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In the fast-evolving field of halide perovskite semiconductors, the
2D perovskites (A’)z(A),_1M,X3,,1 [where A = Cs*, CH3NH3™,
HC(NH,),*; A’ = ammonium cation acting as spacer; M = Ge?*, Sn**,
Pb?*; and X = CI~, Br~, I"] have recently made a critical entry. The n
value defines the thickness of the 2D layers, which controls the
optical and electronic properties. The 2D perovskites have demon-
strated preliminary optoelectronic device lifetime superior to their
3D counterparts. They have also attracted fundamental interest as
solution-processed quantum wells with structural and physical
properties tunable via chemical composition, notably by the n
value defining the perovskite layer thickness. The higher members
(n > 5) have not been documented, and there are important sci-
entific questions underlying fundamental limits for n. To develop
and utilize these materials in technology, it is imperative to un-
derstand their thermodynamic stability, fundamental synthetic
limitations, and the derived structure-function relationships. We
report the effective synthesis of the highest iodide n-members
yet, namely (CH3(CH2)2NH3)2(CH3NH3)5Pb5|19 (n = 6) and
(CH3(CH;);NH3),(CH3NH3)6Pb;1,; (0 = 7), and confirm the crystal
structure with single-crystal X-ray diffraction, and provide indirect
evidence for “(CH3(CH5)>NH3),(CH3NH3)gPbgls” (“n = 9”). Direct HCI
solution calorimetric measurements show the compounds with n >
7 have unfavorable enthalpies of formation (AH;), suggesting the
formation of higher homologs to be challenging. Finally, we report
preliminary n-dependent solar cell efficiency in the range of 9-
12.6% in these higher n-members, highlighting the strong promise
of these materials for high-performance devices.

layered compounds | homologous series | Ruddlesden-Popper halide
perovskites | formation enthalpy | photovoltaics

he 2D metal halide perovskites have become highly promis-
ing semiconductors with a high degree of structural flexibility
and tunable optoelectronic properties (1-18). They have a gen-
eral formula of (A")2(A), 1M, X3,,41, where A = Cs*, CH;NH;™"
(MA), HC(NH,),* (FA), M = Ge?**, Sn**, Pb**, and X = CI-,
Br~, I7, are the perovskite components and A’ = RNH; is an
organic spacer, such as CH3(CH,);NH;" (BA). Generally, 2D
perovskites form from solution via the bottom-up self-assembly
of individual, semiconducting perovskite sheets having an ad-
justable slab thickness of up to few nanometers, separated by
insulating bulky organic molecules. As a result, they behave as
natural multiple quantum wells (QWs) with the semiconducting
perovskite layers representing the wells and the insulating organic
spacers representing the barriers. The width of the barrier is fixed
and depends only on the length of the A’ cation, while the width
of the well can be adjusted by varying the thickness of perovskite
slabs, which is defined by the n variable in (A’)2(A),—1 M, X541
To date, most of the known 2D halide perovskites [so-called
Ruddlesden—Popper (RP)] compounds are the early members of
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the potentially vast homologous series with most representation
coming from # = 1 and n = 2, while #n = 3 and 4 members remain
much less explored (1, 3, 5, 7, 10, 15, 19-25). Given the increase
in challenges associated with isolation of pure phases and char-
acterization of higher members with thicker slabs, our recently
reported n = 5 represents the only structurally characterized
example (1, 26), and here we proceed with our investigation of
n > 5 members with a twofold objective.

First, it is critical to understand the thermodynamic and
chemical limitations of the maximum RP thickness that can be
sandwiched between the organic bilayers while retaining the
structural integrity of the 2D RP perovskite. Second, the thicker
inorganic slabs will present QWs with increased Coulombic
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date, having seven layers. Experimentally measured enthalpies
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behavior and that higher homologues are energetically un-
stable, placing a limit on the number of layers possible in a
single-phase 2D perovskite. Their application in photovoltaics
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shielding, lowering the exciton binding energy and increasing the
effective charge carrier mobility (9, 20, 27-31). Therefore, in the
higher-n compounds, the excitons will dissociate more efficiently,
a desired property for light harvesting in solar cells. As »n in-
creases, the associated optical, electronic, and electrical prop-
erties are also expected to further diverge from those of the pure
excitonic compounds, n = 1, 2, and draw closer to those of the
end-member, n = o, 3D compounds, AMX;. We hypothesize
that the higher n-value materials are either thermodynamically
unstable with respect to simpler members or kinetically cum-
bersome. The purpose of this work is to address this issue and
provide a broader understanding of the stability limits of slab
thickness as expressed by the value of n (slab thickness).

