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ABSTRACT: Layered halide perovskites offer a versatile platform for manipulating g > L& L & ‘
light through synthetic design. Although most layered perovskites absorb strongly in the [&»‘ ; JAM %«
ultraviolet (UV) or near-UV region, their emission can range from the UV to the o, e
infrared region of the electromagnetic spectrum. This emission can be very narrow, w } ?% i %
displaying high color purity, or it can be extremely broad, spanning the entire visible B \V»‘\b A S -\
spectrum and providing high color rendition (or accurately reproducing illuminated

colors). The origin of the photoluminescence can vary enormously. Strongly correlated electron—hole pairs, permanent lattice
defects, transient light-induced defects, and ligand-field transitions in the inorganic layers and molecular chromophores in the
organic layers can be involved in the emission mechanism. In this review, we highlight the different types of photoluminescence
that may be attained from layered halide perovskites, with an emphasis on how the emission may be systematically tuned
through changes to the bulk crystalline lattice: changes in composition, structure, and dimensionality.
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1. INTRODUCTION

1.1. Background

Layered halide perovskites are crystalline solids that comprise
anionic metal halide sheets partitioned by arrays of cations.
Often, these cations are organic molecules, giving rise to a
diverse family of organic—inorganic hybrid materials (Figure
1). Layered halide perovskites are related to the perovskite (or
calcium titanate) structure type through dimensional reduc-
tion: the conceptual slicing of a three-dimensional (3D) lattice
along a certain index to yield a two-dimensional (2D) lattice
(Figure 2).

Photoluminescence, the emission of photons following light
absorption, from layered halide perovskites encompasses a
striking diversity. The emission covers a range of energies/
colors—near-UV, purple, blue, green, orange, red, white, and
near-IR (Table 1)—and a range of widths—from narrow blue
emission with high color purity to broadband white-light

emission with high color rendition. The luminescence may
originate from either the inorganic or the organic layers.
Within the inorganic layers, radiative recombination of
excitons (excited electron—hole pairs) that migrate freely in
the lattice (free excitons), interact with lattice defects (bound
excitons), or create transient lattice deformations (self-trapped
excitons) have been invoked while describing the emission
mechanism. The emission from the inorganic layers can also
arise from localized transitions within the ligand-field manifold
of a single metal incorporated either stoichiometrically or as a
dopant. In the organic layers, the emission may originate from
chromophores that are excited either directly by light or
indirectly through energy transfer from the inorganic layers.
These various emission pathways may also mix, with the
photoluminescence showing signatures of both free and
trapped excitons, self-trapped excitons that interact with lattice
defects or that evolve into lattice defects, and excitation
transfer between the lattice and dopants and between the
organic and inorganic components.

In this article we review the substantial research on studying,
understanding, and then synthetically tuning the various
radiative recombination pathways in layered halide perovskites.
Although the focus here is on 2D perovskites (and their close
relatives), we note that many of the mechanistic insights
gained from the photophysical studies of these materials are
broadly applicable to other low-dimensional inorganic lattices.
Importantly, the high degree of crystallinity of halide
perovskites, coupled with the precise tunability of the
constituent organic molecules, affords a very large phase
space of compounds for careful study (Figure 1). Over the past
century, these materials have evolved from scientific
curiosities' and model compounds” to functional materials
whose applications span technologies includin% photovoltaics,”
light-emitting diodes," " and phosphors.'”"" Indeed, early
interest in the photophysics of halide perovskites rested
primarily with the layered or 2D materials. However, the
exemplary performance of 3D lead halide perovskites as solar-
cell absorbers'”'® motivates a timely return to their 2D
congeners. We restrict our discussion to how the luminescence
of the bulk material can be tuned through synthetic design and
refer the interested reader to other articles for the effects of
nanostructuring.M’15

1.1.1. Further Literature. With over a century of research
behind halide perovskites,”'®'” there are a large number of
reviews that stand alongside the development of the layered
perovskites, covering a number of specialized topics in detail.
In particular, we refer the interested reader to early reviews of
synthesis and crystal growth,'® the optical pro;)erties of 2D
Pb—1 perovskites,'” the seminal introduction™ to layered
perovskites and a more recent review,”' the electronic structure
and its optoelectronic consequences,”” and layered perovskites’
postsynthetic transformations,” high-pressure properties,”*
and white-light emission,” as well as a general introduction
to the material family.*®

1.2. History

1.2.1. Three-Dimensional Halide Perovskites. The
history of the 3D halide perovskites is contemporaneous
with their layered congeners, and both classes of materials have
similarly experienced peaks and troughs in study (Figure 3).
The early 3D halide perovskites, with the formula A'B"X; (see
section 2.1), which were structurally characterized by X-ray
diffraction, include KMgF;”” in 1925 and CsBCl; (B" = Cd",
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Figure 1. Diversity of (001) hybrid perovskites represented by the crystal structures for (A) (NEA),Pbl, (NEA = 2-naphthylethylammonium),
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(B) (EDBE)CuCl, (EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium)),""* (C) (PEA),Snl,-C¢Fs (PEA = phenethylammonium),265 (D) (p-
DEA),,,,CdCl, (P-DEA = poly(2E4E)-6-ammoniohexa-2,4-dienoic acid),”*® (E) (MA),PbL,(SCN), (MA = methylammonium),122 (F) (BEA-
Br,),PbCl, (BEA-Br,= H,BrC—CBrH(CH,),NH,),””” (G) Cu(GABA),PbBr, (GABA = y-aminobutyric acid),®’ (H) (PEA),(MA),Pb,1,,,* (I)
(NH,(CH,),SS(CH,),NH,)PbBr,,** (J) (AEQT)PbBr, (AEQT = 5,5'”-bis(ethylammonium)-Z,Z’:5',2”:5”,2”'-quaterthiophene),61 and (K)
(BA),Gel, (BA = but:yla.mmonium).55 Turquoise, dark red, lime, pink, purple, brown, green, orange, yellow, red, blue, and gray spheres represent

Pb, Sn, Cu, Cd, I, Br, CL, F, S, O, N, and C atoms, respectively. Disordered atoms and hydrogen atoms omitted for clarity.

Figure 2. Crystal structures of (A) cubic 3D perovskite CsPbBr,*°
and (B) 2D hybrid perovskite (C,H,NH,),PbBr,."*** Turquoise,
white, brown, blue, and gray spheres represent Pb, Cs, Br, N, and C
atoms, respectively. Disordered atoms and hydrogen atoms omitted
for clarity. Reproduced with permission from ref 26. Copyright 2018
Annual Reviews.

Hg")*® in 1928. Syntheses™ and structure determinations™ of
the halide double perovskites, CSA§IAuIHC16 and
CsAu'Au'lCl;, and the mineral elpasolite,”' > K,NaAlF,
followed shortly thereafter.

The now-familiar group 14 halide perovskites CsPbX; (X =
Cl, Br, I) were described by Mpller in the 1950s, who reported
their crystal structures, phase transitions, and, perhaps most
importantly, their photoconductivity.”**> Notably, the syn-
theses of these materials occurred well before these reports.'”
In 1893, work by Wells'" not only reports salts with the
formula CsPbX; (X = Cl, Br, I), but also the mixed-halide

Table 1. Photoluminescence Colors for Representative 2D
Perovskites at Room Temperature”

perovskite emission color ref
(PEA),PbBr, purple 257
(N-MPDA)PbBr, blue 11
(BA),Eul, blue 117
(AEQT)PbCl, green 6
(PEA),Pbl, green 71
(PEA),(MA)Pb,], orange 4
(BA),PbBr,:Mn** orange 238
(BA),Snl, red S5
(PEA),(MA),Pb,I,, red 3
(MA),Pb(SCN),1, near-IR 151
(EDBE)PbBr, warm white 89
(EDBE)PbCl, cool white 89

“PEA = phenethylammonium, N-MPDA = N'-methylpropane-1,3-
diammonium, BA = butylammonium, AEQT = 5,5”-bis-
(ethylammonium)-2,2":5’,2":5",2"-quaterthiophene, MA = methyl-
ammonium, EDBE = 2,2’-(ethylenedioxy)bis(ethylammonium).

derivatives CsPbCl;_,Br, (x & 0.08—0.2), anticipating recent
research efforts in these materials®® by well over a century. In
contrast, the first hybrid (organic—inorganic) 3D lead-halide
perovskite, methylammonium lead iodide (CH;NH,)Pbl;, was
not reported until 1978 by Weber.””

1.2.2. Two-Dimensional Halide Perovskites. The
layered hybrid halide perovskites predate the 3D hybrids by
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Figure 3. History of some significant developments in halide perovskites (MA = CH;NH;*; PEA = C4H;(CH,),NH;").

nearly a century,'® and their syntheses represent some of the
first reports of halide perovskites (Figure 3)."** Assigning a
definitive date to the birth of this field is difficult, as these
initial studies occurred prior to Rontgen’s pioneering work on
X-rays;”” thus their atomic arrangements were unknown.
Arend and colleagues'® cataloged much of this history in an
early review on the synthesis and crystal growth of the layered
transition-metal hybrid perovskites. More modern examples of
systematic studies on crystal structures and optical properties
include Willett’s studies of (NH,),CuCl,,*°
(CH;NH;,),CuCl,*" and (C,H{NH,;),CuCl,*" in the 1960s.
Other transition-metal-based perovskites, such as the
(RNH;),CrCl, (R = CHy, C,Hg, CgHy; CiHyp) hybrids,
followed in the 1970s.*>* Much of the interest at this time in
the Cu and Cr"-based perovskites focused on their magnetic
properties, as they behave as 2D ferromagnets below ~10 and
~60 K, respectively.**~* Other divalent transition metals that
form layered halide perovskites included Mn, Fe, Cd, and Pd,
templated by alkylammonium or alkyldiammonium cations.'®
Notably, in 1962, red or pink photoluminescence in layered

hybrid perovskites was observed in (RNH;),MnCl, (R = CH,
or CZHS).46

The layered group 14 hybrids were relative latecomers to the
halide perovskite family, with the first report of
(CyHoNH;),Pbl, in 1986 by Maruyama and colleagues.*”**
They studied the ability of this perovskite to intercalate
hexanes owing to the paraffinic nature of the nonylammonium
bilayer. Following this, Ishihara and colleagues observed
strong, room-temperature luminescence from the Pb-I
perovskites,*” which they attributed to excitonic recombination
(section 6.1), spurring the further growth of this class of
materials. The first Sn—I and Ge—I 2D perovskites were
synthesized by Papavassiliou and Mitzi starting in 1993°°7°°
and 1996, respectively, templated by a number of different
organic cations. Similarly, the structure and optoelectronic
properties of the first mixed-halide 2D lead perovskites
underwent extensive study by Kitazawa between 1996 and
1997 and provided a glimpse at the wide tunability of these
materials.””>’

During the 1990s, the group 14 perovskites developed along
primarily two fronts. New structural archetypes, including
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(BA),PbBr,

(N-MEDA)PbBr, Cs,Bi,Br,

(FA)(GUA)PbI,

a-(DMEN)PbBr, a-(1,5-PDA)SNI,

Figure 4. Crystal structures of (A) (001) perovskite (BA),PbBr, (BA = C,H;NH;*),'* (B) (110) perovskite (N-MEDA)PbBr, (N-MEDA = N'-
methylethane-1,2-diammonium),"* (C) (111) perovskite Cs;Bi,Bry,"'" (D) (FA)(GUA)PbI, (FA = CH(NH,),"; GUA = C(NH,);"),""" (E) a-
(DMEN)PbBr, (DMEN = N!,N'-dimethylethane-1,2-diammonium),'” and (F) a-(1,5-PDA)Snl, (1,5-PDA = 1,5-pentanediammonium).”
Turquiose, orange, dark red, teal, purple, brown, red, blue, and gray spheres represent Pb, Bi, Sn, Cs, I, Br, O, N, and C atoms, respectively.

Disordered atoms and hydrogen atoms omitted for clarity.

those with thicker inorganic layers™ (section 2.2.3) as well as
inorganic layers with new connectivities®” (section 2.2.1),
expanded the phase space to new inorganic topologies. In
particular, Mitzi and colleagues showed that the Sn—I
perovskites with thicker inorganic layers exhibited high
electrical conductivities,””*” making them potentially attractive
candidates for thin-film transistors that could be deposited
from solution.”” The set of possible organic cations underwent
a simultaneous expansion, with si§niﬁcant contributions made
by Mitzi and colleagues’'~®’ and Papavassiliou and
colleagues.”****%” The understanding of the optoelectronic
properties of 2D perovskites advanced in step. Ishihara and
colleagues made major contributions to understanding the
photophysics of layered Pb—I perovskites, elucidating their
excitonic nature, as well as demonstrating the effects of the
organic cations on the optical properties.'”**~7° Electro-
luminescence from 2D Pb—I perovskite crystals, simply
painted with silver contacts,” occurred in 1992, with reports
of light-emitting diodes following as early as in 1994.%7"

Advances in the layered hybrid perovskites only accelerated
in the 21st century, including studies in structure—function
relationships,**”* c?rstallography and temperature-dependent
hase transitions,””~"" optical properties,*’~*° photovol-
taics,¥5%7 light-emitting diodes,™” and white-light photo-
luminescence.' ">~

2. STRUCTURE

2.1. Three-Dimensional Perovskites

Three-dimensional (3D) halide perovskites, which have the
general formula A'B"X;, consist of a simple cubic arrangement
of divalent B-site cations, bridged by halide anions (X = F~,
CI7, Br7, I7), creating a 3D anionic network of corner-sharing
octahedra. Small monovalent A-site cations occupy cuboctahe-
dral cavities in the B—X sublattice and provide charge balance
(Figure 2A). The metal halide octahedra may rotate or tilt with
respect to each other, similar to the case for oxide perovskites,
where nomenclature has been established to describe the
resulting lattices.””> While 3D perovskites containing Pb** at
the B site have received widespread attention in recent years
due to their remarkable optoelectronic properties, other B-site
metals have been inco%)orated into the lattice, including
S 3% Ge* > Cd*)? HgZJ’,28 and Mn***” The double
perovskite lattice greatly increases substitutional flexibility at
the B site. Here, mono- and trivalent cations or tetravalent
cations and vacancies are combined in an ordered arrangement
at the B sites, maintaining an average 2+ charge.29_3l’33 The A
site of 3D perovskites is frequently occupied by a small alkali
metal cation such as K¥, Rb*, or Cs*, but in some cases, small
organic cations, such as methylammonium®’ or formamidi-

. 96 . L 17, . .
nium, = can be incorporated, yielding a hybrid organic—
. . 37

inorganic structure.

2.2. Two-Dimensional Perovskites

In 3D perovskites, the A-site cation is confined to the small
cuboctahedral cavity in the B—X sublattice and, therefore,
cannot exceed a critical size.”””” Moving to larger A-site
cations yields lower-dimensional 2D, one-dimensional (1D), or
zero-dimensional (0D) derivatives. Typically, long, relatively
narrow A-site cations, which can pack efficiently, template 2D
layers of corner-sharing metal halide octahedra (Figure 2B). As
in the 3D materials, the 2D perovskite structure allows for
substitutions at the B and X sites, while a much greater
diversity of A-site cations can be accommodated between the
inorganic layers yielding a richer platform for chemical tuning.

2.2.1. Connectivity of the Inorganic Layer. The vast
majority of 2D perovskites have flat sheets of corner-sharing
metal halide octahedra, which can be abstractly derived from
the (001) crystallographic plane of their 3D congeners (Figure
4A).”" A smaller subset of 2D perovskites contain corrugated
inorganic layers, similarly derived from the (110)* (Figure
4B) or (111)*® (Figure 4C) crystallographic planes. More
complex corrugation patterns yield closely related lattices
whose inorganic layers cannot be simply defined by the above
formalism (Figure 4D—F).”"°" This wide array of structure
types can be prepared by similar solution-state self-assembly
methods with the only significant difference being the organic
cation employed. This highlights the key role of the A-site
cation in templating the structure of the extended inorganic
lattice. Importantly, the various structure types can have
dramatically different optical properties as highlighted by the
discussions of (001) and (110) Pb—Br perovskites in sections
6.1 and 7.1.1, respectively.

2.2.2. Structural Distortions of the Inorganic Layer.
Frequently, the inorganic sheets of 2D perovskites show
significant structural distortions relative to the ideal cubic 3D
perovskite lattice. Common distortions include deviations of
the coordination environment about the B-site cation from
ideal octahedral symmetry (unequal bond lengths or X—B—X
bond angles deviating from 90 or 180°) and tilting between
metal halide octahedra (Figure SA—C). The severity of these
distortions can vary widely across a series of perovskites
prepared with the same B- and X-site occupants but with
different A-site cations. Mitzi and colleagues found a significant
variation of the Sn—I—Sn bond angle in the structures of
several 2D perovskites containing different constitutional
isomers of fluorophenethylammonium (e.g,, the 4-fluoro (4-
FPEA) and 3-fluoro (3-FPEA) isomers). These changes were
linked to differences in the packing arrangements adopted by
these molecules within the organic bilayer (Figure SD), thus
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Figure 5. (A) Illustration of interoctahedral tilting in a (001) metal
halide (M—X) perovskite. The M—X—M angle (6y,) can be
decomposed into (B) out-of-plane (6,,) and (C) in-plane (6,,)
components. Turquoise and brown spheres represent the metal and
halide atoms, respectively. (D) Different packing arrangements
adopted by 4-fluorophenethylammonium (4-FPEA) and 3-fluorophe-
nethylammonium (3-FPEA) within the organic bilayers of two Sn—I
perovskites. These distinct packing arrangements template different
Oy values in the inorganic sheets. Gray and green spheres represent C
and F atoms, respectively. Hydrogen atoms and disordered atoms are
omitted for clarity. (A—C) Reproduced with permission from ref 88.
Copyright 2017 Royal Society of Chemistry. (D) Adapted from ref
60. Copyright 2001 American Chemical Society.

highlighting the importance of the organic cation in templating
the inorganic lattice.”” Other studies have emphasized the
importance of factors including the steric demands of the
organic cation,”* hydrogen-bonding influences,***%*71% and
the charge density of the alkylammonium head®>'%® as well as
its proximity to the plane of the inorganic sheets'” in
templating the inorganic lattice.

