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typically used in 3D LHPs (Cs*, MA, FA), must be fully or

ABSTRACT: Two-dimensional hybrid organic—inorganic partially replaced with bulkier cations. (100)-layered 2D
lead halides perovskite-type compounds have attracted perovskites are most common and adopt K,NiF, or RbAIF,
immense scientific interest due to their remarkable crystal structure. As to (110)-2D LHPs (Ca,Nb,O, related
optoelectronic properties and tailorable crystal structures. phases), some known examples of A-cations include N-(3-
In this work, we present a new layered hybrid lead halide, aminopropyl)imidazolium [in (C¢H,;N;)PbBr,]," N'-methyl-
namely [CH(NH,),][C(NH,);]Pbl,, wherein puckered ethane-1,2-diammonium [N-MEDA, in (N-MEDA)PbBr,],”" as
lead-iodide layers are separated by two small and stable well as guanidinium [C(NH,);", G, in G,PbL;].” An example of
organic cations: formamidinium, CH(NH,),", and guani- (111)-layered 2D LHP is the one comprising 3-(aminomethyl)-
dinium, C(NH,),*. This perovskite is thermally stable up pyridinium [(H,3-AMP)?*], such as in (H,3-AMP),PbBr, with
to 255 °C, exhibits room-temperature photoluminescence K,PtCl, type structure.” (100)-2D LHPs are most commonly

in the red region with a quantum yield of 3.5%, and is
photoconductive. This study highlights a vast structural
diversity that exists in the compositional space typically
used in perovskite photovoltaics.

built with primary mono and diammonium cations.'® The
heavier the halide ion and the thicker the slab the smaller is the
optical bandgap energy (E,). As an example, in iodides, E,
varies from 2.57 eV in (CH,(CH,);NH,),PbL,® to 1.83 eV in
(CH;(CH,);NH;),(CH;NH;),/Pbsl,5.”

Large Stokes shifts and broadband emission were recently

ayered (two-dimensional, 2D) lead halide perovskites reported for some (100) and (110) 2D-perovskites,1b’za’c’10 and
(LHPs) are unique, structurally soft and quantum-well-like

systems, exhibiting enormous structural diversity' as well as
high potential for applications in light emitting diodes,”
photodetectors’ or solar cells.* Most of 2D LHPs can be
imagined as structural derivatives from the ideal cubic
perovskite lattice of an APbX; composition [A, monovalent
cation, primarily Cs*, methylammonium (MA) or formamidi-
nium (FA); X, halogen anion] with three-dimensional (3D)
interconnection of corner-shared PbX4-octahedra and with A-
cations filling the large voids in-between these octahedra.
Slicing of this lattice along (100), (110), (111) crystallographic
planes (Figure 1) with the elimination of the octahedra lying in
the slicing plane (gray-shaded octahedra in Figure 1) leads to
common 2D-compounds with single-octahedra or thicker slabs.
To induce the formation of 2D LHPs, A-site cations, which are

were attributed to emission either from self-trapped excitons
(STEx) or from charge carriers trapped on defects."

Small and highly symmetric guanidinium cation forms a
corrugated G,Pbl, structure with layers parallel to the (110)
plane, and E, of 2.40 eV.®® Smaller FA forms instead a 3D LHP,
FAPbI, (a-phase, cubic symmetry),'> with the smallest
bandgap energy among all known LHPs, exhibiting PL
maximum at 1.48 eV (to 840 nm in the near-infrared). a-
FAPbI; is thermodynamically stable only above 185 °C,"
whereas at room temperature (RT), a-FAPbI, undergoes a
phase-transition into a wide-bandgap, nonluminescent 1D-
polymorph (5-FAPbL;)."”"* The ionic radii of FA and G
cations are 253 and 278 pm, respectively.'* The tolerance
factor, a geometric parameter («), introduced by V. M.
Goldschmidt, describes a relation between the ionic radii (r;) of
A, B, X ions and a probability of a 3D perovskite lattice
formation: a = (r, + VX)/\/Z(rB + r¢)."* Thus, when a = 0.9—
1.0, formation of a cubic perovskite structure is favored and
deviations from these values lead to distorted perovskites or
nonperovskite, lower-dimensionality structures. While for
FAPbL; a = 0.987, for GPbl; it increases to 1.039, causing
crystallization in a 2D G,Pbl,. Both FA and G ions are excellent