Here, we report the successful synthesis of the highest n-members
yet, namely n = 6 and n = 7, and confirm the crystal structure
using single crystal X-ray diffraction analysis. The increased
difficulty in growing phase-pure higher n-member compounds
is supported on thermodynamic grounds as our calorimetric
measurements show that the compounds with n > 7 have an
unfavorable enthalpy of formation (AHy) with respect to binary
compounds and also MAPbI;. As the ability of X-ray diffraction
to distinguish between the high #-members diminishes for increasing
n-members, we use proton NMR (‘H-NMR) as a complementary
analysis to quantify the relative ratio between BA and MA based on
the chemical formula. After unambiguously establishing the identity
of the compounds, we proceed to extend the structure-bandgap map
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of RP perovskites (£, =1.78 ¢V and E; = 1.74 eV forn =6 and n =
7, respectively, which are ideal bandgaps for Si/perovskite
tandem solar cells). As a demonstration of the potential of these
materials for high-efficiency devices, we show that when incorpo-
rated into a planar solar cell device structure, the higher n-members
give optimized power conversion efficiencies (PCEs) of 10.9% and
8.93% for n = 6 and n = 7, respectively.

Results and Discussion

Materials Synthesis, Characterization, and Thermodynamic Stability.
The synthetic procedure of the n = 6 and n = 7 iodide compounds
is a modified version of our previously reported off-stoichiometry
method which is highly important for the synthesis of phase-pure
2D compounds (2). The method becomes even more critical for
n > 5 due to the increasingly smaller difference in the weighed
amounts of methyl ammonium chloride, MACI, and BA in-
corporated into the acid solution during the synthesis, in going
fromn =5 ton = 6 and n = 7. This implies that the success of the
high-n-member synthesis is subject to much more experimental
irreproducibility. In addition, as we discuss below, the minimal
formation energy difference for the higher n 2D perovskites also
introduces a large synthetic uncertainty arising from a smaller
thermodynamic driving force to make any specific compound.
Nevertheless, the obtained solids still consist of high-n 2D iodide
perovskites as a major phase, as evidenced by our ability to isolate
single crystals of the n = 6 and n = 7 phases. The clear presence

Fig. 1. Crystal structure of 2D RP (BA)>(MA),_1Pb,l3,.1 (n = 1-7). (A) High-resolution synchrotron X-ray patterns presenting the evolution of the diffraction

within the BA;MA,,_1Pb,l3,,1 series (n = 3-7, and 3D) as a function of n. The solid traces are guides for the eye, while the dashed lines indicate the peak
position of the n — co 3D perovskite. (B) SEM images of the n = 6 and n = 7 members revealing the sheet-like morphology of the crystals, indicative of the 2D
nature of the compounds. (C) Crystal structures of the (BA),(MA),_1Pb,l3,,1 RP perovskites at room temperature. Single-layer views for the n = 1-7 RP
perovskites viewed along the projection to the a axis (n = 2, 4, 6) and c axis (n = 1, 3, 5, 7). (D) Variation of the d spacing, capturing the thickness of 1 formula
unit, as a function of n. The thickness of a single octahedron (green dashed line) and the thickness of the organic bilayer (solid purple line) are shown for
reference. (E) Odd-numbered layers are characterized by a glide plane passing through the middle layer, whereas the even-numbered layers are related to
one another through a mirror plane passing between the two central perovskite layers.
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of n = 6 and 7 in the X-ray powder diffraction patterns and
the plate-like morphology of the crystals in scanning electron
microscopy (SEM) images (Fig. 1 A and B), along with a series of
spectroscopic evidence (SI Appendix, Figs. S1 and S2), all confirm
the existence of high-n 2D perovskites. The crystal structures of
the higher number RP perovskites were determined by single-
crystal X-ray diffraction for n = 6 and n = 7 (Figs. 1C and 2 4
and B and SI Appendix, Fig. S3 and Tables S1-S9). The new
members of (BA),(MA),_;Pb,I5,,; continue the structural motif
of the lower n-members, which shows that layers with odd (n = 1,
3,5,7,...)andeven (n =2,4, 6,8, ...) numbers adopt two distinct
space groups (Fig. 1C). (BA)2(MA)sPbglyo (n = 6) crystallizes in
orthorhombic space group Cc2m, whereas (BA),(MA)Pb/15,
crystallizes in the orthorhombic space group C2cb with each unit
cell incorporating two individual layers. The interlayer spacing as
reflected in the b axis as a function of # value changes in a highly
systematic way with z as shown in Fig. 1D. The major difference
between the odd- and even-numbered perovskites lies in the
intrinsic symmetry of the layers. Odd-numbered perovskites
possess a pseudo-inversion symmetry with a glide plane passing
through the middle of the layer; even-numbered perovskites, on
the other hand, possess no inversion symmetry, and the layers are
related to each other through a mirror plane, which bisects each
layer (Fig. 1E).