2.2.3. Thickness of the Inorganic Layer. In the
prototypical (001) perovskites, the inorganic slabs are the
thickness of a single metal halide octahedron (Figure 4A).
However, between this structure and the 3D perovskite
structure, there exists an entire series of intermediate structures
with inorganic layers of varying thicknesses that can be
prepared by using both small and large A-site cations (Figure
1H).>® For (001) perovskites, structures with thicker inorganic
layers have the general formula A’,A, B Xj,.,, where the
small (A) cations occupy the cavities between octahedra within
the inorganic slabs while the larger (A’) cations partition the
inorganic layers. By varying the ratio of small to large cations,

the thickness of the inorganic sheets can be tuned. This
thickness is quantified as “n”, the number (n) of octahedral
layers that make up a single slab (Figure 6C). Similarly, thicker
inorganic layers with both (110)*” and (111)'%® inorganic
sheets can be synthesized (Figure 6D). With increasing #, the
optical properties of 2D perovskites approach those of the
parent 3D perovskite®”'? (the n = oo structure), although
important distinctions remain and phase-pure materials are
difficult to isolate (sections 5.2.2 and 6.2.2).

2.2.4. The A Site. In most 2D halide perovskites,
organoammonium cations occupy the A site with terminal
ammonium groups forming hydrogen bonds with the halides
of the inorganic sublattice. Bilayers of monoammonium cations
(RNH;*; R = aliphatic or aromatic group; Figure 1A) or
monolayers of diammonium cations (*H;N—R—NH;*; R =
aliphatic or aromatic group; Figure 1B) are typically found in
the organic layers. There are also examples of perovskites with
alkali metal cations residing between the inorganic
sheets."'"~""* The choice of A-site cation plays an important
role in templating the structure of the inorganic sublattice and,
therefore, can greatly influence the luminescence properties of
the material. The organic and inorganic layers should be
considered as mutual templates. For example, packing
interactions between oligothiophene chains in the organic
layer have afforded (AEQT)Bi,;3[],,5l, (AEQT = S§,5”-
bis(ethylammonium)-2,2':5',2":5”,2” -quaterthiophene, [] =
Bi** vacancy) perovskites with trivalent Bi** cations in two-
thirds of the B sites—an inorganic layer that has not been
stabilized through simple alkyl ammonium cations.'"> Sim-
ilarly, the inorganic layers may template unusual organic
architectures, such as the criss-crossed network of polyether
chains found in (EDBE)CuCl, (EDBE = 2,2'-(ethylenedioxy)-
bis(ethylammonium); Figure 1B).""*

2.2.5. The B Site. The choice of B-site cation largely
determines the electronic structure of the 2D perovskite (see
section 4) and, hence, its emissive properties (Table 2). A wide
range of divalent B-site cations have been incorporated into 2D
halide perovskites including Pb*,* Sn?*' Ge?*,>® Cu?,*°
Mn*,'" Fe?* "' and Eu?* (Figure 1.1 Additionally, by
leveraging the templating effect of the organic cation, Mitzi
successfully prepared a 2D perovskite containing Bi**, where
the excess positive charge is balanced by B-site vacancies.'"”
The double perovskite framework provides another avenue to
expand the range of B-site cations that can be incorporated
into 2D perovskites. Guloy and colleagues used this strategy to
incorporate Au* and Au®* into a (001) hybrid perovskite,""®
and Karunadasa and co-workers recently reported n = 1 and 2
(001) hybrid perovskites with Ag" and Bi** B-site metals

g !

(ODA),[(AUL)(AUM )(1,),] (BA),AgBiBr,

B e nas

psed L L
Sy L 4444
YEYEY

D

AROANS

(BA),CSAgBIBr,

Cs,Cusb,Cl,,

Figure 6. Crystal structures of layered double perovskite archetypes. (A) (ODA),[(Au'L,)(Au"1,)(1;),] (ODA = 1,8-octanediammonium),"'* (B)
n =1 (BA),AgBiBrg (BA = butylammonium),119 (C)n=2 (BA)ZCsAgBiBrW119 and (D) Cs,CuSb,Cl,,."*® Yellow, dark yellow, orange, white,
indigo, lime, teal, purple, brown, green, blue, and gray spheres represent Au', Au', Bi, Ag, Sb, Cu, Cs, L, Br, Cl, N, and C atoms, respectively.
Disordered atoms and hydrogen atoms omitted for clarity. (B, C) Adapted from ref 119. Copyright 2018 American Chemical Society.
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Table 2. Photoluminescence Peak Position (1,,,,) and
Width (fwhm) for a Range of 2D Butylammonium-Based
Halide Perovskites Prepared with Different B-Site Cations”

perovskite Amax (nm) fwhm” (nm) ref
(BA),Gel, 690 180 55
(BA),Pbl, 525 2 55
(BA),Snl, 625 38 ss
(BA),Eul, 460 24 117
(BA),PbBr, 420 20 238
(BA),PbBr,:Mn?* 600 80 238
(BA),AgBiBry" 470 47 119

“BA = butylammonium. bfwhm = full width at half-maximum. “Data
collected at 25 K.

(Figure 6B,C).""” The family of (111) layered perovskites also
contains trivalent metal cations.”' Solis-Ibarra and co-workers
recently expanded this family to include double perovskites,
featuring Cu®* and Sb** (Figure 6D).'*®

2.2.6. The X Site. The layered hybrid perovskites typically
comprise Cl7, Br™, or I anions although some inorganic 2D
perovskites such as K,MgF, contain F~ anions. The choice of
halide has a significant impact on the band gap with the mixed-
halide compositions enabling smooth variation of photo-
luminescence energy across the visible region (section
6.1.1).°>°712° However, it is important to note that some B-
site cations cannot form perovskite structures with every
halide, determined by the steric requirements of accommodat-
ing six halides around the B-site cation. For example, to our
knowledge, there are no examples of first-row transition-metal-
based layered perovskites containing iodides. Redox potentials
also play a role in the stability of a proposed perovskite.'>" For
example, there are no reports of Cull-I perovskites forming
through aqueous self-assembly reactions as the Cu'' oxidizes
the iodide to iodine. There are also several examples of 2D
halide perovskites containing pseudohalides such as SCN~"**
(Figure 1E) and I~ (Figure 6A).'"

3. SYNTHESIS

Hybrid halide perovskites typically form through solution-state
self-assembly reactions where the metal halide salt and the
neutral organic amine are combined in aqueous acidic solution
or the halide salt of the ammonium cation is added to an
organic solvent containing the metal halide salt. In order for
the desired perovskite to crystallize instead of the multiple
competing side phases, the precursor stoichiometry, solution
pH, temperature, and solvent(s) are varied. Standard
crystallization methods employed for small molecules work
well for crystallizing halide perovskites from solution:'**’ e.g,,
slowly cooling a hot, saturated precursor solution, allowing a
solvent in which the perovskite is not soluble to diffuse into the
precursor solution, allowing the solvent to evaporate and
concentrate the precursor solution or layering the precursors
such that they slowly meet at the interface. Rapid
crystallization affords polycrystalline powders, whereas slowing
the crystallization often produces crystals of sufficient quality
for single-crystal X-ray diffraction. In some cases, even larger
(centimeter-scale) single crystals can be formed for other
spectroscopic studies””® or device fabrication.”'** Impor-
tantly, uniform oriented films of 2D halide perovskites can be
formed on a variety of substrates through a number of different
methods such as spin-coating, drop-casting, dip-coating, and
single- and dual-source vapor deposition, enabling both

spectroscopic studies and device fabrication.'** Solid-state
pulverization of the precursor powders and subsequent
annealing also affords halide perovskites, a particularly useful
method for less-soluble metal salts or metal ions (such as the
lanthanides) which are strongly coordinated by solvent
molecules.”""”

Each of the A, B, and X components may also be mixed by
varying the ratio of the precursors. For example, mixed-halide
perovskites (see section 6.1.1) crystallize from solutions
containing a ratio of halides.'”*® However, the stoichiometry
of the halides in the resulting perovskites isolated as powders,
crystals, or even spin-coated films may vary from that in the
precursor solution.*” Therefore, the halide ratio of the
perovskite is best determined after the product is isolated
using a bulk elemental analysis method such as inductively
coupled plasma mass spectrometry. Different A-site cations can
similarly be introduced to the structure,'”*'*® where mixing
small and large A-site cations affords layered perovskites with
thicker inorganic layers (see section 2.2.3).”® The B site can
also accommodate a mixture of different cations, where a
mismatch in char%e allows them to form ordered double
perovskite lattices. *®''®"'>'*” The composition and con-
nectivity of 2D perovskites can also be changed post
synthetically, where the layered perovskite structure is
preserved in the product, while new bonds are formed or
atoms/molecules/ions are exchanged or inserted.”

4. ELECTRONIC STRUCTURE

4.1. Transition-Metal-Based 2D Perovskites

Layered perovskites of Cu®*, Mn**, Cr**, and Fe?* can exhibit
interesting magnetic properties, providing the early impetus for
their systematic study.*”**~* More recently, the well-studied
ferromagnetic ordering of 2D Cu®" perovskites was found to
coexist with spontaneous ferroelectric order.'”® In general,
these Mott/charge-transfer insulators'*”~"*" and their spectro-
scopic features can be well described by their molecular
analogues. The d° electronic configuration of Cu®" and the
high-spin d* configuration of Cr*" result in substantial Jahn—
Teller distortions. Thus, the octahedral ligand field of CI atoms
in the perovskite lattice is distorted to a ligand field of Dy,
symmetry, where one axis of the octahedron is elongated.
These elongated axes lie along the inorganic sheets and are
oriented perpendicular to one another in an antiferrodistortive
alignment (Figure 7A). This arrangement leads to the partially
filled orbitals on each metal center (d,>_ in the case of Cu’")
being orthogonal to one another, and hence the optical
properties of these extended solids bear a strong resemblance
to molecular systems.” Indeed, in the absorption spectrum of
2D Cu—Cl perovskites, all of the observed bands can be
assigned to transitions expected for an isolated square-planar
CuCl,>~ molecule (Figure 7B,C).*""3%13%133

4.2. Semiconducting 2D Perovskites

Changing the B-site cations from transition metals to the p-
block metals yields semiconducting perovskites. The group 14
2D perovskites are direct-gap semiconductors, with the valence
band maximum comprised of halide np and metal ns orbitals,
whereas the conduction band minimum consists primarily of
metal np orbitals (Figure 8B).””"** Typically, the organic
cations do not contribute to the band extrema”® except in cases
where relatively close overlap between energetic levels enables
either charge transfer between organic and inorganic
components or the highest occupied molecular orbital
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Figure 7. (A) Single inorganic layer of a Cu"—ClI perovskite, viewed
perpendicular to the plane of the layer, displaying the antiferrodis-
tortive alignment of the elongated Jahn—Teller axes. Schematic d,>_
orbitals are overlaid to illustrate their orthogonality. (B) Prototypical
room-temperature absorption spectrum of a Cu—Cl perovskite. (C)
Orbital energy diagrams of Cu—Cl octahedra with Dy, or O,
symmetry showing possible d—d (blue arrows) and ligand-to-metal
charge-transfer (LMCT; red arrows) transitions, obtained from ref
133. (A, B) Adapted from ref 130. Copyright 201S American
Chemical Society. (C) Adapted with permission from ref 133.
Copyright 1999 American Physical Society.
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Figure 8. (A) Optical absorbance spectra of 2D mixed-halide Pb—X
perovskites (X = Cl, Br, 1).'° (B) Schematic block band diagram of
Pb—X (X = Cl, Br, I) 2D perovskites highlighting their change in band
gap and the orbitals that contribute most to the band extrema. (A)
Adapted from ref 166. Copyright 2014 American Chemical Society.
(B) Reproduced with permission from ref 26. Copyright 2018 Annual
Reviews.

(HOMO)—lowest unoccupied molecular orbital (LUMO) gap
is smaller than the band gap of the inorganic component®'
(section 8). Instead, the organic component exerts a primarily
indirect influence on the electronic structure through structural
templating effects (section 2.2.2),5%%8 modulating the materi-
al’s dielectric profile (section 5.2.1),”" and through vibrational
coupling in the excited state (section 6.1.3).*>"*° Much work
has emphasized the important role the filled 6s shell of Pb**
plays in the outstandin% optoelectronic properties of the Pb-
based perovskites.”>”'*® Non-group 14 ions with ns*np°
configurations can be incorporated by using the double
perovskite structure. Thus, trivalent Bi** was incorporated
into n = 1 and 2 (001) double perovskites'"” (Figure 6B,C)

and Sb** was incorporated into a (111) double perovskite
(Figure 6D)."% Notably, the band-gap transition in group 14
metal halide perovskites involves charge transfer from the filled
s orbitals to the empty p orbitals of the same metal. In contrast,
the band-gap transition of double perovskites with two
different B-site metals shows considerable metal-to-metal
charge-transfer character.''® In both cases, there is also halide
character at the band edges, particularly in the valence band.
While the band-edge orbital compositions of the 3D and 2D
congeners for group 14 metal perovskites (e.g., Pb or Sn) are
similar, dimensional reduction can change the symmetry of the
band extrema in double perovskites. For example, calculations
reveal that the indirect band gap of the 3D (n = o) double
perovskite Cs,AgBiBry is maintained until the inorganic layers
are two octahedra thick (n = 2) and then transitions to a direct
band gap at the n = 1 limit in (C,H;NH,),AgBiBrg.'"”

5. ELECTRONIC CONFINEMENT

The dimensionality of the inorganic layers strongly influences
the observed electronic structure. The width of the inorganic
layer in the n = 1 (001) perovskites is less than 1 nm thick.”
Decreasing dimensionality reduces the dispersion'** of valence
and conduction bands, manifesting as an increase in the band
gap, rising from 1.65 eV in (CH;NH,;)PbL;"*” to 2.58 €V in
(CéHS(CHZ)ZNH3)2PbI4.69 With their periodic arrangement of
thin inorganic layers, the 2D perovskites seem analogous to
multiple quantum well heterostructures, a similarity that did
not go unnoticed in early studies.'” In fact, quantum wells and
semiconducting layered perovskites are qualitatively similar,
featuring strongly bound excitons and often, enhanced
luminescence relative to their 3D smalogues.19 However, the
layered perovskites do not behave as true quantum wells, as
several approximations and models for those systems fail to
describe the photophysics of 2D perovskites.'** The
consequences of this quantum-well-like structure manifest
primarily in the excitonic behavior of the layered lead halide
perovskites.

5.1. Excitons

Excited electrons and holes can experience an energetically
stabilizing Coulombic attraction, forming an electrostatically
neutral quasiparticle, called an exciton.'*"'** Excitons are
stabilized relative to their free carrier constituents by the
exciton binding energy (E,), a quantity whose magnitude
describes the energy needed to separate the Coulombically
bound charges."** In canonical direct band gap semi-
conductors, such as GaAs,'* E, < kT at 298 K (25.7
meV), so the excitons are ionized to free carriers at room
temperature. Similarly, free carriers predominate in the 3D
perovskite (CH,;NH;)Pbl,, which also exhibits a small E,
estimated at ca. 2 meV."* In contrast, strong excitonic
absorption and luminescence features are observed at room
temperature in layered lead halide perovskites,'” with E, values
of ca. 300 meV for typical n = 1 Pb—1"" materials.

5.2. Electronic Confinement Effects

The strong excitonic character of the group 14 2D perovskites
compared to their 3D congeners results from the cooperative
effects of quantum and dielectric confinement (Table 3)."
Despite the differences between the layered perovskites and
true quantum-well systems,'* these two effects, which apply to
quantum wells, qualitatively explain 2D perovskites’ greatly
enhanced E,.'””° In an electronically 3D material, such as
(CH;NH;)Pbl,, the excitonic wave functions are similar to the
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Table 3. Band Gaps (E,) and Exciton Binding Energies (E)
for an Array of 2D Perovskites”

perovskite E, (eV) E, (meV) ref
(DA),Pbl, 2.88 320 68, 69
(PEA),Pbl, 2.58 220 69
(PEA),(MA)Pb,L, 234 170 4, 69
(BA),PbBr, 342 393 150
(PEA),PbBr, 3.40 356 150
(1C,),Pbl, 2.56 230 149
(IC¢),Pbl,-21, 2.49 180 149

“DA = decylammonium, PEA = phenethylammoniuim, BA =
butylammonium, IC4 = 6-iodohexylammonium.

3D hydrogenic wave functions of the Bohr model."** In 2D
systems, dimensional confinement of the wave function leads
to a 4-fold enhancement of Ey relative to its 3D congener
through quantum confinement.'”'** Dielectric confinement
results from relatively poor screening of the Coulombic
attraction between the electron and hole'**~"** by the organic
layers, which are significantly less polarizable than the
inorganic layers.”

5.2.1. Tuning E, through the Organic Layer. The
dielectric mismatch between organic and inorganic layers may
be reduced by including polarizable groups in the organic layer.
Ishihara and co-workers demonstrated this effect by synthesiz-
ing two n = 1 perovskites using amines with very different
dielectric constants (decylamine, &€ ~ 2.44; and phenethyl-
amine, ¢ ~ 3.32), finding from absorption spectra that E, =
320 meV for (C,oH,;NH;),Pbl, and E, = 220 meV for
(CéHS(CHZ)ZNH3)2PbI4.é9 In both perovskites, the lumines-
cence efficiency is essentially constant at low temperature but
drops precipitously upon warming past a certain threshold
(unique to each material). From this temperature dependence,
an activation energy, corresponding to Ey, can be extracted. In
both cases, this value of E;, agrees well with that measured from
absorption spectra.’”” The polarizability of the organic layer
may also be increased by adding iodoalkanes in the organic
layer, which can further decrease E, by stabilizing I,
intercalation in the organic layers through I---I interactions.
Iodine intercalation yielded a very low E, of 180 meV in the
perovskite (IC4H,,NH;),Pbl,-2],, although the L-intercalated
perovskite was transiently generated.'*’

5.2.2. Tuning E, through the Inorganic Layer. The
polarizability of the halide appears to affect E,, as lead iodide
perovskites display lower Ey values than lead bromide
perovskites (Table 3).%°*°*'** The layered perovskite
(CH,NH,;),PbL,(SCN),, with pseudohalides as the terminal
ligands exhibits an Ey of 200 mV, which is particularly low for
an n = 1 perovskite without polarizable groups in the organic
layers.">" Further reduction of both E, (by reducing both
dielectric and quantum confinement) and the band gap (E,)
can be achieved by increasing the thickness of the inorganic
layers. Perovskites with 1 < #n < oo show intermediate
properties between those of n = 1 and n = co perovskites. The
n = 1 member of the (C¢H(CH,),NH,),(CH;NH;),_,-
Pb,l;,,, family has E, and E,, values of 2.58 and 0.220 eV,
respectively, while the n = 2 perovskite has corresponding
values of 2.34 and 0.170 eV, respectivel 452 with these values
dropping further for the n = 3 member.” These effects are also
clearly observed for higher-n members of the series
(C4HyNH;),(CH;NH;),_Pb,I,,,; and lead to a similar red
shifting of the luminescence with n, which converges toward

the emission energy of the n = oo perovskite (CH;NH;)Pbl, at
1.60 V.

