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Metal halide perovskites have become the leading semiconductors for
new-generation optoelectronics. However, they are primarily based on toxic
lead components, which pose environmental concerns. To address this critical
limitation, there is an effort to design alternative lead-free halide perovskite
materials. One of the emerging approaches has involved the use of layered (2D)
halide double perovskite (LDP) materials incorporating tailored organic spacers
within the lead-free perovskite framework based on alternative monovalent
(M') and trivalent (M"") metal cations, such as Ag, Bi, Cu, In, and others.

The interactions within the assemblies of these hybrid organic-inorganic
structures define the resulting properties. The role of molecular engineering
in the development of LDPs and their optoelectronic characteristics

is reviewed from the perspective of molecular design, synthesis, and
functionality. Their versatility and methods to synthesize LDPs are discussed,
as well as emerging applications, revealing challenges, and opportunities

conversion efficiencies, although conven-
tionally prepared through the solution-
processing of thin films.* Despite these
advantages, metal halide perovskites face
critical limitations that hamper their
practical application.*%l In particular,
they are unstable against external envi-
ronmental factors, such as oxygen and
moisture, as well as under device oper-
ating conditions of bias and light that
accelerate ionic migration, detrimental
to the stability and performance.””!
Moreover, they are mostly based on
toxic Pb components, which are harm-
ful to the environment and require
more sustainable alternatives.'16 To
address these challenges, there has

for their utility in more sustainable perovskite optoelectronics and beyond.

1. Introduction

Metal halide perovskite semiconductors have been transforma-
tive in optoelectronics, including photovoltaics, light-emitting
diodes (LEDs), photodetectors, lasers, and ferroelectrics.?]
These materials are based on AMX, compositions, defining the
corner-sharing {MX,} octahedral framework (Figure 1) incorpo-
rating divalent metal cations (M, typically Pb**) and halide anions
(X =1, Br, Cl), while hosting central A cations, which can be ei-
ther inorganic (e.g., Cs*) or small organic moieties (e.g., methy-
lammonium (MA)). They exhibit exceptional optoelectronic
characteristics, resulting in remarkable solar-to-electric power
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been an effort to design alternative
yet operationally stable and effective

lead-free  perovskite — materials.[1}1]
One of the most prominent
approaches involves the wuse of

layered (2D) perovskites based on the incorporation of or-
ganic (spacer) cations within the inorganic perovskite framework
(Figure 1, middle),['”] enhancing the stability due to their hy-
drophobicity and ion impermeability.['*-2!] These materials are
typically represented by the S A, ;M,X;,,, formulae, describ-
ing a layered structure defined by the organic spacers (S) tem-
plating the octahedral framework. The spacers are commonly
mono- (x = 2) or bifunctional (x = 1) ammonium cations, form-
ing mostly Ruddlesden—Popper (RP) and Dion-Jacobson (D])
2D phases, respectively (Figure 2).[181921] The interactions be-
tween the components within the hybrid 2D assemblies de-
fine their properties,?>2} and (supra)molecular engineering
can be used in this context.>?*2% To develop lead-free alter-
natives, the use of halide double perovskites based on more
environmentally friendly monovalent (M') and trivalent (M)
cations is relevant including Ag*, Cu*, In**, and Bi** that re-
place toxic Pb** in A,M'M"X, compositions (X = I, Br, Cl;
Figure 1).192728] These systems offer advantages and versatil-
ity, preserving perovskite-like properties while increasing their
stability. However, their application in optoelectronic devices is
still underexplored.[*¥] In particular, among various possible
double perovskite materials,['*?8] only Ag*, Bi**/In**-containing
systems have so far demonstrated solution-processability under
moderate temperatures (<150 °C) that can be applied to thin
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http://www.advenergymat.de
mailto:mohammadreza.golobostanfard@utu.fi
mailto:jovana.milic@utu.fi
https://doi.org/10.1002/aenm.202502693
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202502693&domain=pdf&date_stamp=2025-08-21

ADVANCED
SCIENCE NEWS

ADVAN(Q,ED
ENERGY
MATERIALS

www.advancedsciencenews.com

Layered (2D)
'l

www.advenergymat.de

Perovskite " Double Perovskite
{

ey
, ////7;/,;/}1
i, 48 _
e

4

AMMIX,

Figure 1. Schematic of the LDP devices. LDP structure containing double perovskite 3D AM'M""X, perovskite layers templated by organic spacers within
a functional perovskite device. Adapted with permission from ref. [38]. Copyright 2024, John Wiley and Sons.

films and functional devices,[1928303234] whereas Cs,M'MX,
compositions were used in solar cells.[1031323436] While 3D
A,M'M"X, double perovskites offer improved stability in lead-
free compositions, their optoelectronic properties are often sub-
optimal due to indirect bandgaps and limited carrier mobility. It
is thus critical to identify stable lead-free alternatives with desir-
able optoelectronic properties.!1%3]

Layered double perovskites (LDPs) incorporating organic spac-
ers in RP or DJ phases (Figure 2) were first reported in
2017,1222939-42] offering a new platform for more stable lead-free
halide perovskites. Although LDPs often deviate from the ideal
AMX, 3D structure, the terminology “perovskite” remains widely
used based on their structural origin and functional equivalence
to traditional perovskites.!*}] They feature corner-sharing octahe-
dral subnetworks and exhibit attractive optoelectronic properties,
which have recently garnered widespread attention due to their
stability, tunability, and inherent modularity in composition and
design.[*?] Despite their exciting potential, research on LDPs is
still in its early stages, and their structure—property relationships,
as well as mechanisms of operation, remain to be explored.