From the synchrotron X-ray diffraction (SXRD) patterns, the
n value can be determined from the number of characteristic
(0k0) basal peaks below the characteristic (111) Bragg reflection.
The latter arises from the Pb'Pb diffraction planes corresponding
to the intralayer diffraction (spacing d ~ 6.3 A) (see full unit cell
structure in Figs. 14 and 24). As the perovskite layer gets thicker
(higher n), however, the diffraction intensity of the 0k0 basal
reflections weakens significantly even in intense SXRD data
(Fig. 14). These results are consistent across different batches.
Unlike the n = 1-5 members where the experimental patterns
exactly correspond to the theoretical ones indicating single-phase
samples, for n = 6 and 7, additional XRD peaks can be ob-
served, originating from some 3D n = oo phase. When targeting

A

dy, =6.277 A

d

n = 6, the minor n = oo and other lower RP phases such asn =2
coexist. For n =7, on the other hand, small amounts of » =5 and
n = 6 cocrystallize, without any lower number phases. We ra-
tionalize this trend by invoking the thermodynamic stability
trends of the higher n-members, which becomes unfavorable by
comparison with MAPbI; for n > 6, as discussed in detail based
on the calorimetry data below. The universal plate-like crystal
morphology is evident in the SEM images shown in Fig. 1B.

The SXRD and NMR results (see SI Appendix, Fig. S4, and
corresponding discussion in SI Appendix) imply that the synthesis
of layered perovskites with very large slab thickness (n > 5) is
challenging under the present self-assembly reaction conditions.
To understand why, we measured the enthalpy of formation, AH,
of the series as a function of n using isothermal solution calo-
rimetry (32). The thermochemical cycle used to calculate the
formation enthalpy is given in Table 1. Enthalpies of solution of
all of the samples and the components used in the thermo-
chemical cycle are listed in SI Appendix, Table S10. The resulting
formation enthalpies from binary iodide components (AHy) are
listed in the last column of Table 2, together with some relevant
structural and spectroscopic quantities of the 2D perovskites.
The formation reaction is given by the following:

2 BAI+ (n— 1)MAI +n Pbl, = (BA),(MA), _,Pb,I5,1. [1]

The AH values are negative for low-n compounds (n = 1-5) but
positive for the compounds with larger n; and the observed trend
also depends on the odd/even nature of the perovskite layers
(Fig. 2C). For compounds with an even number of layers, n =
2 and 4, the formation enthalpy is strongly exothermic and
becomes more so with increasing n (n = 4, AH = -80.6 =
3.1 kJ/mol, and n =2, AH = —-67.9 + 1.5 kJ/mol). The formation
enthalpies for the compounds with an odd number of layers, n =
1, 3, and 5, are significantly less exothermic than those for n =
2 and 4. Furthermore, the trend for the compounds with an odd
number of layers also seems to be opposite where the formation
enthalpy becomes less exothermic with increasing n (n = 1,

10.12nm

Enthalpy of formation

o

Enthalphy of formation
AH, (kJ/mol)