5.3. Trapped Excitons

In the layered lead halide perovskites, there are several distinct,
yet related types of excitons that radiatively decay, including
free, bound, and self-trapped excitons.

5.3.1. Bound Excitons. The free exciton is the neutral
electron—hole quasiparticle that is free to migrate in the
material and is essentially unaffected by defects or impurities in
the lattice."*> However, excitons can interact with defects,
localizing to the impurity to become bound excitons, as is the
case in the Bi**-doped perovskite (C4H(CH,),NH,),Pbl,.'>
These bound excitons are stabilized energetically relative to the
free excitons, leading to an increase in Stokes shift of the
resulting photoluminescence (section 7.6.2).

5.3.2. Self-Trapped Excitons. Excitons can localize even
in the absence of lattice defects, through the creation of
transient lattice defects, in a process termed “self-trapping”. In
a material with significant coupling between the exciton and
the lattice, the exciton generates a lattice distortion and
becomes (self)-trapped by the distortion it induced.'> Self-
trapped excitons are thus similar to small polarons (charge
carriers that induce local lattice distortions owing to strong
carrier—phonon coupling), although excitons are neutral
quasiparticles and are thus uncharged. Restated, self-trapped
excitons (STEs) can be considered as excited-state defects, as
they exist only upon excitation, and the lattice distortion
disappears following decay to the ground state. Exciton self-
trapping is commonly observed across a wide variety of
insulators, such as condensed rare gases, polycyclic aromatic
hydrocarbons, alkali metal halides, and lead(II) halides.">*'**
Owing to the large-amplitude structural distortions and
energetic stabilization that accompanies exciton self-trapping,
the resulting luminescence is often broad and has a large
Stokes shift (discussed further in section 7.2).">” White-light
photoluminescence in 2D Pb-based perovskites upon UV
excitation has been attributed to exciton self-trapping (section
7.1).M

The large structural distortions that occur upon exciton self-
trapping can be interpreted as changes in bonding and local
coordination. In PbBr,, whose band extrema are similar in
orbital composition to those of layered Pb—Br perov-
skites,””'>° the excited electron localizes on a Pb*" ion,
which dimerizes with another Pb** to form a Pb,** species.
Similarly, holes localize on adjacent Br™ ions, which form Br,~
dimers in the excited state.'>'*°

Self-trapped excitons can be further classified as intrinsic or
extrinsic depending on the nature of their interaction with the
lattice (Figure 9). In cases of extrinsic self-trapping, materials
defects are required to nucleate the self-trapped site. In
TICl,_,Br,, both TICI and TIBr end-members exhibit narrow,
free-excitonic photoluminescence with minimal Stokes shift.
However, bromide doping of a chloride host lattice yields
broad, Stokes shifted luminescence whose intensity depends
linearly on the concentration of Br~ impurity ions, yet the
absorption spectrum has no signature of the dopant ion
impurities, indicating extrinsic self-trapping.">” While intrinsic
self-trapping, by definition, does not require lattice defects,
they are closely interrelated. For example, in NaCl, photo-
excitation yields intrinsic self-trapped excitons that non-
radiatively relax on picosecond time scales to form permanent
lattice defects (F—H defect pairs).">®
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Figure 9. Exciton self-trapping and trapping at permanent defects
represented by balls deforming a rubber sheet. Reprinted from ref 25.
Copyright 2018 American Chemical Society.

5.3.3. An Analogy for Intrinsic and Extrinsic Self-
Trapping. Intrinsic self-trapping is similar to a soccer ball that
is kicked into the goal deforming the loosely held net. Prior to
contact with the ball, the net may be perfectly uniform.
Similarly, intrinsic self-trapping creates transient defects in the
excited state even in a perfect lattice. Real lattices, however, are
never perfect and contain various densities and distributions of
defects (e.g, lattice vacancies, interstitials). Extending the
analogy of the soccer ball and the net, extrinsic self-trapping
corresponds to a net that already contains deformations (e.g,
holes in the fabric, irregularities in the weave). Although the
soccer ball still deforms the net, the nonuniformity of the net
will affect the extent to which the ball sinks and the distortion
it creates. Intrinsic self-trapping leads to homogeneous
emission broadening, where the emission width depends on
the extent of the distortion of the excited state with respect to
the ground state (given by the Huang—Rhys parameter, S)."”
Extrinsic self-trapping creates heterogeneity in the excited
state, thus adding an inhomogeneous component to the
emission broadening. Both intrinsic and extrinsic self-trapping
are thought to contribute to white-light emission from layered
perovskites.*>**

5.4. Determining the Band Gap (E;) and Exciton Binding
Energy (Ep)

The ability to deposit halide perovskites as thin films through
simple methods such as spin-coating or drop-casting” enables
the acquisition of optical absorption spectra with characteristic
resonances. The transition-metal-based 2D perovskites, such as
(C,H{NH,),CuCl,,* feature well-resolved d—d transitions in
the visible region of the electromagnetic spectrum, as well as
ligand-to-metal charge-transfer bands'>® at higher energies
(Figure 7B,C).

The layered group 14 perovskites exhibit strong absorption
at energies above their direct band gaps, as expected. However,
their most striking feature is the intense, narrow free-excitonic
resonance located below the band-gap energy (E,) (Figure
10A), corresponding to the direct creation of excitons in the
inorganic layers. The large extinction of this peak results from
the high oscillator strength and tiéghtly bound nature of
excitons in these layered perovskites.”” As these materials have
a 2D density of states near the band extrema, E; manifests as a
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Figure 10. (A) Optical absorption spectrum of a 2D Pb-I
perovskite'*’ (E, = band-gap energy; E,, = exciton binding energy).
(B) Energy-level diagram of the typical excitonic and band-to-band
transitions of 2D lead halide perovskites (FC = free carriers; FE = free
excitons; GS = ground state. Colored arrows indicate absorption or
photoluminescence, and the black arrow represents nonradiative
relaxation. (A) Adapted with permission from ref 149. Copyright
2017 Royal Society of Chemistry. (B) Reprinted from ref 25.
Copyright 2018 American Chemical Society.

step-like onset above the excitonic absorption.”*'" At room

temperature, it is difficult to accurately determine E, (and
hence Ey,) in 2D perovskites from transmission optical spectra,
owing to thermal broadening effects that obscure this step.
However, both E, and E;, can be directly determined from the
absorption spectra acquired at liquid helium temperatures (4
K), which yields a clear step-like feature corresponding to the
band-gap onset (Figure 10A).”>'*" Then, E, is determined as
E, - (the exciton peak energy) Figure 10B). A common
method for the determination of optical band gaps of
semiconductors is the Tauc method.'®’ However, this method
was develozped to analyze amorphous and electronically 3D
materials'®” in the absence of excitonic effects,'>” and therefore
should not be used for the crystalline, electronically 2D, highly
excitonic group 14 layered perovskites.

6. NARROW EMISSION

The room-temperature photoluminescence originating from
the inorganic layers of 2D perovskites can range from
extremely narrow (full width at half-maximum (fwhm) ca.
100 meV)**>!% to extremely broad (fwhm ca. 1 eV),""*>%
depending on the A-, B-, and X-site occupants (Table 4). In
this section, we focus on narrow emission observed primarily
in Pb- and Sn-based perovskites. Broad emission from these
materials, including the Pb- and Ge-based perovskites, is
discussed in section 7.

Table 4. Values of Emission Maximum (4,,,,) and Width
(fwhm) for Representative 2D Perovskites with Different
Attributed Emission Mechanisms®

Ammax fwhm

perovskite (nm) (nm) emission mechanism ref

- I, 433 24 Tee excitons 11
(N-MPDA)PbBr, fi

- ¥ self-trapped excitons
N-MEDA)PbBr, 558 165 If-trapped 11
(AEQT)PbCl, 530 80 m*—x transition 6

u. 4°5d" - transition 117
(BA),Eul, 460 24 £05d! — 4f
BA),PbBr,:Mn 00 80 Mn™": - A 238
5 b 2 2+ 6 2+ 4T1 6 L
transition

(BA),AgBiBr, 470" 47" defect-assisted emission 119

“N-MPDA = N'-methylpropane-1,3-diammonium, N-MEDA = N'-
methylethane-1,2-diammonium, AEQT = 5,5”-bis(ethylammonium)-
2,2":5',2":5",2" -quaterthiophene, BA = butylammonium. ®Data
collected at 25 K.
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6.1. Group 14 Perovskites with Thin (n = 1) Inorganic
Layers

Although some layered halide perovskites containing transition
metals exhibit photoluminescence (see sections 7.4 and
7.6.1),**""” the group 14 perovskites comprise the bulk of
the luminescent perovskites.”” In these perovskites, of which
the Pb-based materials are the most closely studied,”® the
tightly bound excitons typically yield strong and sharp
photoluminescence, which is minimally Stokes shifted,
characteristic of free-excitonic recombination (Figure 11)."

>
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Figure 11. (A) Absorbance (blue) and photoluminescence (PL; red)
spectra and (B) crystal structure of the (001) perovskite (N-
MPDA)PbBr,.'"”° (inset) Photograph of (N-MPDA)PbBr, powder
emitting blue light under ultraviolet illumination. Turquoise, brown,
blue, and gray spheres represent Pb, Br, N, and C atoms, respectively.
Disordered atoms and hydrogen atoms omitted for clarity. (A)
Adapted from ref 90. Copyright 2016 American Chemical Society.
(inset of A, B) Adapted from ref 11. Copyright 2014 American
Chemical Society.

The free-excitonic luminescence of n = 1 Pb—I perovskites has
been studied since the late 1980s. Ishihara and colleagues
reported strong narrow emission with a very small Stokes shift
at room temperature, which becomes stronger and sharper
upon cooling to cryogenic temperatures.49 Similar excitonic
photoluminescence is also observed for the analogous Pb—Br
perovskites.'®* Narrow excitonic emission has also been
reported for Sn-based perovskites, although here the emission
is somewhat weaker, broader, and more Stokes shifted.>>'®* In
the sections below, we highlight several approaches by which
this narrow excitonic emission can be tuned.

6.1.1. Halide Substitution. The halide composition of Pb
halide layered perovskites offers a simple method for tuning
their excitonic emission. Chloride perovskites have the widest
band gap due to the lower energy of the Cl 3p orbitals, which
hybridize with Pb 6s orbitals to form the valence band. In the
iodide perovskites, the higher-energy iodide Sp orbitals result
in a higher-lying valence band and hence a smaller band gap
(Figure 8B)."**'% Work by Kitazawa first showed that the
band gap and the excitonic emission of 2D Pb halide
perovskites can be continuously tuned by preparing materials
with mixed-halide compositions.***”'*° Notably, in the series
of perovskites with the general formula (PEA),PbBr,I,_, (PEA
= phenethylammonium), the fwhm of the emission is
significantly larger for the mixed-halide compositions (ca.
400 meV for x = 3) than for the pure end-members (ca. 70
meV for x = 0 and ca. 80 meV for x = 4). This emission
broadening has been attributed to the random distribution of
different halides in the inorganic layer, which leads to variation
in the local environment felt by excitons.'”” This same
phenomenon leads to broadening of the excitonic absorption
feature (Figure 8A).°*'%° Similar results were found for the
series of tin-based perovskites (PEA),Sn(Br,I,_,)."” In the

mixed Br/Cl perovskites, the emission undergoes a different
evolution than in the Br/I perovskites. Rather than causing a
continuous blue shift of the emission, chloride alloying
introduces a broad, highly red-shifted emission.””'**'*” This
broad feature is similar to the emission observed from many
pure layered Pb—ClI perovskites.*'**'7

6.1.2. Structural Distortion. Beyond elemental composi-
tion and connectivity, the photoluminescence of 2D halide
perovskites is highly sensitive to subtle structural distortions of
the inorganic lattice. These structural distortions are primarily
dictated by the organic cation.”””>'%° Mitzi and co-workers
have investigated the effect of octahedral tilting and bond
length variation on the optical properties of 2D perovskites by
analyzing how these parameters affect their band structures
(see section 4.2).°° Octahedral tilting decreases the orbital
overlap of antibonding Sn 5s and I 5p orbitals in the valence
band (VB), energetically stabilizing the valence band
maximum. At the same time, the previously nonbonding Sn
Sp states at the conduction band minimum should be
destabilized due to antibonding character introduced by
mixing with I orbitals due to the structure’s lower symmetry
(Figure 12A,B). Significant octahedral tilting, therefore,
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Figure 12. (A, B) Changes in orbital overlap resulting from distortion
of the Sn—I-Sn in-plane bond angle. These changes introduce
additional antibonding interactions at the conduction band minimum.
(C) Exciton peak position as a function of Sn—I—Sn bond angle for a
series of 2D Sn—I perovskites with organic layers consisting of
phenethylammonium derivatives.”” Adapted from ref 63. Copyright
2005 American Chemical Society.

increases the band gap of 2D Sn—X perovskites due to these
combined effects. Variation of the in-plane Sn—I bond lengths
is also expected to affect the band structure, with shorter bonds
destabilizinﬁg the valence band maximum and decreasing the
band gap.”’ Experimental band-gap estimates (assuming
constant exciton binding energy and thus using the excitonic
absorption energy as a proxy for the band gap) for a series of
2D Sn—I perovskites show a strong correlation between
octahedral tilting and E,, with increased tilting leading to a
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band-gap blue shift (Figure 12C). Similarly, longer Sn—I
equatorial bond lengths lead to a larger band gap, although
here the changes in band gap are much smaller than those
induced by octahedral tilting.”’ Prakash and co-workers
performed a related study on 2D Pb—I perovskites,
demonstrating how structural distortions of the inorganic
lattice tune the emission wavelength of the material.'”"

Structural distortions of the inorganic lattice have also been
proposed to influence the efficiency of excitonic emission in
2D lead halide perovskites. Asai and co-workers compared the
photoluminescence quantum efficiencies (PLQEs) of the
excitonic photoluminescence of three 2D Pb—Br perovskites,
(PEA)PbBr,, (C,H,CH,NH,),PbBr,, and (BA),PbBr, (PEA =
C¢H;(CH,),NH;* and BA = C,H,NH;*). Among the
materials measured, the perovskite (PEA),PbBr, has the
highest PLQE of 22%.'”* They calculated similar nonradiative
decay rates but substantially different radiative decay rates for
the three perovskites, with faster radiative decay yielding more
efficient emission. The authors rationalize these observations
by examining structural distortions within the inorganic
lattices. All three structures show significant octahedral tilting
leading to deviations of the Pb—Br—Pb bond angles from
linearity (151 and 152° for (PEA),PbBr,, 150° for
(C4H,CH,NH,),PbBr,, and 155° for (BA),PbBr,). In
addition, the Pb—Br coordination sphere in (PEA),PbBr,
shows significant deviations from ideal octahedral geometry
while the octahedra in (C¢H;CH,NH,),PbBr, and
(BA),PbBr, are essentially undistorted.'”> As Mitzi and others
have demonstrated, distortions such as these decrease orbital
overlap, decreasing band dispersion in the distorted
structures.”>'** This decreased dispersion should yield a
higher exciton effective mass, leading to a smaller exciton
Bohr radius and a faster radiative decay rate in highly distorted
structures.'’> Considering both octahedral tilting and octahe-
dral distortion, (PEA),PbBr, is the most distorted of the three
structures, while (BA),PbBr, is the least distorted. Thus, the
differences in radiative decay rate and photoluminescence
quantum efficiencies observed in this series of perovskites are
consistent with structural distortions of the inorganic lattice
induced by variation of the organic cation.'””

6.1.3. Excited-State Coupling. Recent work has sought
to understand how vibrational coupling in the excited state
influences the optical properties of layered perovskites. At
room temperature, the free-excitonic photoluminescence from
typical 2D Pb—I perovskites, such as members of the
(C,H,,,,NH;),Pbl, family or (PEA),Pbl, (PEA =
C¢H;(CH,),NH,"), appears as a single resonance, with some
asymmetry owing to a low-energy tail.'“®'*%!%% At low
temperatures, however, this resonance clearly splits into
different components,'® which have been varyingly attributed
to the coexistence of free and bound excitons with phonon
replicas, and free excitons and free biexcitons.'>> However,
other work'”'** more clearly implicates phonon replicas in the
low-temperature peak splitting. At 10 K, Deleporte and
colleagues observed two excitonic photoluminescence lines
with a splitting of 14 meV (113 cm™), comparable to the
longitudinal optical (LO) phonon energy of 13.7 meV (110
cm™') in the parent material Pbl,."" Kagan and colleagues
observed a similar structuring of both the excitonic absorption
and narrow photoluminescence in (PEA),Pbl, accompanied
by further peak splitting (Figure 13). They identify both the
same 12—14 meV phonon replica and a higher-energy series
with a splitting of ca. 40—43 meV (323—347 cm™"), ascribed
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Figure 13. (A) Low-temperature (1S K) absorbance (blue) and
photoluminescence (red) from a thin film of (PEA),Pbl, (PEA =
phenethylammonium). (B) Magnified view of the free-excitonic
region of the absorbance and photoluminescence. The photo-
luminescence intensity is multiplied by 60 relative to (A) to highlight
the fine structure. (C) Time-resolved excitonic photoluminescence in
(PEA),Pbl,. Adapted from ref 13S. Copyright 2016 American
Chemical Society.

to phononic contributions from the phenethylammonium
cation."” In a very different experiment, Rao and colleagues
identify similar coupling of the excited state with vibrational
modes using femtosecond time-resolved transient absorption
spectroscopy.'*® They observe small-amplitude oscillations of
photoinduced absorption and ground-state bleaching signals,
whose Fourier transforms yield the energies of the coupled
phonons, with major contributions arising from low-energy
(<25 meV; <202 cm™') modes. These vibrational contribu-
tions will be important for understanding the relaxation
pathways in these materials with the eventual goal of
modulating the radiative recombination pathways by coupling
excitations in the inorganic layers to vibrations in both the
inorganic and organic layers.