(100)

Figure 1. Derivation of 2D LHPs from the parental cubic perovskite
lattice of 3D LHPs by cutting the latter along typical crystallographic

planes: (100), (110), and (111). Received: January 6, 2018
Published: March 4, 2018
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Figure 2. (a) Crystal structure of FAGPbI,. (b) Octahedral coordination of lead ions. (c) A photograph of typical crystals (elipsoids shown at 50%
probability). (d) Photographs of a FAGPbI, crystal taken under day light and under UV illumination in dark. (e) Kubelka—Munk function F(R,,) =
(1 = Ry)*/2Ry, (R, diffusive reflectance) and (f) temperature-dependent PL spectra measurements performed on powdered crystals.
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Figure 3. >’Pb ssNMR spectra of FAGPbI,, G,Pbl,, a-FAPbI, and 5-FAPbI,. All spectra were acquired under 20 kHz magic-angle spinning, except

for a-FAPbI;, which was recorded in static mode.

donors of hydrogen bonds with the lead-halide framework. It is
thus of high interest to explore the possibility of concomitant
incorporation of FA and G for the formation of previously
unknown compounds. These compounds might exhibit
reduced volume of the interlayer region as compared to G-
only or larger-cation compounds. Such compactness and
resulting reduction of E, had been shown in previous studies
on Cs*/G and on MA/G systems.15 G and similar ions are
increasingly used as additives to MA/FA/Cs-based APbX;
compounds in perovskite photovoltaics.'® Hence, the search
for structural motifs within this compositional space is highly
relevant for understanding perovskite optoelectronic devices.

In this work, a new 2D perovskite with a crystal structure
composed of corrugated inorganic layers, [CH(NH,),][C-
(NH,);]Pbl, (Figure 2a—c) further denoted also as FAGPbIL,,
was identified in the FA-G-Pbl, system. Such layered network
can be visualized as stair-like slabs of corner-sharing Pb—I
octahedra (Figure 2). It shows broadband emission in the red
region at RT (Figure 2d) that originates from both free and
self-trapped excitons.

FAGPDbI, was crystallized from hydroiodic acid as 0.5—3 mm
long needles (Figure 2c, see Supporting Information, SI, for
further details). Briefly, FA acetate (4 mmol), G,CO; (4 mmol)
and lead acetate trihydrate (4 mmol) were dissolved in 18 mL
of aqueous HI (57% by mass) upon moderate heating (~50
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°C). After cooling to RT, the solution was left undisturbed for
1-2 days to allow crystallization of FAGPbI,. Crystals were
isolated by vacuum filtration and purified by washing with
diethyl ether and toluene. The purity of FAGPbI, was
confirmed by powder X-ray diffraction (pXRD) and the
thermal stability was studied with thermogravimetric analysis
and differential scanning calorimetry (Figure S1). FAGPbL,
crystallizes in a monoclinic crystal system (space group C2/m,
Table S1). The crystal structure is composed of corrugated
Pb—I layers and G and FA cations situated in the interlayer
space (Figure 2a,b). Interestingly, in comparison with a related
compound G,Pbl, (included in Figure 3), composed of zigzag
Pb—I layers,” FAGPbI, shows stair-like corrugation of
inorganic layers. Concomitant use of FA and G ions in a lead
iodide system results in a different crystal structure as compared
to MA-G-Pbl, and Cs-G-Pbl, systems, where Ruddlesden—
Popper-like phases form (Figure S2)."* The crystal structure of
FAGPbI, had been deposited as a CIF file into the CCDC
database with the number 1814744.