Fig. 2. Crystal structure versus thermodynamic stability in 2D RP (BA)>(MA),,_1Pb,l3,.1. (A and B) The unit cells of n = 6 (Left) and n = 7 (Right) members of
(BA)2(MA),,_1Pb,l3,.1 incorporating two offset layers. The highlighted planes indicate the most prominent diffraction planes, which correspond to the in-
plane (111) and out-of-plane (0k0) Pb-I-Pb directions, shown for n = 6, and the longest Pb-*‘Pb separation (020) corresponding to the layer width shown for
n = 7. (C) Enthalpy of formation of the (BA),(MA),_1Pb,l3,.1 series as a function of the perovskite layer thickness (n), showing the trend with n. A further
difference emerges for even and odd values of n with a dramatic surge to less stable enthalpy for n = 6 and n = 7. The dashed line denotes the enthalpy of
formation for the MAPbI; 3D perovskite (32). (D) An expanded view of the n = 1-5 perovskites, where the odd/even effect is most prominent.
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Table 1. Thermochemical cycle used to calculate the enthalpy
of formation of 2D layered (BA),(MA),,_1Pb,l3,.1 perovskites
(n=1-7)

Enthalpy
Reaction scheme* measurement
(BA)z(MA)n,1an|3n+1(5) - nPb|z(aq) + 23A|(aq) +(n AH,
~DMAIlGq)
2BAls) — 2BAlGq) AH,
nPblysy — NPblyag) AH3
(n = DMAI) = (1 = 1)MAlaq AH,
nPblys) + 2BAls) + (n—1)MAls, — BAy(MA), AH;
_1Pblzniacs)

AHf = —AH; + AH> + AHs + AH,.
*(CH3(CH)3NH3), = BA; (CHsNH3) = MA.

AH = -49.7 + 1.2 kJ/mol; n = 3, AH = —28.7 + 1.3 kJ/mol; and
n =15, AH = —=20.5 + 2.1 kJ/mol). Assuming that the entropy of
formation (AS) in the system decreases slightly or is close to zero
as the precursors come together to form a well-defined QW
structure, the —TAS term will be positive, and for a favorable
reaction, the AH must be negative to obtain negative AG. Thus,
for the lower-n compounds (n = 1-5) where all of the AH values
are significantly negative, the Gibbs free energy of formation is
almost certainly negative, indicating that these compounds are
thermodynamically stable, which is consistent with our experi-
mental findings that these compounds can be synthesized as pure
phases from a stoichiometric mixture of components. Going
above n = 5, there is a dramatic change toward less exothermic
formation enthalpy, going from negative values to positive (Fig. 2
C and D). The enthalpy of formation, AH, increases with n,
yielding 138.6 + 1.5 kJ/mol for n = 6 and 242.1 + 2.0 kJ/mol
for n = 7. These values are more positive than for the 3D
MAPbDI; (34.5 + 1.0 kJ/mol) (32), which does not contain BA.
Indeed, one can calculate the enthalpy of the reaction from BAI
and MAPbI; given by the following:

2 BAI + (n — 1)MAPbI; + Pbl, = (BA),(MA),_,Pb,I3,:1, [2]

from the data in SI Appendix, Table S10. For n < 6, the values are
strongly negative but they are —68.4 kJ/mol for n = 6 and 0.6 kJ/mol
for n = 7. This suggests that, for n > 7, the RP phases are
thermodynamically unstable, both with respect to binary compo-
nents and with respect to the 3D perovskite. Thus, there is sharp
destabilization in the Gibbs free energy (AG) with increasing ,
which limits the possibility of product formation. This provides
a fundamental thermodynamic explanation of why the systems
with n = 6, 7, and larger n values may not be synthesizable in
pure form.