6.2. Group 14 Perovskites with Thick (1 < n < o) Inorganic
Layers

The value of n in the formula of layered perovskites counts the
number of metal halide sheets per inorganic layer. For example,
the formula for (001) perovskites is A’,A,_;B,Xj,,;- The first
reports’® of the structures of layered lead halide perovskites
with n > 1 by Thorn and co-workers coincided with the general
rise of the group 14 layered perovskites in the 1990s. Despite
the very early reports on their free-excitonic photo- and
electroluminescence, as well as photoconductivity,4 interest in
the n > 1 layered Pb—I perovskites remained primarily
academic until recently. Five years following the initial report
of solar cells employing the 3D Pb—I perovskite (CH;NH;)-
Pbl, as the absorber by Miyasaka and colleagues,'” Karunadasa
and colleagues reported the first solar cell based on a 2D
perovskite absorber: (C¢Hs(CH,),NH;),(CH;NH;),Pb,1;, (n
= 3).” Solar cells incorporating this absorber exhibited a power
conversion efficiency of 4.7%. Importantly, this perovskite
showed significantly enhanced moisture stability relative to the
n = oo (CH;NH;)PblL,, likely aided by the greater hydro-
phobicity of the phenethylammonium cations relative to
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methylammonium and the higher-quality films of the 2D
perovskite.”'”* Although, unlike the single crystals, the films
showed indications of several n values (see section 6.2.2), the
higher-energy photoluminescence and higher open-circuit
voltages obtained from the 2D perovskite cell (compared to
devices with the 3D perovskite) showed the photovoltaic
potential of 2D perovskite absorbers.” This spurred renewed
interest and further development of these materials, with new
understanding of their luminescence and utility for optoelec-
tronic applications such as solar-cell absorbers, and light-
emitting diodes (section 9.2) emerging over the past several
years.

6.2.1. Luminescence. As the thickness of the lead halide
inorganic layers in the n > 1 layered perovskites exerts control
over both E, and Ey, n also affects the observed photo-
luminescence. Despite lacking single-crystal structures, Thorn
and colleagues observed excitonic absorption peaks at 430 and
450 nm of the putative n = 2 and n = 3 members of the
(CyHoNH;),(CH;NH;),_Pb,Br,,; family, lower in energy
than the peak at 393 nm observed for the pure n = 1
perovskite.” In the (C,H,NH;),(CH;NH;),_,Pb,L;,,; family,
photoluminescence from single crystals red shifts with
increasing n value, decreasing from 2.35 to 1.83 eV in the n
=1 and n = S members, respectively, with the emission from
the n = S perovskite close to that of the n = co (CH;NH;)Pbl,
at 1.60 eV (Figure 14).%%'% Similar to their n = 1 homologues

Energy (eV)

Figure 14. (left to right) Crystal structures of the n = 1—S members
of the (C,H,NH;),(CH;NH;),_ Pb, Ly, perovskite family,'#>86:109
(inset) Photoluminescence obtained from single crystals of the n = 1—
5 and oo members. Turquoise, purple, blue, and gray spheres
represent Pb, I, N, and C atoms, respectively. Disordered atoms and
hydrogen atoms omitted for clarity. (inset) Adapted with permission
from ref 109. Copyright 2017 Cell Press.

(section 6.1.1), using more electronegative halides increases
the band gap of n > 1 perovskites as well. In the mixed-halide n
= 3 perovskite (C,H;NH,),(C,HNH,),PbyCLBr,,_,, increas-
ing chloride content blue shifts the absorption onset energy
from 2.75 to 3.45 eV. However, narrow light-blue photo-
luminescence is observed only in (C,H;NH,),(C,H,NH,),-
Pb;Br), as chloride incorporation significantly broadens the
emission (section 6.1.1).

6.2.2. Compositional Heterogeneity in Films. The first
report of photo- and electroluminescence from single crystals
of the n = 2 perovskite (C4H;(CH,),NH;),(CH;NH,)Pb,1,
by Ishihara and co-workers found that the luminescence was
minimally Stokes shifted from the excitonic absorbance peak
(Estokes < 20 meV, calculated from ref 4), suggesting free-

excitonic recombination. However, in thin films with the
nominal composition and powder X-ray diffraction (PXRD)
patterns corresponding to the n = 3 perovskite
(C¢Hs(CH,),NH;),(CH;NH;),Pb;1,,, the photolumines-
cence is significantly red-shifted with an estimated Stokes
shift of ca. 0.4 eV. Similar behavior was observed for thin films
of n > 1 perovskites in the (C,HyNH;),(CH;NH,),_,Pb, X5,
family as early as 1991,°° contrasting sharply with the
luminescence of single crystals."”* Notably, this low-energy
photoluminescence observed in films is still blue-shifted
relative to the n = co end-member (Figure 15), suggesting it
does not arise from domains of pure (CH;NH,;)Pbl,.* This
relative blue shift (with respect to the 3D perovskite) holds for
photo- and electroluminescence for thin films of layered
perovskites with n > 3.°

In the first study of n > 1 layered lead halide perovskites,
Thorn and co-workers remark on the difficulty of preparing
phase-pure thin films of the n = 2 perovskite
(CoH,,NH;),(CH;NH,)Pb,Br,. Transmission optical meas-
urements of these films contain weak absorbance features at
390 and 530 nm, corresponding to the absorption onsets in n =
1 (C4H(NH;),PbBr, and n = oo (CH;NH;)PbBr;,
respectively, which they ascribe to “imperfect self-assembly”.”®
Optical measurements of thin films of the n > 1 layered Pb—I
perovskites mimic this behavior, with the excitonic signatures
of both higher and lower n values present in absorption spectra
of films of n = 3 (C4H,(CH,),NH,),(CH;NH,),Pbsl,,
(Figure 1SA). The intensity of the excitonic absorption band
increases with decreasing n owing to the higher oscillator
strength of the excitonic transition in the lower n values.
Karunadasa and colleagues attributed these additional features
to “defect” layers, or local deviations from the nominal n value
(deduced from the PXRD pattern) in films formed rapidly
under kinetic control.’ These features are reflected in the
external quantum efficiency spectrum of a solar cell employing
the n = 3 perovskite as an absorber, indicating that all these n-
valued regions absorb light and contribute to photocurrent
production (Figure 15A). The main photoluminescence peak
from films of the n = 3 perovskite is red-shifted from its
expected energy, indicating that carriers/excitons are funneling
to regions with lower band gaps (attributed to higher n values)
in the film.> A careful inspection of the photoluminescence
spectra of the n > 1 films of layered Pb—I perovskites reveals
this heterogeneity. In (C¢Hs(CH,),NH;),(CH;NH;),Pb];,, a
semilogarithmic plot of the photoluminescence intensity
reveals weak features at higher energies, corresponding to
luminescence from lower n values of the layered perovskite,
suggesting that not all carriers migrate to the lower-band-gap
regions with higher n values.’

An alternative explanation for the low-energy photo-
luminescence in n > 1 layered perovskite films was recently
proposed by Mobhite, Crochet, and colleagues, who examined
the photoluminescence of exfoliated single crystals and thin
films."”* Most photoluminescence from exfoliated flakes of 2D
Pb—I crystals appears narrow and free-excitonic (section 6.1).
However, the edges of n > 2 layered perovskite flakes produce
low-energy photoluminescence in confocal microphotolumi-
nescence experiments that appears very similar to the low-
energy feature that dominates the emission spectra of thin
films. They attribute the low-energy feature to “layer-edge
states”, which they posit to be common in a thin film
comprised of many small grains. The photoluminescence
excitation (PLE) spectrum of the low-energy emission in an n
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Figure 15. (A) External quantum efficiency (EQE; red) for a solar cell and transmission (blue) for a thin film containing the nominal n = 3
perovskite (CgH;(CH,),NH,),(CH;NH,),Pb,1,,.> Gray lines highlight excitonic contributions from the n = 3 perovskite as well as “defect layers”
with both higher and lower n values. Photoluminescence from thin films of the nominal n = 2 perovskite (C¢H;(CH,),NH,),(CH;NH,)Pb,[,
exciting (B) the air-facing top surface and (C) the glass-facing back surface. (D) Schematic showing the presence of multiple different inorganic
layers with varying thickness within a single film. Turquoise, purple, blue, and gray spheres represent Pb, I, N, and C atoms, respectively.
Disordered atoms and hydrogen atoms omitted for clarity. (A) Adapted with permission from ref 3. Copyright 2014 John Wiley and Sons. (B, C)

Adapted from ref 175. Copyright 2016 American Chemical Society.

= 3 perovskite flake shows no features below the absorption
onset, identified in transmission optical measurements, so
photons do not directly excite this state, instead first forming
free excitons. This low-energy emission has a rise time of ca.
200 ps, suggesting the layer-edge states’ population builds up
more slowly than that of the photogenerated excitons. The
authors attribute the mechanism of layer-edge-state formation
to exciton dissociation to free carriers at the edges of the flakes,
with energetic stabilization provided by a deep electronic trap
state.'”* They further hypothesize that the low-energy
photoluminescence of n > 1 perovskite films arises from
similar exciton dissociation at grain boundaries. However,
turther study is required to connect the emission from films to
that of exfoliated flakes.

6.2.3. Excited-State Dynamics. While carefully chosen
single crystals provide a clear way to relate structure and
optical properties in the n > 1 family of layered perovskites,
most potential applications require thin films, thereby
necessitating a deeper understanding of the role of composi-
tional heterogeneity. Despite the potentially complex nature of
this material system, general trends related to nominal # value,
usually at least qualitatively follow chemical intuition such as
absorption onset decreasing in energy'’’
mobility' > increasing with higher values of n. In contrast,
Herz and colleagues demonstrated through optical pump—
terahertz probe measurements that thin films of the nominally
n = 3 member of (CgHs(CH,),NH,),(CH,NH,),_,Pb,L,.,
have nearly double the effective mobility (11 cm*V~'s7")
compared to the n = 4 material (6 cm>V™":s™"). They attribute
this surprising result to the change in film orientation with
increased C¢H (CH,),NH;* content, corroborated by X-ray
scattering. Owing to the anisotropic nature of charge transport
in these layered materials, changing grain morphologies and
thin film texturing leads to an anisotropic dependence on
mobility not accounted for during pump—probe measure-
ments.'”> Despite the highly local nature of terahertz-based
mobility measurements, there is a large sensitivity to film
processing, elegantly highlighting the difficulty of unraveling
the fundamental role compositional heterogeneity plays in the
n > 1 layered perovskites.

and carrier

Herz and colleagues also observed that the optical properties
of n > 1 films exhibit a dependence on the geometry of the
excitation source. In films much thicker than the penetration
depth of 3.1 eV light (<100 nm), the observed photo-
luminescence changes dramatically depending on whether the
top or bottom of the film is excited (Figure 15B,C)."”> The
bottom side of the film, which directly contacts the substrate,
exhibits relatively less lower-energy photoluminescence and
more higher-energy photoluminescence compared with the top
side of the film. As the C4Hs(CH,),NH," cation is less soluble
and bulkier than CH;NH;", during the spin-coating deposition
process, lower n-values of the 2D Pb—I perovskite may
precipitate first, followed by higher n-values that make up the
top surface of the film,"”°~""” adding a distinct spatial
component to the film heterogeneity.

The combination of a distribution of # values within a given
thin film (Figure 15D) coupled with the variation in E, for
those same n-valued domains enables the possibility of
electronic communication between domains. Excited car-
riers/excitons in low n-valued domains may transfer to high
n-valued domains, enhancing the observed low-energy photo-
luminescence. Transient absorption (TA) spectra of thin films
of n > 1 layered perovskites with various different organic
cations®”!”*"”” exhibit clear photoinduced bleaching signals
with maximum values at short time scales (<1 ps). These
bleach signals overlap with the excitonic peaks obtained from
static absorption spectra,” indicating population of the different
n-valued perovskite domains. However, at lower energies,
comparable to those of the n = oo perovskite, a photoinduced
bleach grows in intensity over much longer time scales (>>1
ps), suggesting slower transfer and population of the state that
affords the lowest-energy photoluminescence. Recent work
suggests that the organic cations can change the extent of this
heterogeneity.'”

Two proposed mechanisms for energy transfer between
domains with different n values are exciton funneling, where
excitons migrate from low-n (large band gap) to high-n (small
band gap) regions,S’9 and exciton ionization, where electrons
and holes migrate to high and low values of n,176’179
respectively. Both these arguments are based on the relative
band offset and alignments of the different n values of the
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perovskite, typically determined by ultraviolet photoelectron
spectroscopy (UPS). Several different sets of UPS data support
these differing mechanisms.*'’'*" However, the exciton
ionization arguments rely on significantly increased ionization
energy and electron affinity'®" with increasing n. Given the
simple dimensionality arguments of Umebayashi and col-
leagues (section 5.2.2), as well as the conflicting UPS data
already present in the literature, further study is needed, such
as through terahertz (THz) emission spectroscopy, to probe
the proposed opposing motion of electrons and holes through
thin films.'®

Clearly, the family of n > 1 layered perovskites is still
expandin%, with great promise for applications in lumines-
cence,”'™ buoyed by their increased tunability, radiative
efficiency, and moisture stability relative to their 3D congeners.
The compositional and spatial heterogeneity of n > 1
perovskite films should be acknowledged. Although high-n-
value regions tend to limit the photoluminescence energy of
the film, they may offer certain advantages to their perform-
ance in optoelectronic applications such as improving carrier
mobility, as initially suggested.” Recent strides in thin-film
deposition have enabled the construction of efficient light-
emitting diodes with both n > 1 layered Pb—I and Pb—Br
perovskites (section 9.2) where the heterogeneity in the
perovskite films is credited for improving device efficiency by
funneling and concentrating the excitons to the higher-n-value
regions.g’g’184
6.3. Rare-Earth Perovskites

The 2D perovskite (C,H;NH;),Eul, reported by Mitzi and co-
workers is the only known example of a 2D hybrid perovskite
based on an f-block metal. The photoluminescence spectrum
of this perovskite exhibits a single narrow resonance with an
fwhm of 24 nm centered at 460 nm (Figure 16), reminiscent of
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Figure 16. (A) Structural model and (B) photoluminescence of the
perovskite (BA),Eul, (BA = butylammonium).'"’ Orange, purple,
blue, and gray spheres represent Eu, I, N, and C atoms, respectively.
Disordered atoms and hydrogen atoms omitted for clarity. (B)
Adapted from ref 117. Copyright 1997 American Chemical Society.

the excitonic emission of the Pb-based analogues.''’ This
photoluminescence, however, is more similar to emission from
the 4°5d" excited state to the 4f’ ground-state configuration of
Eu®* seen in Eul,'® and Eu®*-doped alkali metal halides,"*°
than excitonic recombination. Unlike in the lead halide
perovskites, where excitonic emission blue shifts significantly
with increasing quantum confinement (see section 5.2.2), the
photoluminescence from this 2D Eu perovskite shows a slight
red shift relative to the emission of its 3D parent perovskite
CsEul,.''” Whereas the excitons responsible for emission in
2D lead halide perovskites are strongly affected by the
quantum and dielectric confinement imposed by the lattice

structure (section 5.2), the strongly localized excited state in
(C4HyNH;),Eul, is relatively insensitive to its surroundings.
For this reason, emission from (C,H,NH;),Eul, is significantly
more robust than that of the 2D lead halide perovskites. The
more delocalized excitons in layered lead halide perovskites are
susceptible to trapping at defects; therefore, excitonic photo-
luminescence is often quenched in low-quality samples,
whereas the highly localized excitation in the Eu-based
perovskite makes the emission far less dependent on sample

quality.""”

7. BROAD EMISSION

Much of the original interest in the layered lead halide
perovskites stemmed from their narrow, free-excitonic photo-
luminescence,'” studied since the late 1980s by Ishihara and
colleagues,49 with onlgf occasional observations of Stokes-
shifted luminescence.">” One related example is an early report
of weak, broad red photoluminescence from the 3D perovskite
CsPbCl, at temperatures below ca. 200 K.'*” However, recent
work has shown that broad Stokes-shifted luminescence may
be a ubiquitous phenomenon in layered lead halide perov-
skites.”® Most of the reports on broadband photoluminescence
in the 2D perovskites implicate exciton self-trapping as the
dominant emission mechanism (discussed in sections 7.1 and
7.2).>> This is not the only mechanism for inducing broad
photoluminescence: material defects and dopants (sections 7.3
and 7.6) can also broaden the emission, albeit with different
operative photophysics. In this section, we also highlight
several sets of perovskites based on non group 14 elements,
which exhibit broad, non-free-excitonic luminescence (section
7.4).

7.1. White-Light-Emitting Perovskites

Because of the focus on understanding the narrow, free-
excitonic emission (fwhm ca. 100 meV) with minimal Stokes
shift (ca. 10 meV) from 2D perovskites,*”'®* white-light-
emitting perovskites were not studied until 2014 by
Karunadasa and colleagues.'"*” Upon UV excitation, the
inorganic layers of these perovskites emit continuously across
the entire visible spectrum (spanning 400—700 nm), appearing
white. This emission has a considerable Stokes shift (ca. 1 eV)
and width (ca. 0.8 eV), leading to the intriguing question: how
does a bulk material without obvious chromophores emit every
color of visible light (section 7.2)?