In general, the bandgap energy is determined by such factors
as the dimensionality, connectivity of the structure and
distortions of the coordination polyhedra (lengths of the Pb—
X bonds and Pb—X—Pb angles), as well the atomic number of
the halide."” In FAGPbI,, Pb—I distances lie in the range of
3.080(1)—3.361(1) A and are comparable to those in G,Pbl,
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[d(Pb—T) = 3.070(14)—3.362(14) A].** I-Pb—I bond angles in
FAGPbI, deviate from 90° and are in the range of 86.36(3)—
95.66(2)°; Pb—I—Pb angles range from 161.98° to 180°. In
comparison, Pb—I—Pb angles in G,Pbl, are in the range of
156.9—177.5°. The complete set of bond distances and bond
angles can be found in Tables S2—S4. The optical absorption
spectrum of powdered FAGPbI, is represented here by the
Kubelka—Munk function F(R,) = a/S = (1 — R.)*/2R,,
where a is an absorption coefficient, S is a scattering coefficient
and R, is a reflectance of an infinitely thick layer. The
absorption transitions appear at 506 and 459 nm (Figure 2e,
S3), with only a weak absorbance below 620 nm. The
compound exhibits red PL under UV excitation at RT (Figure
2d), which is a spectrally broad convolution of several bands
(Figure 2f). At RT, the PL quantum yield (PLQY) reaches
3.5%, when excited in the wavelength range of 550—600 nm
and drops to about 1% for the excitation at wavelengths shorter
than 500 nm (Figure S4).

Solid-state nuclear magnetic resonance spectroscopy
(ssNMR, in standard magic-angle spinning version) had been
used to characterize FAGPDb], and to delineate whether the PL
originates from amorphous/nanocrystalline contaminants, not
detectable by pXRD. The high purity of FAGPbI, was
confirmed by comparing its *’Pb ssNMR spectrum with the
spectra of plausible contaminants: G,Pbl,, a-FAPbI; and 6-
FAPDI, (see NMR and XRD data in Figures 3 and S5—S7).
FAGPbI, exhibits two peaks, at 1160 and 1465 ppm
(referenced to PbMe,), with a full width at half-maximum
(fwhm) of 22.4 and 20.2 kHz, respectively, which are typical
values for inorganic lead(II)-iodide compounds'® and LHPs."
The ratio of the peak areas of 2:1 corresponds to the staggered
crystal structure. 2”’Pb ssNMR spectra of G,Pbl, and a-FAPbI,
exhibit single peaks at 1515 ppm. The narrower signal of a-
FAPDI, (fwhm = 22.2 kHz), as compared to G,Pbl, (fwhm =
24.5 kHz), can be attributed to the higher symmetry and
rigidity of the former structure. In contrast, 6-FAPbI; shows a
complex spectrum with spinning side bands. The isotropic
chemical shift was determined by varying the MAS spinning
frequency and, after deconvolution, was found to be —1175
ppm with a fwhm of 21.8 kHz (Figure S8). This spectrum
indicates a larger asymmetry of the Pb environment in &-
FAPbI;. None of the other plausible impurities such as
precursors (e.g., lead acetate) or side products (Pbl,, PbCO;,
PbO or Pb(OH)I, etc.) could be detected by sampling a
broader range of chemical shifts (Figures S9).

Understanding of the broadband emission from layered
LHPs is nontrivial due to effects of the increased structural
dynamics in their soft lattices. Temperature-dependent PL
measurements were taken to further investigate the complexity
of the PL from FAGPbI, (Figure 2f). With cooling, higher-
energy emission shifts to shorter wavelength, up to around 600
nm at 78 K and notably grows in intensity, as one would expect
from the excitonic emission.