To further examine our hypothesis derived from the thermal
calorimetry experiments, we attempted to synthesize compounds

with n > 7. The targeted compound, (BA),(MA)gPbol,g, denoted
as “n = 9” based on the stoichiometry of the precursors, did not
seem to form in pure form as indicated by the characterization
methods compiled in SI Appendix, Fig. S5. The powder X-ray
diffraction pattern obtained is very similar to 3D MAPbI;, but
when characterized with NMR, the BA:MA ratio was found to
be 1:33 (rather than 1:4), denoting a small BA content in the
compound. These analyses could indicate that the “n = 9”
sample may be a mixture of MAPbI; with a higher-n RP phase(s).
However, the alternative possibility of 2D sheets intergrown,
either randomly or coherently, within a 3D matrix, is also pos-
sible and even likely as this is supported by spectroscopic evi-
dence, which consistently shows a small but persistent blue shift
of the bandgap relative to the pure 3D compound. This provides
evidence that, in contrast to the claims in several reports (15, 19),
stoichiometric synthesis reactions of targeted compounds with
n > 7 give samples that deviate greatly from the expected stoi-
chiometry (because of their positive enthalpy and free energy of
formation). Nevertheless, such materials do differ from the bulk
3D perovskite properties, and they lie at the broad interface
between the finite n-size 2D perovskites, extended in this work to
the n = 7 member, and n = oo, where trace amounts of the spacer
amine are capable of altering the bulk crystal morphology (33).
Rather than 2D perovskites, these materials should perhaps be
termed “quasi-2D perovskites,” marking the territory defined
between the crystallographically ordered 2D layers (5 nm, n = 7)
on the lower end and the quantum barrier on the higher end,
estimated either from the experimentally observed crystallite size
(~10 nm, “n = 15”) (34) or by the quantum confinement limit of
colloidal nanocrystals (12 nm, “n = 18”) (35). These findings are
in line with recent density functional theory (DFT) calculations
on the thermodynamic stability of oxide perovskites, which pre-
dict that there is a certain limit in AG that serves to preclude the
synthesis of higher n-members in pure form (36). Processes such
as phase segregation, disproportionation, or composite material
formation via intergrowth of various phases may be operating, as
this has been confirmed experimentally in the growth of oxide
perovskite films (37-39) and related oxides (40). The synthesis of
higher n compounds may still be achievable using methods
designed to exercise good kinetic control.

Optical and Electronic Properties. One of the most appealing fea-
tures of 2D RP perovskites is the rational manner in which their
optical properties [band gap (E,), exciton binding energy (Ey),
etc.] can be tuned as a function of n, allowing access to study
their unique quasidimensional physics (33). This property derives
from the inherent multiple QW-like structure, which arises from
the ordered stacking of finite thickness perovskite layers alter-
nating with organic spacers within a crystal grain, allowing for
quantum properties to be obtained in a bulk material (Fig. 3 4
and B). Thus far, the E, values from n = 1-5 have been reported
(4), and the new n = 6 and n = 7 entries serve to bridge the

Table 2. Selected structural and physical properties of the (BA),(MA),_4Pb,l3,.1 perovskites

P, o/ Pb-1-Pb angle PL emission, Bandgap,

Compound n A, A c A B, A o’ min/max, ° nm eV AHs, kl/mol

BA,Pbl, (50) 1 8.863(2) 8.682 (1) 27.570 (2) 2.702 155.19 (6) 525 2.25 —-49.69 + 1.18
BA,MAPD,I, 2 8947 (1) 8.859 (1) 39.347 (2) 3.159 164.3 (3)/173.1 (3) 580 1.97 —-67.90 + 1.47
BAMA,Pbsl,, 3 8928 (1) 8.878 (1) 51.959 (4) 3.392 164.6 (2)/172.3 (2) 618 1.86 -28.74 + 1.25
BA,MAsPbyl,3 4 8927 (1) 8.882 (1) 64.383 (3) 3.543 162.6 (1)/172.9 (1) 652 1.75 -80.62 + 3.12
BAMA,Pbsl,g 5 8931 (1) 8.905 (1) 77.013 (4) 3.6252 164.7 (1)/171.6 (1) 678 1.66 -20.47 + 2.1
BA,MAsPbglig 6 8905 (1) 8.885(1) 89.424 (9) 3.7203 161.4 (9)/173.3 (9) 698 1.59 138.59 + 1.48
BAMAGPbsl,, 7 8913 (1) 8.900 (1) 101.959 (15) 3.7639 156.0 (1)/174.0 (3) 713 1.57 242.06 + 1.97
MAPbI3 (51) co 8.849 (2) 8.849 (2) 12.642 (2) 4.159 163.6 (1)/180 775 1.52 34.50 + 1.01