7.1.1. (110) Perovskites with Corrugated Inorganic
Layers. Most Pb perovskites feature flat (001) inorganic
layers, and yield narrow, free-excitonic photoluminescence
when excited by UV radiation (Figure 11).5%1%* However,
upon UV excitation, the (110) perovskite (N-MEDA)PbBr,
(N-MEDA = N'-methylethane-1,2-diammonium) featuring
corrugated inorganic layers emits broadband white light, i.e.,
a continuous emission from 400 to 700 nm (Figure 17)."" This
broad emission in (N-MEDA)PbBr, peaks at ca. 560 nm, with
a high-energy shoulder, attributed to free-excitonic contribu-
tions,” at ca. 420 nm. This result was surprising, as the optical
absorption spectra of this (110) perovskite and other (001)
perovskites were very similar, yet their emission spectra were
remarkably different (Figures 11 and 17). The emission color
could be tuned through halide substitution, to afford both
“warm” and “cold” white light with correlated color temper-
atures (CCTs) of 4669 and 6502 K, respectively. Increasing
the chloride content in (N-MEDA)PbBr,_,Cl, thus increased
the CCT of the emission by blue-shifting the photo-
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Figure 17. (A) Absorbance (blue) and photoluminescence (PL; red)
and (B) crystal structure of the (110) perovskite (N-MEDA)-
PbBr,.'"”° (inset) Photograph of (N-MEDA)PbBr, powder emitting
white light under ultraviolet illumination. Turquoise, brown, blue, and
gray spheres represent Pb, Br, N, and C atoms, respectively.
Disordered atoms and hydrogen atoms omitted for clarity. (A)
Adapted from ref 90. Copyright 2016 American Chemical Society. (A,
inset) Adapted from ref 11. Copyright 2014 American Chemical
Society.

luminescence. Chloride substitution also increased the
phosphor’s color-rendering index (CRI), a measure of a light
source’s ability to accurately reproduce illuminated colors
(section 9.1), to 85. Commercial white-light sources for indoor
illumination require CRI values greater than 80."*" Chloride
substitution also slightly increased the photoluminescence
quantum yield (PLQE) from 0.5% in (N-MEDA)PbBr, to
1.5% in (N-MEDA)PbBr, sCl, ,. The second (110) white-light-
emitting perovskite, (EDBE)PbBr, (EDBE = 2,2'-
(ethylenedioxy)bis(ethylammonium); Figure 18A), exhibited
a much higher PLQE of 9% for warm white light with a CRI of
84.* While chloride substitution (Figure 18B) tuned the
broad photoluminescence without detriment to the PLQE,
even low amounts of iodide incorporation in (EDBE)PbBr,
quenched the broad component of the luminescence,
consistent with (EDBE)Pbl, showing a much narrower green
emission.

Prior to the observation of white-light emission from (N-
MEDA)PbBr, and (EDBE)PbBr,, the emission of the (110)
perovskite (API)PbBr, (API = 1-(3-ammoniopropyl)-1H-
imidazol-3-ium) spanning 400—650 nm was reported as deep
yellow.'®” In this study, the broad photoluminescence was
attributed to a z¥—x transition in the organic API'
chromophore. However, this mechanism now seems unlikely
owing to the similarity of the emission between (API)PbBr,
and (110) perovskites containing simple aliphatic cations such
as N-MEDA."" A recent report showed that the API" cation
also templates a (110) Pb—Cl perovskite that emits broad
white light,l% in analogy with both the (110) Pb—Br and

(001) Pb—Cl perovskites® (sections 7.1.1 and 7.1.2,
respectively). While not strictly a (110) perovskite, a-
(DMEN)PbBr, (DMEN = N'N'-dimethylethane-1,2-dia-
mmonium), which has a larger corrugation repeat unit than
a (110) perovskite (Figure 18D), was recently shown to emit
cold white light at room temperature with a color rendering
index of 73 (section 9.1.2; Table 5).'*

Table 5. PLQE, CRI, and CIE Values for an Array of White-
Light-Emitting Perovskites®”

compound ref PLQE (%) CRI CIE (x, y)
(N-MEDA)PbBr, 11 05 82 (036, 0.41)
(EDBE)PbBr, 89 9 84 (0.39, 0.42)
(EDBE)PbCl, 89 2 81 (0.33, 0.39)
a-(DMEN),PbBr, 100 not reported 73 (0.28, 0.36)
(AEA)PbBr, 838  not reported 87 (0.29, 0.34)
(PEA),PbCl, 170 <1 84 (037, 0.42)
(EA),Pb;Cl,, 168  not reported 66 (0.27, 0.39)
(API)PbC, 190 <1 93 (0.36, 0.37)
(MPenDA)PbBr, 254 3.4 91 (024, 0.23)
(CyBMA)PbBr, 194 LS not reported  (0.23, 0.29)

“Adapted from ref 25. Copyright 2018 American Chemical Society.
*N-MEDA = N'-methylethane-1,2-diammonium, EDBE = 2,2’-
(ethylenedioxy)bis(ethylammonium), DMEN = N!N'-dimethyl-
ethane-1,2-diammonium, AEA = 3-(2-ammonioethyl)anilinium, PEA
= phenethylammonium, EA = ethylammonium, API = 1-(3-
ammoniopropyl)-1H-imidazol-3-ium, MPenDA = 2-methyl-1,5-pen-
tanediammonium, CyBMA = cis-1,3-bis(ammoniomethyl)-
cyclohexane.

7.1.2. (001) Perovskites with Flat Inorganic Layers.
The first example of a white-light-emitting (001) perovskite
was (EDBE)PbCI, (Figure 18B).”” The excitonic absorption
and band gap are blue-shifted relative to the (110) perovskite
(EDBE)PbBr,, similar to the effects of halide substitution in
(N-MEDA)PbBr,_,Cl,, and this material emits “cold” white
light (section 9.1.2)." However, the PLQE, measured as 2%,
was lower compared to (EDBE)PbBr,. Boukheddaden and
colleagues'”" subsequently synthesized the first white-light-
emitting (001) Pb—Br perovskite (C4H,;;NH;),PbBr,, whose
optical characteristics appeared very similar to those of both
(EDBE)PbX, (X = Cl, Br) perovskites. They also observed
quenching of the broad emission in (C¢H;;NH;),PbBr, I,
with increasing iodide substitution,'”” although broad photo-
luminescence was observed at low temperature in
(C¢H,;NH,),PbL,."”* The highly distorted (001) perovskite
(AEA)PbBr, (AEA = "H;NC(H,(CH,),NH;*) emits white

(EDBE)PbBY, (EDBE)PbCI,

7 ,A P £

(CyA),PbBr, a-(DMEN)PbBr,

Figure 18. Crystal structures of selected white-light-emitting perovskites (A) (EDBE)PbBr, (EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium),*
(B) (EDBE)PbCL,* (C) (CyA),PbBr, (CyA = cyclohexylammonium),”® and (D) a-(DMEN)PbBr, (DMEN = N!,N'-dimethylethane-1,2-
diammonium).'® Turquoise, brown, green, red, blue, and gray spheres represent Pb, Br, Cl, O, N, and C atoms, respectively. Disordered atoms and

hydrogen atoms omitted for clarity.
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Figure 19. Transient absorbance of (A) the (110) perovskite (N-MEDA)PbBr, and (B) the (001) perovskite (N-MPDA)PbBr, upon excitation at
345 nm. Induced absorption and bleach features are shown in red and blue, respectively. The data at ca. 650—700 nm are masked owing to the laser
excitation line. (C) Wavelength-dependent photoluminescence decay times for (N-MEDA)PbBr,, with the instrument time resolution shown in
gray. (D) Schematic of exciton self-trapping from the free carrier (FC) or free exciton (FE) state to a distribution of self-trapped states (STEs).
Photoluminescence is shown with dotted arrows. Adapted from ref 90. Copyright 2016 American Chemical Society.

light at room temperature with a relatively high CRI of 87.%°
Further examples of white-light-emitting Pb—X (X = Br, Cl)
perovskites are (C¢H;(CH,),NH;),PbCl, and
(H;NCH,C¢H,,CH,NH,)PbBr,, both reported by Mathews
and colleagues.'’”'** Kanatzidis and colleagues found that the
n = 3 perovskite (C,H;NH,),Pb;Cl;,_,Br, emitted white light,
where here too, the Cl:Br ratio tuned the emission color.'®*
Notably, while only a few examples of (001) perovskites are
white-light emitters at room temperature, Karunadasa and
colleagues found that broad photoluminescence is in fact
common to the entire family of (001) Pb—Br perovskites,
although its appearance is highly temperature dependent
(section 7.2.3).88

7.2. Proposed Mechanism of White-Light Emission

7.2.1. Electronic Origins of White-Light Emission. Self-
trapping of free excitons is the proposed mechanism for white-
light emission in layered Pb—X (X = Cl, Br) perovskites.'"”’
Following the initial proposal by Karunadasa and colleagues,"’
a number of mechanistic studies®®™""'7"1?>17¥1% sought to
probe the origin of the broad photoluminescence in these
materials. These spectroscopic, structural, and theoretical
works continue to reinforce the viability of the exciton self-
trapping hypothesis. Here, the exciton is trapped in a lattice
deformation created through the interaction between the
lattice and the exciton. Therefore, self-trapped excitons
(described in sections 5.3.2 and 5.3.3) create transient, light-
induced lattice deformations that can be considered as
“excited-state” defects, in contrast to more permanent lattice
defects such as vacancies and interstitials, which are maintained
in the ground state as well We refer to the latter as
“permanent” in order to distinguish them from the transient
self-trapped states, although these “permanent” defects may in
some cases evolve with time, albeit much more slowly than the
self-trapped states.

Mechanistic studies indicate that exciton self-trapping
generates the broad Stokes-shifted emission (homogeneous
emission broadening), while interaction between the self-
trapped excitons and permanent lattice defects (extrinsic self-
trapping; sections 5.3.2 and 5.3.3) causes heterogeneity in the
excited state, further contributing to the emission width
(inhomogeneous emission broadening).gg’90 The nature of the
self-trapped states in these perovskites has not been
experimentally identified, although the early reports invoked
the possible analogy between self-trapping in Pb—Br perov-
skites and in PbBr,."” In PbBr,, the self-trapped species have
been resolved using electron paramagnetic resonance.'>*

Several computational papers have used approximations to
study self-trapped species in lead halide perovskites (e.%.,
adding an electron/hole to the ground-state structure).'*>'°
However, owing to the interrelation of the electron and hole,
directly probing the self-trapped exciton though computation
remains challenging, and experimental atomistic evidence of
the structure of the self-trapped exciton remains a vital target
for this field.

7.2.2. Mechanistic Insights. The absorbance spectra of
films of the white-light-emitting (110) perovskite (N-MEDA)-
PbBr, (Figure 17) and blue-light-emitting (001) perovskite
(N-MPDA)PbBr, (N-MPDA = N'-methylpropane-1,3-dia-
mmonium) (Figure 11) appear qualitatively similar. Both
materials feature strong free-excitonic resonances and no
below-exciton absorption, suggesting that similar excited states
are initially populated in both materials. White-light emission
from surface defect sites was discarded as a possibility as the
photoluminescence quantum yield and spectral shape did not
change considerably in (N-MEDA)PbBr, and (EDBE)PbBr,
between thin films, micrometer-scale powders, or large single
crystals.""*” Furthermore, the intensity of the observed white-
light emission exhibits a linear dependence on excitation
intensity. Near band-edge excitonic photoluminescence
typically exhibits a linear or superlinear power dependence
on excitation density, with donor—acceptor pair or carrier-trap-
based recombination having a sublinear dependence.'”” While
this model may not hold for highly localized excitations,'®
these results support the self-trapping hypothesis.

Cooling white-light-emitting Pb—X (X = Br, Cl) perovskites
yields a significant increase in PLQE, with (EDBE)PbBr,
exhibiting an estimated PLQE of ca. 85% at 105 K.*’ This
increase in emission efficiency and narrowing of the broad
photoluminescence with decreasing temperature are indicative
of strong coupling between the electronic transition and lattice
vibrations.**” In (EDBE)PbBr,, a fit of the temperature-
dependent photoluminescence width yields the effective
phonon frequency that couples to the electronic transition as
97 cm™!, similar to the energy of the Pb—Br modes obtained
from static Raman spectra. Although this estimate used a rough
model, it implicates the inorganic layers in the emission
process. Similar band shape analyses have previously been
performed on the free-excitonic photoluminescence of the
(001) Pb—I perovskite (C¢Hs(CH,),NH;),Pbl,,'* and more
recently for the broadened emission in the (111) perovskites
such as Cs;Sb,L,.'"*

Beyond static optical measurements, time-resolved spectro-
scopic experiments provided more conclusive evidence for self-
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Figure 20. (A) Photoluminescence (PL) of the (001) perovskite (HIS)PbBr, (HIS = histammonium) showing both narrow (NE) and broad
emission (BE). (B) Temperature-dependent ratio of integrated BE:NE intensity, In(Igp-Iys "), for a single crystal of (HIS)PbBr,. The colored
symbols correspond to the PL spectra of the same colors in (A). (C) Correlation between In(Igp-Iys ") at 80 K and out-of-plane distortion (D)
for a series of (001) Pb—Br perovskites. (inset) A 2D perovskite fragment showing the plane of layer propagation. (D) Schematic of thermally
activated exciton self-trapping (red arrow) and detrapping (blue arrow), where the activation energy barriers for trapping (Ea,trap) and detrapping

(E

a,detrap

) define the self-trapping depth (AG). S is the Huang—Rhys parameter that defines the distortion of the self-trapped state (STE) relative to

the ground state (GS). FE is the free exciton state. PL is shown with dotted arrows. Reproduced with permission from ref 88. Copyright 2017 Royal

Society of Chemistry.

trapping, as well as insight into the excited-state landscape of
the (110) white-light-emitting perovskites. Using a suite of
ultrafast optical measurements, Lindenberg, Karunadasa, and
colleagues™ probed the excited state of (N-MEDA)PbBr,
across a range of time scales to understand the fate of the
photogenerated carriers. In an optical pump—THz probe
ultrafast spectroscopic measurement, exciting well above the
band gap with 266 nm (4.66 eV) light produces free carriers
that relax in <600 fs, determined by attenuation of the incident
THz radiation. The THz probe is unattenuated by (N-
MEDA)PbBr, when resonantly pumping the free-excitonic
absorption at 387 nm (3.20 eV). Together, these observations
are consistent with the formation of excitons on subpicosecond
time scales. Transient absorbance data provide the most
compelling evidence to date of self-trapping of these excitons
in layered perovskites.” In perovskites with a narrow emission,
such as the (001) perovskite (C,H,NH,),PbI,,"” above-band-
gap excitation generates a below-gap bleaching feature,
indicating the filling of sub-band-gap trap states attributed to
permanent lattice defects. A similar light-induced bleach is seen
in the transient absorbance data for (N-MPDA)PbBr,, which
emits blue light (Figure 19B). In contrast, a broad photo-
induced below-gap absorption spans much of the visible region
in the transient absorption spectrum of (N-MEDA)PbBr,
(Figure 19A), indicating the formation of new, transient
electronic trap states upon photoexcitation, which were
ascribed to exciton self-trapping.” Following the initial report,
this transient absorption has also been observed in other white-
light-emitting perovskites: (EDBE)PbX, (X = Br, C1)'° and
(PEA),PbCl,.""°

In a pressed pellet of (N-MEDA)PbBr,, the time-resolved
photoluminescence lifetime of the white-light emission is less
than 700 ps, although there is a significant wavelength
dependence (Figure 19C). At the higher-energy, free-excitonic
shoulder, the measured lifetime is limited by the time
resolution of the experimental setup (~8 ps), with a small
contribution from a very weak, longer-lived tail. Within the
broad component of the emission, there is further wavelength
dependence, with lower-energy states having longer emission
lifetimes. This wavelength dependence of photoluminescence
lifetime has also been observed in the (001) white-light-
emitting perovskite (C¢H,;NH,),PbBr,,""" and also in other
systems that exhibit exciton self-trapping, such as Si nano-
crystal/SiO, composites.”’”*°" For (N-MEDA)PbBr,, this

wavelength dependence is attributed to a distribution of self-
trapped sites, likely arising from extrinsic self-trapping, where
permanent lattice defects modify the self-trapped sites. A
similar wavelength dependence is observed for the photo-
luminescence rise time in (N-MEDA)PbBr,, with the lower-
energy photoluminescence rising more slowly compared to
higher-energy emission. As the lower-energy photolumines-
cence is attributed to arise from more deeply self-trapped and
distorted states, these states should take longer to form, or
excitons may shuttle from lightly trapped to more deeply
trapped states (Figure 19D).”

7.2.3. Structural Origins of White-Light Emission.
Although there are scattered examples of (001) Pb—Br
perovskites that emit white light at room temperature,*>'”"
the vast majority exhibit narrow, free-excitonic luminescence
under ambient conditions.*® However, broad emission appears
to be a general feature of 2D Pb—Br perovskites, modulated by
a strong temperature dependence.®” For example, the (001)
perovskite (HIS)PbBr, (HIS = histammonium) exhibits
narrow blue photoluminescence at room temperature, yet
below ca. 200 K a broad, low-energy photoluminescence
feature appears, which increases in intensity with further
cooling. This low-temperature photoluminescence appears
very similar to the white-light emission in other Pb—X (X =
Br, Cl) perovskites, and it was therefore ascribed to exciton
self-trapping (Figure 20A).°® Furthermore, the ratio of
integrated intensity between the broad, self-trapped (Iz;) and
narrow, free-excitonic photoluminescence (Iyg) features in
(HIS)PbBr,, InpIys ', exhibits two distinct temperature-
dependent regimes, similar to the (110) perovskite (N-
MEDA)PbBr, (Figure 20B).”® This coexistence of free and
self-trapped excitonic states has also been observed in
pyrene,zoz_204 and a similar simplified energy diagram, wherein
the free and self-trapped excitonic states are separated by an
activation energy barrier, can be applied to the halide
perovskites (Figure 20D). Here, the activation energy barrier
for self-trapping (Eamp) is small and smaller than that for
detrapping (Ea,demp). As (HIS)PbBr, is cooled from room
temperature, thermal energy becomes small relative to E, getrap
resulting in an increase in IgpIyg~'. However, with further
cooling, thermal energy will eventually become sufficiently
small relative to E, ,,,, so excitons lack the energy to self-trap,
potentially decreasing Igp-Iyy ™', although contributions from
temperature-independent effects such as tunneling to self-
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Figure 21. Temperature-dependent photoluminescence from (A) an exfoliated crystal of (BA),Pbl, (BA = C,H,NH;") and (B) from
(FA)(GUA)PbI, (FA = CH(NH,),"; GUA = C(NH,);"). (C) Particle-size dependent photoluminescence from powders of (MA),PbI,(SCN),
(MA = CH;NH;"). (A) Adapted from ref 199. Copyright 2015 American Chemical Society. (B) Adapted from ref 101. Copyright 2018 American
Chemical Society. (C) Adapted from ref 151. Copyright 2016 American Chemical Society.

trapped states can complicate this relationship.””®> The
analogous temperature dependence of Inp-Iyy ™" across a series
of eight (001) Pb—Br perovskites implied the commonality of
both the broad photoluminescence and this relationship
between free and self-trapped excitonic states.

