values are in reasonable
agreement with the experimental €.. values for MAPbl;, which were measured to be €.. = 3.24 and €.. =
6.5 for (C10H21NH3)2PbI417 and MAPbI;,>! respectively. The increasing €. in the inorganic part of the
compounds as a function of n, i.e., with widening of the inorganic layer, clearly highlights the dielectric
confinement effect, which is dominant in the thin layers of the n = 1 material but diminishesinn =5 and

completely vanishes in the 3D perovskite.*” *°

The strong decline of the dielectric confinement in
BA,MA,Pbsl,¢ suggests that the excitonic contribution is smaller in n= 5, in good agreement with its

absorption spectrum.

Having established the structure and basic material properties of BA,MA,Pbslis, we proceeded to
fabricate solar cells in an initial attempt to evaluate whether the n = 5 member is capable of producing

25
the solar cell

working devices, as reported previously for the n= 3 and n= 4 members;”®
performances are summarized in Figure 4. Using the preformed BA,MA,Pbslis bulk material and

employing the hot-casting device fabrication protocol,® * we succeeded in fabricating preliminary
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planar photovoltaic devices with the structure illustrated in Figure 4A. We performed standard solar cell
characterization by measuring the current density-voltage (J-V) and external quantum efficiency under
illumination as shown in Figures 4B—4D. The light J-V curve for a typical device is plotted in Figure 4B,
which shows that the device exhibits a high open-circuit voltage (Voc) of 1.0 V, a short-circuit current
density (Jsc) of 11.44 mA/cm?, and a high fill factor (FF) of 75.59% to yield a power-conversion efficiency
of 8.71%. Furthermore, the device made of n= 5 does not suffer from hysteresis given that the J-V
curves lie on top of each other in scans at different voltage delay times. This suggests that the solar cell

figure of merits obtained from J-V characteristics reflects the true performance of the cell.

The statistical values of each parameter are shown in Figure 4C over 20 devices from four different
device fabrication batches. The average efficiency achieved is 8.32% + 0.88%, featuring a high average
Voc= 0.987 + 0.017 V, Jsc= 11.67 + 1.03 mA/cm?, and FF = 72.12% + 4.07%. The external guantum
efficiency shown in Figure 4D shows good photocurrent generation in the visible region with a band
edge near 790 nm, which is comparable with that of 3D perovskites (Figure S4). The integrated Jsc from a
typical device is 11.73 mA/cm?, which matches well with the value obtained by light J-V curves. The
absorption in the near infrared (IR) regime is significantly better than that of the lower-n members of
the layered perovskite’ ?* because the n= 5 member has a thicker inorganic perovskite slab, which
gives higher optical absorption. Judging from the relatively low value of external quantum efficiency, we
expect the device efficiency to be further improved in the future with further enhancement in Jsc. Work
in progress addresses this issue and seeks tounderstand the underlying factors to improve

microstructure and thin-film morphology.

We fully demonstrated the structure, purity, and stability of the soluble 2D perovskite semiconductor
(CH3(CH,)3NH3),(CH3NH3)4Pbslig. Combined experimental and theoretical evidence suggest that the
higher-n members, starting with n = 5, approach the boundaries between the quantum regime of the
thin perovskite and the classical bulk materials featuring a ~4-nm-thick perovskite layer. These
phenomena have a strong impact on perovskite-based devices because the increasing perovskite
thickness helps to achieve higher photocurrents, whereas reduction of the excitonic effects can lead to
improved charge collection in devices. The synthesis of higher-n members in pure form is therefore
important for identifying the physical limits within which the RP perovskites are stable and exploring the
interesting new physics they harbor. Initial solar cells are promising with 8.71% efficiency, and other

optoelectronic devices are also possible. Higher-n members of the RP halide perovskites also allow
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further tuning of the optical band gap to reach nearly optimum values for perovskite-silicon tandem

cells.
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Figure Captions

Figure 1. The crystal structure of BA;MA,4Pbslis (n = 5). (a) View of the unit cell of the perovskite which
includes two individual perovskite layers offset by % perovskite cavity length (~ 3.15 A) normal to the b-
axis. (b) View of a single layer along the b-axis highlighting the configuration of the BA and MA cations
along the perovskite channels. (c) Precession images generated from the experimental X-ray diffraction

data showing the (010) (top) and (101) (bottom) slices of the reciprocal space. The (010) slice is similar
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to the (n = =) perovskite but the (101) slice reveals the crystallographic ordering along the b-axis ((0k0)

direction), indicated by the arrows between the (EOZ) (blue circle) and (EEZ) (green circle) reflections.

Figure 2. (a) Typical SEM images of BA;MA,Pbslis revealing the plate-like morphology of the crystals as
well as their tendency towards plastic deformation and vertical twin intergrowth. (b) Synchrotron X-ray
powder diffraction pattern (11BM-B, A = 0.459200 A) of a powdered sample of BA,MA,Pbsl;s indicating
the high phase purity of the bulk material. Pattern-matching of the data agrees well with the unit cell
obtained for the single-crystal. (c) In house X-ray diffraction pattern (Miniflex 600, A = 1.540593 A) on
selected individual crystals of BA,MA,Pbsl¢ illustrating the tendency of the crystal towards twinning,
growing domains normal to the plate-like crystals. As a result, both the (0k0) and (hO/) reflections can be
observed for a typical crystal as the one shown in the SEM photograph. The scale bars in all SEM images

is 50 pum.

Figure 3. (a) Experimental optical absorption and emission spectra of BA;MA,4Pbsli¢ (n = 5). The spectra
of BA,Pbl, (n = 1), BA,MAPb,l; (n = 2), BA;MA,Pbslyg (n = 3), BA;MA3Pbyli3 (n = 4), and MAPbI; (n = o) are
also shown in the background for comparison purposes. (b) Band structure of BA;MA,Pbsl:¢ (Aba2 space
group = C2cb; coordinates of high symmetry points are given in Table S6) with and without SOC
calculated from the experimental lattice parameters and atomic positions. (c) I-point wave functions of
BA,MA,Pbslis (n = 5) at VBM and CBM computed without SOC. The top of VB is mainly composed of 5p
orbitals of | and 6s orbitals of Pb while CBM is mainly composed of the empty in-plane 6p states of Pb.
The other 2 degenerate states of CBM (CBM3, CBM4, Figure S2) reveal also the in-plane bonding
character of Pb 6p orbitals that show up at the 1st and 5th layers of the inorganic part as for CBM1 and

CBM2 (CBMS5 and CBM6 are given in Figure S3).

Figure 4. Thin Film and Solar Cell Characterization Using BA;MA4Pbslis as an Absorbing Layer. (A)
Schematic of the planar solar cell architecture used in this study. (B) J-V characteristics for the planar
solar cell measured under AM 1.5G illumination. (C) Statistical graph for the solar cell figure of merit for
20 devices. (D) External quantum efficiency (EQE) spectrum for a typical device and the integrated JSC

calculated from the EQE on the basis of the solar spectrum.
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