AHy, enthalpy of formation (in kilojoules per mole).
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chasm between the nanoscale and the bulk. The optical bandgap
measured from absorption spectra (Fig. 3C) and photoluminescence
(Fig. 3D) decreases monotonically with increasing n for n = 1-7
RP perovskites due to change in the quantum and dielectric
confinement effects, with £, = 1.78 eV for n = 6 and E, =
1.74 eV for n = 7, respectively. The strong excitonic features
typically observed in lower n-members are less pronounced in the
n = 6 and n = 7 compounds, which was confirmed by the decrease
of the calculated exciton binding energy to about 90 meV for n =
6 and 75 meV for n = 7 (41). The key physical properties of all
structurally characterized 2D RP (BA),(MA),,_,Pb, I3, perovskite
phases are given in Table 2.

Electronically, the 2D halide perovskites are direct bandgap
semiconductors at the I'-point, showing a large band dispersion
around the valence band maximum (VBM), consisting of hy-
bridized, filled Pb-6s and I-5p orbitals, while the conduction
band minimum (CBM) mainly consists of empty Pb-6p orbitals
(Fig. 4 A and B). A distinctive difference between 2D and 3D
perovskites is that the originally degenerate bands deriving from
the Pb-I bonding in MAPbI; become split in the 2D perovskites
revealing a number of finite subbands equal to the number of
n-layers in the (BA),(MA),_,Pb, I, formula, suggesting that
each layer is electronically independent. As a consequence of
this trend, both VBM and CBM are localized in a specific atomic
domain within each individual perovskite slab, with CBM se-
lectively preferring the [Pbls] layers close to the spacer cations
and VBM localizing in the central [Pblg] layers, as shown for
(BA)2(MA)gPb;I,; in Fig. 4C. The multiple QW nature of the
2D perovskites gives rise to dielectric confinement, arising from the
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mismatch between the low dielectric constant organic spacers
and high dielectric constant perovskite layers (31). As the in-
organic layers become thicker, they dominate the dielectric
properties of the material, asymptotically approaching the 3D
perovskite (Fig. 4E).

Thermal Stability and Temperature Evolution. The homologous RP
perovskites exhibit excellent thermal stability at temperatures
below 600 K as shown by thermogravimetric analysis (TGA) (SI
Appendix, Fig. S2). The decomposition temperature is marked by
the dissociation of the organic ammonium salts (BA, MA) into
the primary amine and hydrogen iodide, followed by a second
step where molten Pbl, deiodinates to liquid Pb at ~750 K. The
pattern is similar for all RP members, with the notable difference
that the two discrete decomposition temperature steps converge
into a single step at ~650 K for higher n-members.

The most interesting and technologically relevant part of the
thermal behavior of the (BA),(MA),_,Pb,lI5,.1 perovskites is
that the structural phase transitions close to and below room
temperature. These changes can be probed by differential
scanning calorimetry (DSC) in the 80-400 K range (Fig. 54). RP
perovskites exhibit two distinctive phase transitions reminiscent
of those in MAPbI3, which changes from the cubic a-phase to the
tetragonal p-phase below ~333 K and from the tetragonal
B-phase to the orthorhombic y-phase below ~156 K, in accord
with previous reports (42-45). Zoomed-in views of the transition
regions (in Fig. 5B) show a dependence of the transition tem-
perature on n for the p—y transition, whereas the o—p transition is
invariant with n (Fig. 5C). The double peaks for n = 6 arise as a
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result of n = oo second phase and manifest themselves in both
regions. Corroborated by the in situ SXRD analysis and fol-
lowing similar nomenclature, we call the orthorhombic phase
above 283 K the a-phase, the phase between 283 and 150-190 K
(depending on n) the p-phase, and the phase below 160 K
(depending on n) the y-phase (Fig. 5D). All of these phases have
the same 2D perovskite structure and involve subtle changes in
the rotations of the Pb-based octahedra.