Notably, at any given temperature, the absolute value of Iy
Iyg ! varied considerably among different perovskites. Differ-
ent organic cations template different structural distortions in
the inorganic layers, revealed by single-crystal X-ray diffraction
(SCXRD) (section 2.2.2).°*°*”> These differences create
subtle, yet important, changes in the electronic structure of
the layered perovskites. Notably, the broad emission is thought
to arise from sub-band-gap trap states generated from exciton
self-trapping, instead of a band-edge transition. It thus need
not reflect changes to the crystal/electronic structure in any
systematic way. However, changes to the crystal structure can
influence lattice deformability and the extent of exciton—lattice
coupling.*® Examining over 50 different structural parameters
in the inorganic layers of eight (001) Pb—Br perovskites,
Karunadasa and co-workers, therefore, looked for structural
trends that correlated with the propensity to exhibit broad
emission, quantified as Ipp-Iys~' (the ratio between the
integrated intensity of the broad and narrow emissions). The
tilt angle between adjacent octahedra (6,) may be
decomposed into in-plane (6,,) and out-of-plane projections
(6.y), where the plane is defined parallel to the inorganic
layers (Figure 20C, inset). A significant positive correlation
was found between Iyp-Iy;~' at 80 K and the out-of-plane
distortion of the inorganic sheets defined as D, = 180° — 6,
(Figure 20C).*¥ For all the other measured structural
parameters, including bond lengths, bond angles, and
deviations of the lead coordination sphere from octahedral
symmetry (section 6.1.2), the correlations were much
weaker.®® Furthermore, the strongest correlation was observed
for the largest measured value of D, rather than for the
average value for crystal structures with multiple crystallo-
graphically unique Pb—(u-Br)—Pb angles. This is consistent
with exciton self-trapping, which is a highly localized
phenomenon. Mitzi and co-workers have previously shown
that the crystal structure reflects the band-gap energy of 2D
perovskites, highlighting the correlation between 6, and the
excitonic absorption energy (and by extension the band gap).”*
Interestingly, although the broad emission is attributed to
transient sub-band-gap trap states that form upon irradiation,
the emission onset still shows a dependence on the bulk crystal
structure.

The proposed thermally activated model for self-trapping
(Figure 20D) yields a relationship between Izp-Iyz~' and the
self-trapping depth (or the stabilization of the self-trapped state

with respect to the free excitonic state: AGggqqp (=Eamp —
E, getrap < 0) given by the equation

In IB_E 1 Prs AGself—trap
Ing k¢ kg T

where k¢ and k, are the radiative rate constants for free and
self-trapped excitonic emission, respectively. When coupled
with the structural correlation between D, and Iyp-Ing ™), it is
apparent that increased distortion along D, results in a
greater propensity for self-trapping, suggesting that synthesiz-
ing (001) Pb—Br perovskites with pronounced out-of-plane
distortions within the inorganic layer is a route toward new
room-temperature white-light emitters."”

7.2.4. Structural Correlations with the Emission
Width. Beyond the role of D, in dictating the propensity
for exciton self-trapping, other correlations between crystal
structure and aspects of the broad emission have been sought.
Several metrics describe deviations of a Pb—X octahedron from
O, symmetry, such as octahedral elongation (4,), octahedral
angle variance (6..2),”% and bond-length distortion (A,,).20°
De Angelis, Petrozza, and colleagues considered two perov-
skites and associated increased A and o,.> with photo-
luminescence broadening between the narrow green-light-
emitting (001) perovskite (C,H,NH;),Pbl, and the slightly
broader green-light-emitting (110) perovskite (EDBE)PbL,.>"’
A more recent work by Kanatzidis and colleagues considered
three perovskites with corrugated inorganic layers that display
broad photoluminescence and found a similar trend between
increasing emission broadening and A,..'” These initial
studies are promising, and suggest a correlation between the
local coordination environment of the lead and the emission
width. However, the large variation in both structural and
optical parameters even within a single family of layered
perovskites means that a significant number of such materials
are still required in order to articulate trends.

7.3. Broadened Emission from Lead Halide Perovskites

7.3.1. Layered Pb-l Perovskites: Emission from
Defects. While all known examples of (110) Pb—Br
perovskites display very broad (typically white) emission at
room temperature, the same does not hold for (110) Pb—I
perovskites.”**® For example, the (110) perovskite (EDBE)-
Pbl, (EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium)) has
a much narrower emission compared to the structurally
analogous (EDBE)PbBr,” although the room-temperature
emission of the (110) Pb—I perovskite is slightly broader than
that of typical (001) Pb—I perovskites. Furthermore,
incorporation of iodide into white-light-emitting Pb—Br 2D
perovskites has been found to quench the broad emission.*”"**
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Nevertheless, there are multiple examples of broad emission
from 2D Pb—I perovskites at or below room temperature, but
the origin appears to differ from that of the Pb—Br perovskites.

There is substantial evidence that broad emission from Pb—I
perovskites arises from traps resulting from permanent lattice
defects. Using transient absorption measurements, Zhu and co-
workers uncovered the presence of below-gap trap states in 3D
(CH3NH,)Pbl, films and in exfoliated crystals of the n = 1, 2,
and 3 layered derivatives: (C,H,NH;),PbI,,
(C,H,NH,;),(CH;NH,;)Pb,I,, and
(C,HyNH,),(CH;NH,),Pb,I,,.""’ Following above-gap pho-
toexcitation at room temperature, a bleach signal appears in all
four materials, significantly below the band gap, indicative of
trap states in these perovskites, which can be populated by
relaxation of hot carriers. This bleach signal grows in intensity
from n = co to n = 1 perovskites, leading Zhu and co-workers
to suggest that the lower-n-value materials studied have a
higher trap density, where the defects responsible for the traps
are localized at the organic—inorganic interfaces.'”” At room
temperature, no emission is observed from these midgap states,
as the abundant thermal energy favors other recombination
pathways. However, upon cooling below 150 K, carriers are
trapped and recombine at these defects, resulting in broad
photoluminescence for n = 1 (C,HyNH;),Pbl, centered at ~2
eV (Figure 21A). Kagan and colleagues also observed similar
broad photoluminescence in films of (PEA),Pbl, (PEA =
phenethylammonium) at low temperature. This broad
emission has a strong dependence on film quality, supporting
an origin from material defects.'”’

The n = 1 hexylammonium and dodecylammonium Pb—I
perovskites also show broad, low-energy photoluminescence
upon cooling below 200 K. However, unlike in the
(C4HyNH;),(CH;NH,),_;Pb,L;,,; perovskites studied by
Zhu, Deschler and co-workers remark on the absence of
below-gap features in the room-temperature transient
absorption spectra.”” To explain the broad emission, the
authors propose that photoexcitation creates permanent
defects in the lattice. They propose that, at room temperature,
there is sufficient thermal energy that these defects can be
eliminated by ionic defect migration (ie., defects migrate to
grain boundaries or surfaces where they do not have the same
impact on the optical properties) or defect recombination
(where thermal energy permits spontaneous defect healing)
mechanisms. However, as temperature decreases, these
pathways are hindered by the lack of thermal energy, so the
defects are trapped and mediate broad subgap emission. DFT
calculations indicate that the most likely defects to be involved
here are iodide interstitial and/or Frenkel defects, both of
which are predicted to have relatively low formation energies
and to induce deep trap states within the band gap.””’

For the Pb—I perovskites mentioned above, broad emission
does not emerge until the materials are cooled significantly
below room temperature. Room-temperature broad emission
has been observed, however, by Kovalenko and co-workers in
the corrugated Pb—I hybrid bearing close relation to a
perovskite: (CH(NH,),)(C(NH,);)Pbl, (Figure 21B).""" At
room temperature, UV excitation induces broad red photo-
luminescence. Upon cooling to 78 K, this emission shows
asymmetrical intensity growth, increases in width, and
sharpens in places to more clearly reveal that the overall line
shape is a convolution of multiple peaks. The authors propose
that the shorter-lived high-energy portion of the emission
arises from (near) band-edge excitons. Both defect-mediated

recombination and self-trapping are suggested as possible
explanations for the long-lived lower-energy emission, which is
strongly affected by sample preparation method."”"

7.3.2. An Attempt at Unifying the Mechanism of the
Broad Emission from Pb—X Perovskites (X = Cl, Br, and
I). Mechanistic studies show indications of transient, light-
induced defects in Pb—Br perovskites that emit white light,”’
and permanent light-induced defects in Pb—I perovskites that
exhibit a broad emission.””” Some Pb—1 perovskites also show
indications of sub-band-gap trap states caused by material
defects, even prior to illumination.'"” The dominant halide
contribution to the valence band maximum means that a
principal degradation pathway for halide perovskites under
illumination is the evolution of halogen gas (as holes collect in
primarily halide-based orbitals). Therefore, light stability is
expected to increase from iodide, to bromide, to chloride
perovskites. We can thus attempt to unify the separate
observations for Pb—Cl, Pb—Br, and Pb—I perovskites by
considering that the transient defects created through self-
trapping can evolve into permanent material defects, as
previously suggested.*® This process is likely facile in iodide
perovskites, and may require greater excitation fluences in
bromide and chloride perovskites. This phenomenon is not
new; self-trapping precedes the formation of permanent lattice
defects in related materials, such as the formation of color
centers (electron trapped in a halide vacancy) in alkali metal
halides.">*

7.3.3. Layered Pb—I-SCN Perovskites. The 2D perov-
skite (CH;NH;),PbL,(SCN), contains the pseudohalide ion
thiocyanate (SCN7),"** and also exhibits room-temperature
broad, low-energy photoluminescence of ambiguous origin.
The intensity of this low-energy feature relative to several
higher energy peaks (which are attributed to free excitonic
photoluminescence) varies significantly depending on sample
morphology and particle size.'”' The intensity of the higher-
energy photoluminescence is much stronger in large single
crystals, whereas the lower-energy photoluminescence domi-
nates in films and grows in intensity as the crystalline material
is pulverized to smaller particle size (Figure 21C). This
observation suggests that the low-energy emission may arise
from defects/surface sites. The energy of the lower-energy
feature coincides with the emission energy of the 3D
perovskite (CH;NH;)Pbl,. In fact, this 2D perovskite is very
moisture sensitive and its decomposition product was
identified as (CH,;NH;)Pbl;.""" Therefore, this low-energy
emission may arise from an amorphous or very minor
(CH;NH,)Pbl; impurity,"”" although it does not display
below-gap bleach signals in the room-temperature transient
absorbance spectrum,”'’ which are indicators of trap states
caused by lower-band-gap impurities. Based on this and other
observations, the low-energy emission has also been proposed
to arise from radiative recombination of triplet excitons.”'” The
low-energy emission evolves substantially with cooling and
splits into multiple features, one of which is much broader than
the original peak. These changes may be correlated with a
strzulgtural phase transition in the material that occurs at ca. 170
K.

7.4. Broadened Emission from Other Metal Halide
Perovskites

7.4.1. Layered Double Perovskites. In contrast to the
narrow, strong free-excitonic room-temperature emission of
2D lead perovskites, the n = 1 and 2 layered double perovskites

DOI: 10.1021/acs.chemrev.8b00477
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00477

Chemical Reviews

Figure 22. Crystal structures of non-perovskite metal halide hybrids featuring broad, room-temperature photoluminescence: (A) (tms),Pb;Br,
(tms = trimethylsulfonium),**” (B) (0,C(CH,),CO,)Pb,X,,**" (C) (DMED)PbBr, (DMED = N,N’-dimethylethylenediammonium),”** and (D)
(DMED),SnBrg-4Br.>** Turquoise, dark red, brown, light green, yellow, red, blue, and gray spheres represent Pb, Sn, Br, Cl, S, O, N, and C atoms,
respectively. Disordered atoms and hydrogen atoms omitted for clarity. (A) Reprinted from ref 227. Copyright 2017 American Chemical Society.

(C4H,NH,),AgBiBrg and (C,H,NH;),CsAgBiBr,, respec-
tively, exhibit emission only at very low temperatures with
significant broadening and increased Stokes shift compared to
their Pb-based analogues. The sublinear dependence of the
emission intensity on the excitation fluence in both double
perovskites suggests a defect-mediated recombination path-
way.""” Most other examples of 2D double perovskites are not
reported to be emissive. °*''® Indeed, even most 3D double
perovskites are not strong emitters.”' *"?

7.4.2. Layered Cd-Cl Perovskites. Broad photolumi-
nescence has also been observed from several 2D Cd—Cl
perovskites. Kamikawa and co-workers excited
(C,H{NH;),CdCl, just above the absorption onset at 5.9
eV, observing broad (fwhm ca. 0.69 eV), Stokes-shifted
photoluminescence centered at 2.5 eV below ca. 50 K. They
attribute this emission to exciton self-trapping.”'* In support of
this assignment, Yoshinari and co-workers have shown that the
exciton—phonon interaction in (C,H;NHj;),CdCl, is suffi-
ciently strong to cause relaxation of free excitons to self-
trapped states.”'* Here, the authors find that the absorption
onset of (C,H;NH;),CdCl, is well described by the Urbach
rule over a wide range of temperatures (100—440 K). Based on
this, they extract the exciton—phonon coupling constant (g) of
the material, finding that g = 2.1.>'* This value is well above
the critical value of g required for exciton self-trapping, as
determined by Schreiber and Toyozawa,”"® supporting the
proposal that the broad emission observed from these layered
Cd—Cl materials arises from self-trapped excitons. Saparov and
co-workers recently reported similar broad (fwhm ca. 0.81 V),
Stokes-shifted emission centered at 2.2 eV from the analogous
perovskite (CH;NH,),CdCl,.>'® However, in this case below-
band-gap excitation led to room-temperature broad emission,
suggesting a different emission mechanism.

7.4.3. Layered Ge—| Perovskites. Perhaps due to the
instability of Ge?* to oxidation,'”>*"” these perovskites are still
relatively unexplored, and as a result, little is known about their
luminescence. In early work by Mitzi,> photoluminescence
from (C,HoNH;),Gel, was observed centered at 690 nm with
a fwhm of ca. 180 nm at room temperature. Notably, this
photoluminescence was weaker, broader, and more red-shifted
than photoluminescence from the analogous Pb and Sn
materials, and the intensity and peak location varied,
depending on sample preparation method, suggesting the
importance of defects in modulating the emissive properties.”
Han and co-workers recently reported similarly broad emission
from (PEA),Gel, (PEA = phenethylammonium) centered at
630 nm with a fwhm of ca. 140 nm (calculated from ref 217)

. 217
and nanosecond emission lifetimes.

7.4.4. Layered Mn-X Perovskites. The magnetic
properties of the 2D Mn®" perovskites have attracted a great
deal of interest,""'*'® but these 2D antiferromagnets also
display interesting luminescence properties. At very low
temperatures (ca. S K), Rb,MnCl, displays broad photo-
luminescence centered at 2 eV.*'*~*** This emission is similar
to that of other Mn*" salts, including the n = 2 perovskite
Rb;Mn,Cl,,”'?7>** and is attributed to the Laporte forbidden
*T, — °A, transition of Mn*" ions.”*"”*** With increasing
temperature, exchange coupling between Mn®* centers enables
efficient excitation transfer between Mn sites and energy can
migrate through the lattice. As a result, the intrinsic Mn?*
luminescence feature decreases in intensity with increasing
temperature and the emission develops a longer-lived low-
energy tail.””' This decline in intensity has been attributed to
excitation transfer to deep nonradiative trap states resulting
from extrinsic dopants, such as Ni** or Fe2+, while the tail
emission may arise due to excitation transfer to Mn** sites,
which are slightly perturbed by nearby impurities such as Zn**,
Ca®*, or Mg®* and act as shallow radiative traps.””' This
thermally activated excitation transfer has also been probed by
doping the Mn®" lattice with luminescent rare earth ions such
as Er’* and Ho*. At low temperature, intrinsic Mn>* emission,
identical to that of the undoped material, is observed but is
replaced by strong emission from rare earth ions as excitation
transfer becomes more efficient at higher temperature.”””*** It
is worth noting that a similar temperature dependence of the
broad, intrinsic Mn>* emission has been observed in a wide
array of Mn*" salts including MnF,,”** ((CH;),N)MnCl,,***
and CsMnBr;.”*° In all of these materials, excitation transfer is
found to be a thermally activated process, though the
temperature at which transfer becomes efficient varies widely.
Interestingly, energy transfer in Rb,MnCl, is observed even at
6 K, indicating a small activation energy in this material
compared to CsMnCl,, for example, where energy transfer is
barely observable below 50 K.**

Emission from the Laporte forbidden *T; — °A; transition
of Mn** ions has also been observed more recently in the
mixed-metal (111) perovskite Cs,MnSb,Cl;,. This emission,
centered at 605 nm, is rapidly quenched by incorporation of
Cu®" ions into the lattice at the Mn?* site.'”’