The longer-wavelength side of the PL envelope is much less
altered by the temperature. Time-resolved measurements also
point to distinctly different nature of lower and higher energy
emission bands (Figure 4). Two spectral regions were probed;
these were defined through the use of short- and long-pass
optical filters, as indicated by shaded areas. Typically,
structurally rigid 2D LHP structures exhibit narrow-band PL
with short lifetimes for excitonic transitions, from a few to tens
of ns, whereas more complex structures with STEx are
characterized by broader emission with one-to-2 orders of

3852

300}  FEL700/FES750 ¢
1070 %
2 200
T 2
3 SFI00F = e s00FESES0
% 1071 i “ooogg STEX
0 750 250
£ T (K) EX
o
z
2 FEL700/FEST50
10
FEL500/FES650
0 200 400 600 800
Time (ns)
b
1.0 ) ) dis o
g g s
~08 @ @ § 3
5 L f7ex z €10 ¢
=06 3 S E 01
o 3 R > 2
£ b 5 2 g
04 o] i} =
o o (s 205 0.01,
0.2 290K I 500 600 700
@ A(nm)
00 @ 0.0

500 600 700

Wavelength (nm)

800 500 600 700

Wavelength (nm)

800

Figure 4. (a) RT time-resolved PL traces recorded in two spectral
ranges (indicated in panel b) : 500—650 nm (green) and 700—750 nm
(red). Inset: temperature-dependence of the average PL lifetime. (c)
Configuration coordinate diagram for free excitons and STEx. (d)
Photoconductivity spectrum from a single FAGPbI, crystal.

magnitude longer lifetimes.”*”" Minor changes in average
lifetime for S00—650 nm spectral region as a function of the
excitation intensity was observed, as opposed to the region of
700—750 nm, characterized by much stronger power depend-
ence (Figure S10). At 700—750 nm, the PL lifetime decreases
with the increase of excitation power. While still speculative, the
PL band at ca. 645 nm can be attributed to (near) band-edge
excitons, whereas lower-energy emission (at around 685 nm)
might be STEx-related. However, for the lower-energy emission
band, we cannot exclude that the emission can also be related
to defects or color centers.”’ All decay traces are multi-
exponential and are compared by their average lifetimes (7,
extracted from biexponential fits). The lower-energy PL is
characterized by long 7, on the order of hundreds of ns, which
increases with increasing the temperature. Considering that the
PL QYs are on the order of a few %, it is impossible to
unambiguously assign these lifetimes to exclusively radiative
processes. Additional measurements, such as spectral depend-
ences of PL excitation and PLQYs, excitation power dependent
time-resolved PL (TRPL), and TRPL with micrometer spatial
resolution (see Figures S3, S4, S10, S11), do not allow for a
more accurate assignment of the complex and overlapping
emission bands in such 2D LHPs.

The extended 2D electronic structure of FAGPbI, allows for
the observation of photoconductivity (Figure 4d). The dark
specific resistivity values were ca. 1 X 10'° Q-cm, indicating
rather low intrinsic carrier concentration and/or mobility. The
photoconductivity spectrum of a single FAGPbI, crystal peaks
at 510 nm, coinciding with the absorption peak in the
Kubelka—Munk function. The tail of the weak photo-
conductivity extends to 700 nm, thus covering the range in
which PL bands are observed. Again, as in the case of PL, it
remains impossible to disentangle two possible origins of this
photoconductivity: from trap states or from STEx. Further-
more, we note that the fine spectral details of the PL vary also
with the synthesis method (see methods 1 and 2, and Figure
S12 in SI for more details).

In conclusion, a new layered compound, FAGPbIL,, is
thermally stable until 255 °C, exhibits PL at RT and
pronounced photoconductivity. This study highlights a plethora
of structures, other than traditional ABX; LHPs, that can form
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in the compositional space comprising Cs*, FA, MA, G as A-site
cations or interlayer cations.
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