This classification of the 2D perovskites in a structural phase
diagram is useful in probing the fundamental differences among 2D
perovskites with different organic spacers, which can show drastic
differences in their optoelectronic performance. For example, the
main analog of the (BA),(MA),_Pb, I3, family, (PEA),(MA),_;
Pb,I3,.1 (PEA stands for the phenylethylammonium cation), adopts
the low-symmetry structure (y-phase) at room temperature for all
n-members (14, 22), yet it is able to produce some of the brightest
perovskite light-emitting devices (LEDs) known to date (15). Un-
derstanding these subtle structure—property variations that produce
such different electronic effects is of great importance in utilizing
the 2D perovskites toward specific applications.

The nature of the two structural transitions in (BA),(MA),_1Pb, 15,1,
however, is different from that in MAPbI;. The transition at
283-285 K does not vary with n, suggesting an exclusive de-
pendence of the transition temperature with the nature of the
organic spacers. In fact, this can be directly observed in SXRD
as a sharp contraction along the stacking axis evident by a shift
of the (0k0) reflections to higher angles accompanied by an
asymmetric stretching in the perovskite plane, evident by the
increasing separation between the (200) and (002) reflections.
The low temperature transition is strongly dependent on the
inorganic framework thickness, decreasing with increasing n,
and approximating the transition temperature of MAPbI; for
high n-members. The structural changes are minor, manifested
by splitting of few reflections that suggest a structural change to a
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triclinic structure, possibly reflecting the change from a dynam-
ically disordered structure to an ordered one, by analogy to the
3D perovskites (46). The change in the transition temperature
appears to vary with the effective electrostatic attraction between
the [(BA)Q]2+ bilayers and the [MAn_le,,I3n+1]2_ inorganic layers,
which decreases with increasing n (each layer is less neutral as the
“2—" charge is distributed among more atoms).

Thin Films and Device Fabrication: Implications for Photovoltaics. In
an initial attempt to understand how the thermodynamic stability
of the perovskites influences the photovoltaic properties, we
fabricated devices of the n = 6 and n = 7 RP perovskites. Fol-
lowing our previous studies we employed the hot-casting method
(47), yielding compact, high-quality dark brown films with the
average root-mean-square (rms) roughness of 26.5 and 19.4 nm,
respectively (SI Appendix, Fig. S7), exhibiting good preferential
orientation of the layers, normal to the devices’ substrate (SI
Appendix, Fig. S8). In contrast to these n = 6 and n = 7 films, the
hot-cast film of “n = 9” actually had poor crystallinity. As illus-
trated in SI Appendix, Fig. S9, the stability of the n = 6 and n =
7 members is excellent, much superior to MAPbI;, as shown by
the stability tests that were conducted under ambient conditions
at 30-40% relative humidity, as judged by the Pbl, degradation
peak evolution. Lower-n films appear to be more resistant to
moisture than the higher n, as might be expected from their
greater thermodynamic stability.

The solar cell device PCE of the n = 6, n = 7, and “n = 9”
films, evaluated by assembling the hot-cast films into a simple
planar heterojunction device structure, revealed a declining
trend in device efficiency with n = 10.90% and n = 8.93% for the
former two, respectively, and an enhancement for “n = 9” to
reach n = 12.63% (Fig. 64). External quantum efficiency sup-
ports this trend, suggesting that as n increases, so does the effi-
ciency of the material to convert the absorbed photons at longer
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wavelengths (Fig. 6B). Detailed photovoltaic parameters
for these devices are listed in SI Appendix, Table S11. The typical
J-V curves under reverse and forward bias are shown in SI Ap-
pendix, Fig. S10.