7.4.5. (111) Perovskites with Trivalent Metals. At room
temperature, the (111) perovskites Cs;Sb,l, and Rb;Sb,],
exhibit broad photoluminescence that reaches maximum
intensity at ca. 1.95 eV.'”® However, unlike the broad, highly
Stokes-shifted emission observed in the Pb—X (X = Br, Cl)
perovskites, this emission is narrower (ca. 300—400 meV) and
has a much smaller Stokes shift (ca. <0.2 eV) at room
temperature.
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7.5. Broad Emission from Low-Dimensional
Non-Perovskite Lattices

Beyond the relatively narrow confines of layered lead halide
perovskites and their close relatives containing sheets of
corner-sharing metal halide octahedra, there exists the much
wider family of metal halide hybrids with edge- and face-
sharing connectivity as well as lower dimensionality. Many of
these materials emit broad, Stokes-shifted photoluminescence
upon UV photoexcitation, although early work studied such
photoluminescence only at low temperatures.””® After the
realization of perovskite lattices that emit white light under
ambient conditions,""* further lead halide hybrids exhibiting
room-temperature broad photoluminescence followed. These
include materials with 3D,**° 2D,**” 1D,***7**° and 0D**’
inorganic topologies. In one family, the organic component is
based on sulfonium rather than ammonium cations (Figure
22A),”* and in another family the organic component is an
anionic carboxylate (Figure 22B),>*"*** further expanding the
potential phase space of these phosphors. The sulfonium
hybrids display a particularly large Stokes shift of 1.7 eV,
affording near-IR emission upon UV excitation. Notably, single
crystals of the 1D hybrid (H;CNH,(CH,),NH,CH,)PbBr,
have a reported PLQE of 20%, the highest for lead halide
white-light emitters (Figure 22C).%* Expanding even further
afield from lead halide perovskites offers more opportunities
for realizing broad emission, with 0D Sn- and Sb™-based
complexes exhibiting yellow emission with PLQEs of 95 and
98%, respectively (Figure 22D).”** Using dicarboxylates in
place of amines templates cationic white-light-emitting Pb—X
(X = F, Cl, Br) motifs with high chemical and thermal
stability.”*"*** While the overall field of metal halide hybrids
displaying broad photoluminescence remains less developed
than that of perovskites, many promising avenues have recently
opened for exploration.

7.6. Broad Emission from Dopants

Inclusion of emissive dopants into a host lattice is a well-
explored method for obtaining broad photoluminescence.
Although metal oxides and nitrides are the most well studied
host lattices,"***** halide perovskites have also been explored
for housing extrinsic emissive dopants.

7.6.1. Mn" Dopants. One of the most studied extrinsic
dopants in the group 14 perovskites>~>*’ is Mn?*. When
introduced into nanocrystals of the 3D perovskite CsPbX; (X
= Cl, Br), Mn®' yields broad yellow-orange photolumines-
cence, which has been attributed to the forbidden *T, — A,
d—d transition within the dopant Mn?" ions (Figure
23B),”**** similar to the emission observed from many bulk
Mn>* materials (section 7.4.4). Kundu and co-workers
demonstrated incorporation of Mn** at the B site of the 2D
lead bromide perovskite (C,H,NH;),Pb,_ Mn Br,>** Here,
Mn?>* doping leads to nearly complete quenching of the blue
excitonic photoluminescence and introduces a long-lived,
broad luminescence feature at ca. 600 nm (Figure 23A).
Importantly, the photoluminescence excitation (PLE) spec-
trum of this broad emission is very similar to the PLE spectrum
of the excitonic emission feature, indicating that emission from
the dopant Mn*" ions arises through excitation transfer from
the exciton in the Pb—Br lattice to Mn?*.>**

The 2D perovskite structure has two important effects on
the emission from Mn>* dopants. First, the quantum
confinement imposed by the n = 1 lattice is crucial for
establishing strong exchange coupling between excitons in the
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Figure 23. (A) Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra for the undoped perovskite (BA),PbBr, (BA
= butylammonium) and Mn?**-doped (BA),PbBr,. (B) Simplified
energy diagram for excitation transfer from the host perovskite to the
Mn** dopant ions. (A) Adapted from ref 238. Copyright 2017
American Chemical Society.

host material and the d-electrons of Mn?", leading to efficient
energy transfer and strong emission (PLQE = 37%).***%
Similar PLQEs can only be achieved in 3D CsPbX; (X = Cl,
Br) perovskites by nanostructuring.”****” Thus, the self-
assembled quantum-well structure of (C,H,NH;),PbBr,
allows for efficient host-to-dopant energy transfer in a bulk
material. Second, the 2D perovskite structure imparts greater
stability to the broad emission, relative to 3D analogues.
Exposure to conditions that essentially destroy the broad
photoluminescence in Mn**-doped CsPbCl; have little effect
on the emission in the 2D perovskite.238 Thus, 2D perovskites
may serve as more suitable hosts in future applications of this
efficient, Stokes-shifted dopant-induced emission.

7.6.2. Bi" Dopants. Unlike for homovalent doping of
Mn?** for Pb?*, where the resultant emission is similar between
3D and 2D Pb halide perovskites, the aliovalent Bi** dopant
results in somewhat different photoluminescence. Song, Sun
and co-workers reported that, upon doping with Bi*', the
band-edge emission of the 3D perovskite (CH;NH;)Pbl; is
quenched and a new, broad (fwhm of 380 nm) luminescence
feature is observed at much lower energy (ca. 1140 nm; 1.1
eV).>*" This lower-energy emission was attributed to structural
defects introduced to the perovskite lattice by Bi**
doping 202!

In the 2D perovskite (PEA),Pbl, (PEA = phenethylammo-
nium), Ishihara and co-workers previously found that the
intrinsic emission from free and bound excitonic states is not
quenched by Bi** doping.'*”> As observed in the case of
(CH;NH;)Pbl;, a broad, low-energy photoluminescence
feature is observed in the doped material at ca. 890 nm (ca.
1.4 eV). A new feature also appears in the absorption spectrum
of Bi**-doped (PEA),Pbl, at 2.15 €V, lower in energy than the
excitonic absorption of the undoped material (2.36 €V). The
authors attribute this feature to excitons bound to Bi** ions
with a binding energy of 210 meV (relative to the energy of a
free exciton). This feature appears in the photoluminescence
excitation spectrum of the low-energy emission, suggesting that
the broad luminescence arises due to Bi-bound excitons.'>”
Intriguingly, the authors also present evidence that Bi**
dopants introduce narrow, high-energy emission in the 2D
perovskite. Under intense excitation, a photoluminescence
feature is observed at 2.51 eV, higher in energy than the free
excitonic emission (2.35 eV). This emission displays a
superlinear dependence on laser power but shows saturation
at the highest excitation intensities. Based on these
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Figure 24. Low-temperature photoluminescence (red, blue) and photoluminescence excitation spectra (black) for (A) (PEA),PbCl, (PEA =
phenethylammonium), (B) (BZA),PbCl, (BZA = benzylammonium), (C) (NAPH),PbCl, (NAPH = 2-naphthylmethylammonium), and (D)

(ANTH),PbCl, (ANTH =

2-anthrylmethylammonium). Energy level schematics showing relaxation and recombination pathways in (E)

(PEA),PbCl,, (F) (BZA),PbCl,, (G) (NAPH),PbCl,, and (H) (ANTH),PbCl,. Adapted with permission from ref 243. Copyright 1999 Elsevier.

observations, this feature is attributed to emission of biexcitons
bound to Bi** sites.'*?

8. EMISSION FROM THE ORGANIC LAYER

While the diverse luminescence properties of 2D halide
perovskites primarily stem from the inorganic sublattice, an
even wider array of emissive materials may be accessed by
coupling the luminescent properties of the inorganic sublattice
to those of organic chromophores. For example, the templating
effect of the inorganic sheet on the packing of the organic
cations can have significant consequences, such as obviating
nonradiative quenching mechanisms, while varying the energy
levels of the organic and inorganic components can enable
charge transfer across the organic—inorganic interface, opening
several excitation and emission pathways.

A wide ran§e of organoammonium cations containin
naphthalene,24 azobenzene,”** anthracene,”* pyrene,24
thiophene derivatives,®"">*> p-terphenyl,”*® and other
groups'*>*****” have been incorporated into layered perov-
skites. While the range of organic chromophores that can be
incorporated is restricted by the steric limitations of the
framework, Era and Shimizu demonstrated some ability to
navigate this obstacle, incorporating a bulky propylammonium-
functionalized carbazole chromophore into a layered perov-
skite by mixing this large molecule with smaller propylammo-
nium cations.'

8.1. Weak Coupling between Organic and Inorganic
Layers

Incorporation of chromophores into hybrid perovskites
generally leads to emission not observed in the analogous
perovskite prepared with an optically inactive organic cation.
In the simplest case, the chromophore-containing perovskite
displays an emission profile that is simply a sum of the
luminescence spectra of the individual components, indicating
no interaction between excitations in the inorganic and organic
sublattices. For example, Cortecchia and co-workers have
shown that near-UV/blue photoluminescence can be achieved
in a 2D Cu—Cl perovskite with 4,4'-(1,1’-biphenyl-4,4'-

diyldioxy)dianiline in the organic layer. The emission spectrum
of the hybrid perovskite is very similar to that of the HCl salt of
the amine, and the photoluminescence excitation spectrum
indicates that this emission arises only from the organic
chromophore. As expected, no emission is observed from the
Cu—Cl framework, similar to other Cu—Cl perovskites.247

8.2. Strong Coupling between Organic and Inorganic
Layers

Strong coupling between the excited states of the organic and
inorganic layers results in emissive properties that cannot be
achieved with either component alone. In these cases, the
energy of excitons formed in the inorganic lattice is transferred
to a lower-lying empty state of a nearby chromophore, leading
to emission from the organic molecule.

The emission profile of such chromophore-containing
perovskites depends strongly on the excited state of the
organic molecule that acts as the acceptor in the energy-
transfer process. As a result, the luminescence can be tuned by
controlling the energy of the chromophore’s excited states
relative to the excitonic band of the inorganic lattice. Wolf and
co-workers have beautifully demonstrated this principle using a
series of four Pb—Cl perovskites containing 2-anthrylmethyl-,
2-naphthylmethyl-, phenethyl-, and benzylammonium cations
(Figure 24).”* In the phenethylammonium perovskite, the
excitonic state is lower in energy than both the singlet and
triplet excited states of the chromophore (Figure 24A). With
no lower-lying organic acceptor state for energy transfer, the
excitons in the Pb—Cl layers radiatively recombine, leading to a
typical 2D Pb—Cl perovskite emission spectrum. When
anthracene is incorporated into the perovskite, the exciton’s
energy can be transferred to the lower-lying singlet state of the
organic chromophore, resulting in strong fluorescent emission
and a much weaker phosphorescence through intersystem
crossing within the anthracene (Figure 24D). The singlet and
triplet energy levels of naphthalene bracket the excitonic state
(Figure 24C), and consequently, in the naphthalene perov-
skite, energy transfer occurs from the exciton to the triplet state
of the organic chromophore, affording strong phosphorescence

DOI: 10.1021/acs.chemrev.8b00477
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00477

Chemical Reviews

W

Absorbance

_J
T T T T
300 400 500 600 700 800

Model of (AEQT)PbCI,

Wavelength (nm)

90U82SaUIWN|0J0Yd

(<]

— CB

V’< iVB

(AEQT)PbI,

®

—_—\/B
(AEQT)PbCI,
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Cl, S, N, and C atoms, respectively. Disordered atoms and hydrogen atoms omitted for clarity. (B—D) Adapted from ref 61. Copyright 1999

American Chemical Society.

from naphthalene. Finally, in the case of benzylamine, the
exciton lies at the same energy as the triplet state of the
chromophore (Figure 24B). Energy is transferred from the
excitonic state to the triplet state of benzylamine but, due to
the resonant interaction between the two levels, phosphor-
escent emission from the chromophore decays with a much
shorter lifetime (30 ms) than observed in the isolated
compound (6 s).**

8.3. Mechanism of Energy Transfer

Achieving efficient energy transfer from excitons within the
inorganic lattice to the chromophores composing the organic
layers should require proximity of the two components. Era
and co-workers have demonstrated this by preparing Pb—Br
perovskites from a series of alkylammonium-linked naphtha-
lene molecules, varying the length of the alkyl chain in order to
alter the distance of the chromophore from the Pb—Br
sheets.”® Each perovskite exhibited phosphorescence from
naphthalene due to excitonic energy transfer to the triplet state,
as described above. However, the perovskites formed from
naphthalene derivatives with longer alkyl chains also showed
excitonic emission from the Pb—Br layers, indicating that
energy transfer becomes less efficient as the chromophore is
moved further from the inorganic lattice.”**

This result could be explained by either a Forster resonance
energy transfer (FRET) mechanism or a Dexter charge transfer
mechanism. FRET, which proceeds through nonradiative
dipole—dipole coupling between a donor in an excited state
and acceptor, decreases as ¢, where r is the distance between
donor and acceptor.”*” Dexter charge transfer involves
nonradiative electron transfer from the donor to the acceptor
and decreases exponentially with 7.>*° Using a similar set of
alkyl-linked naphthalene chromophores, Ema and co-workers
demonstrated that the energy transfer rate between triplet
excitons in the Pb—Br sheets and the triplet state of
naphthalene has an exponential dependence on the distance
of the chromophore from the inorganic sheet, pointing to a
Dexter-type mechanism.”*" Thus, by controlling the distance
of the chromophore from the inorganic perovskite sheets, the
ratio of the broader, long-lived, phosphorescent emission to
the narrow, fluorescent, excitonic emission can be varied in a
predictable fashion.

8.4. Effects of the Inorganic Lattice

Although the chromophore-based photoluminescence gener-
ally arises from the organic layer, chemists can exert
considerable control over this emission by tuning the
templating inorganic framework.

8.4.1. Packing Effects. The packing arrangement of
organic chromophores, templated by the inorganic sublattice,
can have a significant impact on their emission profile. A
particularly interesting case of this phenomenon was found by
Wolf and co-workers in comparing the emissions of the X = CI
and Br analogues of (pyrene-methylammonium),PbX,. The
bromide perovskite exhibits strong excimeric fluorescence as a
result of energy transfer from excitons in the Pb—Br sheets to
the excited singlet state of pyrene, leading to excimer
formation. In contrast, the chloride analogue shows only
monomeric fluorescence from pyrene. This difference may
result from a packing arrangement of pyrene in the bromide
perovskite that is more conducive to excimer formation.***
Several groups have also demonstrated the ability of inorganic
sheets to template a highly ordered, specifically oriented
arrangement of chromophores providing a pathway to enhance
the emission intensity, electrical mobility, and optical non-
linearity in the resulting perovskites.”">>>

8.4.2. Energetic Effects. Just as the excited singlet and
triplet energy levels of the chromophore can be tuned to
manipulate the energy-transfer dynamics from inorganic to
organic states, the energetic positions of the valence and
conduction bands of the inorganic lattice can similarly be
varied to affect this energy transfer. As discussed in section 4.2,
the valence band of 2D Pb—X perovskites consists of both lead
6s and halide p states while mostly Pb 6p states compose the
conduction band (Figure 8B). The excitonic energy in 2D
perovskites is thought to track similarly to the band-gap
energy. Mitzi and co-workers have studied the consequences of
tuning the inorganic sublattice in a series of Pb—X (X = C, Br,
I) perovskites containing the organic chromophore S5,5”-
bis(ethylammonium)-2,2":5",2":5",2"” -quaterthiophene
(AEQT).”" Whereas (AEQT)PbCl, exhibits strong fluores-
cence from the thiophene chromophore due to energy transfer
from the inorganic lattice (Figure 25B), (AEQT)Pbl, shows
very little emission from the chromophore. This different
behavior could arise from the increased energy of the valence
band maximum in the Pb—I perovskite, as diagramed in Figure
25C,D. According to this theory, in the Cl perovskite, both
electrons and holes migrate preferentially into the LUMO and
HOMO, respectively, of the thiophene molecule where they
recombine radiatively (Figure 25C). However, when the VB
shifts to higher energy in the iodide perovskite, holes remain
trapped in the inorganic sheets, while electrons are funneled
into the LUMO of the organic, separating the carriers and
quenching the photoluminescence (Figure 25D).% Achieving
such staggered energy levels, which separate electrons and
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holes between the organic and inorganic layers, by changing
the energy of the valence band maximum is a particularly
interesting manipulation of the quantum-well-like electronic
structure.

9. APPLICATIONS IN LUMINESCENCE
9.1. Phosphors

A natural application for which both the narrow and broad
photoluminescence of layered group 14 perovskites can be
leveraged is as phosphors.

9.1.1. Narrow Emission. Color conversion phos-
phors'***** coat blue- or UV-light-emitting diodes to yield a
specific color for displays. The color of a material’s
luminescence can be quantified by its CIE (International
Commission on Illumination) coordinates.'***** In layered
lead halide perovskites, the narrow, free-excitonic photo-
luminescence' ”**'** produces high-purity colors that can be
tuned across the entire visible electromagnetic spectrum
(Figure 14). This leads to a wide color gamut, which is
important for backlit displays to render a large range of colors.
As with many of the luminescence metrics of the layered
perovskites, PLQE of bulk samples exhibits a strong depend-
ence on structure.'”” For the blue-light-emitting Pb—Br
perovskites, increased distortion of the Pb—Br lattice, as
proxied by nearest-neighbor Pb—Br—Pb and Br—Pb—Br bond
angles correlated with the increased quantum efficiency (22%)
in (C4H(CH,),NH;),PbBr, relative to (C,H,NH;),PbBr,
(0.36%) or (C¢H;CH,NHS,),PbBr, (3.8%).'”" Nanostructur-
ing is a less-explored, yet highly promising route to increase
quantum efficiency of these blue emitters, which are potentially
attractive for wide-gamut displays. For example, the PLQE of
(C4HoNH;),PbBr, monolayers is ca. 26%.'* Intriguingly,
exfoliating crystals of (C4Hs(CH,),NH,),PbBr, is reported
to result in high PLQE values of ca. 79% for blue emission.”>
The massive differences in PLQE values obtained for the same
perovskite composition appear to be a result of different
synthetic methods. However, an understanding of how these
synthetic methods modulate defects, surfaces, and recombina-
tion rates is limited, presenting an opportunity to closely study
these relationships to enable the design of more efficient color-
conversion phosphors. In particular, semiconducting emitters
with narrow emission line widths and high PLQE values are
still needed to improve on LEDs relying on III-V or organic
emissive lagf’ers, especially with respect to blue-light-emitting
phosphors.*>*

9.1.2. Broad Emission. The white-light-emitting perov-
skites have potential as single-source phosphors in solid-state
lighting devices. In contrast to the narrow free-excitonic
emission that affords high color purity (resolution), the broad
emission (400—700 nm) yields high color rendition. The color
rendering index (CRI) quantifies how accurately a light source
(in this case, a material’s photoluminescence) portrays a target
object’s color. High-CRI light sources are commercially
relevant, as they are pleasing to the eye, and several
applications require highly accurate color representation.'®
In order to provide high color rendition, the light source must
contain all colors of the visible spectrum. Owing to their
broadband emission, many of the lead halide white-light
emitters exhibit CRI values above 80, a typical threshold value
for commercial-quality illumination (Table 5)."*® The highest
CRI reported for a layered perovskite is 93 in the (110)
perovskite (C;N,H,(CH,);NH;)PbCl,,'"*® with other high

values®* also recently reported. The emission from
commercial phosphors (such as Ce**-doped yttrium aluminum
garnet) used for artificial illumination is not continuous across
the visible spectrum, and the color rendition is improved
through the use of multiple emitters. However, a single
phosphor whose emission covers the entire visible spectrum
would eliminate problems associated with having multiple
emitters, such as self-absorption (due to overlapping
absorption and emission spectra of the various components)
and changes to the emission color owing to the varying
degradation rates of the different components.

Variations in spectral energy and shape of the white-light-
emitting perovskites also yield different “colors” of white light,
affording both warm (with more red) and cold (with more
blue) white light (Figure 26). The correlated color temper-
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Figure 26. Chromaticity coordinate diagram®* for white-light-
emitting perovskites. See Table 5, footnote b, for abbreviations.

ature (CCT) of the emission corresponds to the temperature
at which an ideal blackbody emits light of the same color;
perovskite white-light emitters can be tuned to produce both
warm (CCTs < 3000 K) and cold (CCTs > 5000 K) white
light (Figure 26). Halide substitution provides a straightfor-
ward method to change the CCT of the emission. For example,
in (N-MEDA)PbBr,_,Cl,, increasing Cl content changes the
emission CIE from a yellowish white (CCT = 4669) to a
bluish white (CCT = 6502)."" The ability to easily tune the
phosphor’s color is an advantage for matching the CIE
coordinates of current lighting sources, where the color
standards have already been set (e.g., military applications).

While color control is vital for potential phosphor materials,
other criteria, such as stability,188 are similarly important. The
initial studies on white-light-emitting perovskites such as
(EDBE)PbBr, showed promising stability, with the material
showing thermal stability to over 200 °C,* above the typical
operating temperature for light-emitting diodes.'® Addition-
ally, under constant UV illumination, the perovskite’s emission
was unchanged after 3 months under vacuum.”® However,
much more work remains to be done in assessing the stability
of these materials, including incorporation into solid-state
lighting assemblies under typical operating conditions and
assessing performance, keeping in mind the typical thermal and
photochemical decomposition pathways for organic—inorganic
metal halides.'”**>

Despite the significant progress in understanding white-light
emission in perovskites,” challenges remain before these
materials near commercial viability. While films of the 2D
perovskite (EDBE)PbBr,” and microscale crystals of the 1D
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Pb—Br hybrid (H;CNH,(CH,),NH,CH,)PbBr,”** exhibit
PLQE values of ca. 9% for warm white light and ca. 12% for
cold white light, respectively, these numbers are significantly
lower than those of commercial inorganic yellow phosphors
such as Ce**-doped yttrium aluminum garnet.188 However,
unlike inorganic phosphors, films of these hybrid phosphors
can be inexpensively deposited from solution and they may be
suited for niche luminescence applications involving large-area
coatings.25

9.2. Light-Emitting Diodes

The attractive optoelectronic properties of the layered lead
halide perovskites”® which spurred initial interest, including
broadly tunable band gaps, strong excitonic luminescence, and
ease of film deposition, also motivated the early studies of their
electroluminescence.’ In light-emitting-diode (LED) applica-
tions the 2D perovskites predate their 3D congeners by over
two decades.”>® While the first report of electroluminescence
was from Nurmikko and co-workers in 1992, using
(C¢Hs(CH,),NHj;),Pb,1, simply connected to a power supply
with silver contacts,” truly engineered devices followed shortly
thereafter.””" These light-emitting diodes consisted of 2D Pb—
I perovskite thin films spin-coated on a transparent conductive
oxide substrate, followed by an electron transport layer and low
work function metal. The electron transport layer also served
as a hole-blocking layer, so injection of charge carriers results
in the formation of excitons in the layered perovskite and
subsequent electroluminescence. Despite the improved
sophistication of these initial devices, bright electrolumines-
cence was clearly observed only upon cooling below 110 K.
Furthermore, extremely large ap;)lied voltages (>24 V) were
required to yield luminescence.””"

An alternative early approach that yielded room-temperature
electroluminescence leveraged a cationic chromophore, rather
than the inorganic sheets of the perovskite, as the emissive
component.® In the perovskite (AEQT)PbCl, (AEQT = 5,5""'-
bis(ethylammonium)-2,2":5’,2"/:5"/,2""-quarterthiophene),
photoexcitation yields green photoluminescence rather than
the expected UV excitonic emission, as a result of energy
transfer from the inorganic to the or%anic component (section
8.4.2). Using a nearly identical®’’ device architecture to
previous studies, Mitzi and colleagues observed room-temper-
ature electroluminescence in this perovskite with a much lower
turn-on voltage of 5.5 V. The electro- and photoluminescence
of the (AEQT)PbCl, perovskite matched closely with that of
the AEQT-2Cl organic salt. The enhanced electroluminescence
of this device relative to a purely organic analogue was
attributed to several factors, including the templating influence
of the inorganic layers on the packing geometry of the organic
cations, the charge-carrying capacity of the inorganic
component, and the increased thermal stability of the
perovskite relative to typical emissive organic compounds.’
Followin%’ a layoff of over 15 years and alongside the
discovery™® of the 3D Pb—X perovskites for tunable LED
sources, the first 2D Pb—Br perovskite LEDs were
developed.”” Postsynthetic annealing of a thin film of
(C¢Hs(CH,),NHj;),PbBr, in solvent vapor resulted in narrow,
room-temperature violet electroluminescence centered at 410
nm, although the external quantum efficiency (EQE) remained
low, at 0.04%.>7

Despite their efficient photoluminescence, the n = 1
perovskites present limited utility for LED applications,
primarily owing to their insulating nature. In contrast, LEDs

using 2D lead halide perovskites with thicker inorganic layers
(n > 1) were able to navigate both the conductivity and
luminescence requirements, resulting in much higher device
EQEs of ca. 10%.*” LEDs with n > 1 layered perovskite
emitters with several different device architectures appeared
nearly contemporaneously in late 2016, just 2 years after
their employment as solar-cell absorbers.” These early studies
leveraged synthetic control over the perovskite structure and
composition, with work by Huang, Wang, and colleagues
demonstrating tunable electroluminescence across a wide
range of the visible spectrum from ca. 500 to 800 nm using
a perovskite with the nominal composition
(C,oH,CH,NH,),(CH(NH,),)Pb,Br,_,I, (Figure 27).” Sim-
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Figure 27. Color-tunable electroluminescence from light-emitting
diodes containing (C,,H,CH,NHj;),(CH(NH,),)Pb,Br,_JI,. Adap-
ted with permission from ref 9. Copyright 2016 Nature Publishing
Group.

ilarly to the photovoltaic devices using n > 1 layered
perovskites,” part of the improved performance relative to
the 3D lead halide perovskites is derived from processing
advantages. When deposited by solution-based methods such
as spin-coating, the n > 1 layered perovskites produce
smoother films with fewer pinholes that yield shunts between
transport layers.” ™" The high efficiency of these devices was
also ascribed to energy cascade or funneling mechanisms,
enabled by the heterogeneity of the distribution of n values
present in thin films of the n > 1 layered perovskites (section
6.2.2). It is energetically favorable for carriers or excitons
generated in low n-value layers or grains to transfer to the high
n-value components of the thin film. Such a transfer
mechanism allows for energy concentration and hence a
large local excitation density within the high n-valued
components of the film. Filling of the limited number of trap
states that limit radiative recombination then enhances the
electroluminescence efficiency.”

9.3. Scintillators

The luminescence properties of the 2D lead halide perovskites
also make them attractive as scintillators, materials that down-
convert high energy photons to lower energy photolumines-
cence in the UV, visible, or IR regions to enable detection of
ionizing radiation. Asai and co-workers initially pointed out the
ability of layered perovskites to resolve several shortcomings of
some widely used scintillators.”>® For example, some
applications of scintillators, such as time-of-flight positron
emission tomography, require fast response times (a minimal
delay between absorption and luminescence events). Inorganic
scintillators are commonly plagued by slow response times on
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the order of tens of nanoseconds, limiting their range of
applications. The characteristically short lifetime of excitonic
luminescence in 2D lead halide perovskites makes these
materials uniquely suited for applications requiring a fast
response time.”*" Asai and co-workers have shown that, upon
irradiation with a pulsed electron beam, the luminescence
decay of (C¢H;3NH,),Pbl, is well described by three
components with decay times of 390 ps (28%), 3.8 ns
(29%), and 16 ns (43%). Here, the fast component is
attributed to free-exciton recombination whereas the slower
components are attributed to excitons trapped at defects.
Importantly, the decay time of 390 ps was the fastest of any
scintillator known at the time, surpassing even the character-
istically short lifetimes of organic scintillators.”>”

Scintillators employing undoped semiconductors commonly
suffer from significant efficiency losses as the operating
temperature is raised, complicating their usage since they
must be cooled to cryogenic temperatures. The high exciton
binding energy of the 2D lead halide perovskites means that
thermal fluctuations have a significantly reduced impact on
efficiency in these materials.”*”*®> This effect has been well
demonstrated by Shibata and co-workers, who compare the
scintillation efficiencies of the 2D perovskite
(C;H,NH,),PbBr, and (CH,;NH,)PbBr;”® At 25 K, the
efficiency of the 3D perovskite (140% relative to that of
Nal:T1) far surpasses that of the 2D material (26%) because
there is insufficient thermal energy to dissociate the weakly
bound excitons of (CH;NH,;)PbBr;. However, at room
temperature, excitons in the 3D material are easily dissociated
while those in the 2D material remain bound. As a result, the
efficiency of the 2D material (6.5%) greatly exceeds that of the
3D material (0.075%) and is comparable to that of other
common scintillator materials such as Bi,Ge;O,, (BGO).”*

Several other properties of 2D perovskites make them well-
suited for scintillation applications. Asai and co-workers have
shown that 2D perovskites are stable enough to withstand
exposure to ionizing radiation at levels that would be
encountered in practical applications.””® Additionally, the
presence of heavy lead atoms (and halide atoms, in the case
of the iodide perovskites) allows these materials to absorb X-
rays strongly, since X-ray absorption scales as Z* (Z = atomic
number). As a result, the scintillators can be relatively thin,
which helps minimize losses in efficiency and response time
from self-absorption effects.”®> The small band gap of 2D
halide perovskites relative to other common scintillator
materials is also advantageous because the theoretical limit of
a material’s light yield is inversely proportional to its band gap.
Furthermore, since they luminesce in the visible region, highly
efficient avalanche photodiodes (quantum efficiency of 90—
100%) can be used to detect the emission rather than less
efficient photomultiplier tubes (quantum efficiency of 40—
509) 201262277

Despite these advantages, there are several shortcomings of
2D perovskite scintillators. Because of the minimal Stokes shift
of the excitonic emission, 2D perovskite scintillators suffer
from self-absorption effects, which decrease their light yield
and energy resolution and lead to longer-lived components of
the emission.”*””>%* White-light-emitting 2D perovskites such
as (EDBE)PbCl, (EDBE = 2,2'-(ethylenedioxy)bis-
(ethylammonium)) have been proposed as a solution to
minimize self-absorption. However, (EDBE)PbCl, suffers from
a lower light yield and a slower response time than most 2D

AA

lead halide perovskites due to differences in the emission
mechanism in this material.***

10. SUMMARY AND OUTLOOK

Despite their storied history, layered metal halide perovskites
continue to exhibit new and surprising properties. Propelled by
an incessantly expanding phase space, the photophysical
properties of these materials create a host of new avenues
for the scientific community to explore.

10.1. Gaining Synthetic Control over “Excited-State
Defects”

Since the 2000s, researchers have exploited the structural
definition of layered halide perovskites to probe how subtle
changes to the crystal structure are reflected in the materials’
band gaps and band dispersion.>'”> More recent studies have
probed how these structural parameters affect the thermody-
namics of the electronic excited states.”® Relating ground-state
structure to excited-state energies and dynamics is a fertile
ground for exploration. The a priori synthesis of lattices, with
specific structural distortions, that can manipulate light in a
predictable manner remains an inspiring goal in this field.

10.2. Gaining Synthetic Control over “Ground-State
Defects”

The incredible diversity of layered halide perovskites is further
enhanced through postsynthetic modification,”’ with small-
molecule intercalation,”*>'***” bond formation,”****” and ion
exchange’®® as some examples of structure-preserving reac-
tions. The effects of such postsynthetic treatments on the
materials’ photophysical properties'* are much less inves-
tigated and should unearth new phenomena. Postsynthetic
surface passivation or nanostructuring approaches may prove
to be important for specifically enhancing luminescence,
especially given the wealth of dramatic*®*~*"" alterations to
the photoluminescence of the 3D lead halide perovskites
enabled by simple treatments. Early studies”’ echo this
promise in the layered perovskites, and understanding the role
of surface states in defect and electronic structure is an open
question. Surface chemistry may be critical to asserting further
control over the luminescence of these materials, as their
strong absorption coefficients mean most excitons are created
near the surface of the perovskite.

10.3. Navigating the Excited State

The narrow emission observed in layered halide perovskites
since the early 1990s has now yielded phosphors and LEDs
with high color purity, notably blue phosphors that may fulfill a
critical need in current display technology.'”>*** Indeed, there
is a perovskite composition to afford most colors of visible light
(Table 1). The discovery of perovskites that emit every color
of visible light from a single inorganic lattice has revealed a
different emission pathway.”” While initial mechanistic,”
structural,®® and theoretical *>'*® studies support the exciton
self-trapping hypothesis as the dominant mechanism at play,
further experimental evidence is required to cement our
understanding of the emission mechanism and, importantly,
how to control it. Attempts at understanding the origins of the
broad emission have revealed an excited-state landscape that is
conducive to producing both a narrow emission and a very
broad emission.””*® Understanding factors that tip the balance
in the equilibrium between free and self-trapped excitons
remains an intriguing challenge in this field.
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10.4. Controlling and Using Film Heterogeneity

The number of well-characterized layered halide perovskites
continues to expand, still along the first parameters elucidated:
choice of metal, halide, and A-site cation.’”*' Layered
perovskites with thicker inorganic layers (n > 1) are
increasingly both s theticall_?r and crystallographically tract-
able, 722109 D IC8 732727274 4 4ding yet another dimension
of structural control. The heterogeneity in n values of films”'”
of these perovskites provides yet another parameter to tune:
e.g, to use low-n (high absorption coefficient) regions of the
film to improve light absorption and high-n (low band gap)
regions of the film to concentrate excitons. Developing
patterns in films by tuning the spatial distribution of n could
form complex heterostructures to manipulate excitons in a
predictable manner.

10.5. Mixing Metals and Ligands

Recent work has driven further modifications to the layered
perovskite archetype. Mixed-metal layered double perovskites
. . 108,127,119 .3 .
yield new electronic structures, and indirect-to-direct
o : o . . 119
gap transitions with decreasing inorganic-layer thickness.
Substitution of pseudohalides, such as SCN™, for halides can
strongly affect the perovskite’s photophysics,">"*'? instigating
the search for other ligands to replace the halides. The recent
observation of dynamic structural disorder in (CH;NH;)-
PbL,(SCN), gives a glimpse of the heterogeneity that may exist
in the material’s electronic excited state.””> Indeed, a dynamic
and flexible lattice in 2D perovskites may aid exciton self-
trapping, where the free exciton can sample different lattice
configurations in the excited state and become trapped at a
local energy minimum.

10.6. Further Activating the Organic Layer

After the initial demonstration of charge transfer from the
inorganic to the organic layers,248 more exotic organic
architectures may be designed to tune the relative energy
levels of the quantum-well-like electronic structure to further
drive charge separation across the organic—inorganic interface.
Inclusion of highly polarizable groups in the organic
layers®”'** may even invert the dielectric profile of the layered
perovskite to reduce or eliminate the dielectric confinement of
the exciton, making charge separation easier. Highly
conjugated aromatic systems in the organic layers have also
recently been shown to improve electronic conductivity in the
direction perpendicular to the plane of the inorganic sheets,
attributed to a better match in energy levels between the
organic and inorganic layers.””®

10.7. Shining Brighter and for Longer

With respect to both the narrow and broad luminescence from
perovskite phosphors, improving the radiative efficiencies and
long-term stability of perovskite phosphors is both a materials
chemistry and device engineering challenge. Technological
improvements go hand in hand with more fundamental work
probing the emission mechanism and gaining structural control
over nonradiative decay pathways and material decomposition
pathways under typical operating conditions. Such mechanistic
studies on layered halide perovskites are broadly applicable to
other low-dimensional lattices of similar composition.
Although the potential technological applications of the
luminescent layered perovskites are many, we should not forget
that much of the groundwork in this field was established
decades ago through fundamental studies on their crystallog-
raphy, photophysics, and structure—property relations. Funda-
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mental studies on layered halide perovskites and related
materials remain vitally important and should not take a back
seat to more technologically motivated work—these materials
very likely have much more to offer the exploratory
investigator in the years to come.
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