Comparing the trends in thermodynamic stability discussed
above (Fig. 2 C and D) and the champion device PCE of n = 3—
7 and “n = 9” (Fig. 64), we observe a remarkable similarity; the
thermodynamically favorable even-layered perovskites show a
tendency toward higher device performance with respect to the
less stable odd-layered perovskites. Despite the possibility that
this connection is incidental, due to other device engineering
factors determining the PCE, this emerging trend may be ten-
tatively rationalized by considering the materials’ thermody-
namics. Even though the PCE efficiency tends to decrease with
increasing n, once n crosses the thermodynamic instability
threshold of n = 7, PCE starts rising again, approaching the
levels of the 3D perovskite. Although the rise in efficiency for
“n = 9” may arguably derive from the presence of MAPDI; as
an impurity phase, other contraindicating properties of the ma-
terial, such as the distinct stacked-layer morphology of these
crystals (Fig. 1) and the enhanced moisture stability of the re-
spective films, suggest the presence of high-n RP perovskites, ei-
ther within the thermodynamic instability regime between n = 7
and n = oo (quasi-2D perovskites), or in the form of composite
materials, similar to those observed recently in the 2D/3D
(HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3 system (48)

Conclusions

We have demonstrated the successful synthesis and crystal
structures of n = 6 and n = 7, which exhibit optical gaps of
1.78 and 1.74 eV, respectively. Our calorimetric measurements
show a dramatic decrease in thermodynamic stability going from
n=5ton =6andn =7. The 2D perovskites with n > 5 have a
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positive enthalpy of formation (AH;) with respect to binary
compounds and MAPbDI;. Therefore, using the standard syn-
thesis procedures, the ability to prepare single phase of higher-
end members is diminished with each increase of n beyond
around n ~ 7 as is the ability of X-ray diffraction to distinguish
between the high n-members especially at n > ~8. We recom-
mend the use of proton NMR ('H-NMR) as a tool for analysis to
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quantify the relative ratio between BA (or any other organic
spacer cation) and MA (or any other cage cation) to derive
chemical formulas. Nevertheless, positive enthalpies of formation
do not preclude the synthesis of higher members; rather, we can
use this information to design kinetically controlled routes to
the compounds.

Thin films of higher n are highly crystalline and give compact
and fully covered film morphologies. These films exhibit sub-
stantial improvement in moisture stability after long-term ex-
posure to ambient air, with respect to the 3D MAPDI; films.
Initial evaluation of photovoltaic performance of n = 6 and n =
7 shows very promising PCEs of 10.9% and 8.93%, respectively.
The formation of mixtures of 2D perovskite phases, however,
which may come in the form of perovskite intergrowths or
composites could be a blessing from the point of view of opto-
electronics, since these perovskite blends may combine the bright
features of both the 2D and 3D perovskite or generate emergent
properties.

Methods

Synthesis. Perovskite crystals of (BA),(MA)sPbglig and (BA)>(MA)ePb;I,, were
synthesized by adopting the previously reported procedure (2), using one-
half the required stoichiometry of n-butylammine (BA), targeting the hy-
pothetical formula “(BA)(MA),_1Pb,lz,.1" and using larger quantities of
starting material (S/ Appendix, Table $S12). PbO powder (4.464 g, 20 mmol)
was dissolved in a mixture of aqueous HI solution (20.0 mL, 152 mmol) and
aqueous H3PO; (3.4 mL, 31.0 mmol) by heating to boiling under constant
magnetic stirring for 20 min, forming a bright yellow solution. Subsequent
addition of solid MACI [1,125 mg, 16.67 mmol (n = 6); 1,157 mg, 17.14 mmol
(n =7); 1,200 mg, 17.78 mmol (“n = 9")] to the hot yellow solution initially
causes precipitation of a black powder, which rapidly dissolves under stirring
to afford a clear bright yellow solution. In a separate beaker, BA [331 pL,
3.33 mmol (n = 6); 283 pL, 2.86 mmol (n = 7); 220 pL, 2.22 mmol (“n = 9")]
was neutralized with HI (10 mL, 76 mmol) in an ice bath, resulting in a clear
pale yellow solution. Addition of the chilled BA solution to the MAPbI; so-
lution initially produces a black precipitate, which subsequently dissolves
under heating the solution to boiling. The stirring is then discontinued, and
the solution is allowed to cool to room temperature during which time black
crystals begin to precipitate. After standing overnight, the crystals were
isolated by suction filtration and thoroughly dried at 60 °C in a vacuum
oven. All of the compounds discussed and characterized were prepared from
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Isothermal Acid Solution Calorimetry. A Calorimetry Sciences Corporation
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characterization (film stability, device cycling) information can be found in S/
Appendix. The crystallographic tables and refinement files for the n = 6 and
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