Here, we review the emerging class of halide LDP materials
from the perspective of their molecular engineering and the im-
pact of the molecular components on the resulting structural and
optoelectronic characteristics relevant to their functional device
applications. We further discuss challenges and opportunities for
advancing their properties for optoelectronics and beyond.

2. Molecular Engineering of LDPs

LDP materials are templated by the organic spacer cations in-
corporated within the inorganic perovskite framework, with
a critical role in determining their structure and optoelec-
tronic properties.'®1%21] This primarily involves alkyl and
aryl ammonium spacer cations due to geometric compatibil-
ity and electrostatic interactions with the octahedral frame-
work by hydrogen bonding (Table 1).2-23] Similar to the
other 2D halide perovskites, LDPs are mostly represented by
(S)2xAs(noty (M'MM), X, 5, 1y compositions (n = 1, 2, 3, etc).
While monofunctional spacer cations (S) primarily form the
RP phases through an organic spacer bilayer (x = 2) and dis-
placement between the adjacent inorganic slabs, the bifunc-
tional moieties (x = 1) commonly yield well-aligned DJ per-
ovskite phases (Figure 2, top). Their composition and inter-
molecular interactions determine the structure and optoelec-
tronic properties.[3226] Most of the double perovskites to date are

Adv. Energy Mater. 2025, 2502693 2502693 (2 0f27)

based on Br or Cl' counter ions due to the large ionic radius of I".
To form a stable structure, the octahedral ratio, p = r(M>**)/r(X"),
should typically be >0.41, where r(M3*) and r(X") are the radii of
the metal cation and halide, anion respectively.[222%3942] Only a
few M>?* cations can meet this requirement with the large I ra-
dius. For instance, Ag* is significantly less likely to form regular
octahedral coordination with I" ions due to its higher distortion
index than that of Bi**, further limiting the formation of I-based
double perovskites, such as Cs,AgBil,. However, they have been
stabilized by LDPs, which allow for a diverse selection of cations
with possible stabilizing effects.[!] Molecular design of organic
spacers and their interactions thus offers structural modularity,
of LDPs enabling control over crystal symmetry, dimensionality,
and dielectric behavior defining their application.

Early efforts toward molecular engineering of LDPs were
stimulated by their ferroelectricity.[*] Ferroelectric materials ex-
hibit spontaneous polarization reversed by an external electric
field, making them attractive for memory storage, sensors, ac-
tuators, and photovoltaics. Paraelectric—ferroelectric phase tran-
sitions from noncentrosymmetric to centrosymmetric space
groups are directly associated with the emergence of sponta-
neous polarization (Ps) in ferroelectrics.**l In LDPs, the orien-
tation, symmetry, and dynamic behavior of organic cations in-
fluence the emergence of noncentrosymmetric phases, and un-
derstanding of the underlying structure—property relationships
is key to enabling their functionality and future applications.**]
The main molecular strategies for enabling ferroelectricity and
application in optoelectronics include the use of cyclic and po-
lar organic cations, halogen substitution, and chiral moieties,
which promote noncentrosymmetric phases relevant to the ferro-
electric behavior.|*¢] Here, molecular engineering enabled access-
ing phase transitions, typically involving a change from a non-
centrosymmetric to a centrosymmetric space group, with Ps and
higher Curie temperatures (Tc) that are better suited for practi-
cal applications.[*’*8] Moreover, the organic spacer cations and
their interactions influence the octahedral connectivity and, con-
sequently, govern other functionalities.

The first examples of LDP ferroelectrics relied on the use
of alkylammonium cations, as temperature-dependent phase
transitions can be triggered by the reorientation and rotation
of the alkyl chain.**3% Such conformational changes in the
organic spacer layers are translated into phase transitions of
the layered perovskite systems. This effect was particularly
apparent in the RP phases based on short propylammo-
nium (PA) cations, as in (PA),AgBiBr, compositions.[2?°1:>2]
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Figure 2. Structural representation of LDPs and the corresponding organic spacer cations. RP (left) and D] (right) LDP phases with the correspond-
ing mono- and bifunctional spacer cations (below). AAP = 4-aminopiperidinium; AE2T = 5,5'-diylbis(aminoethyl)-[2,2"-bithiophene]; 3AMPY = 3-
(aminomethyl) pyridinium; 4AMP = 4-(ammoniummethyl) piperidinium; BA = n-butylammonium; BDA = 1,4-butanediammonium; BNA = benzylam-
monium; 3-BPA = 3-bromopropylammonium; 2CIBNA = 2-chlorobenzylammonium; 3CI2FBNA = 3-chloro-2-fluorobenzylammonium; 1,3-CHDA = 1,3-
diammoniumcyclohexane; 1,4-CHDA = 1,4-cyclohexyldiammonium; 1,4-CDMA = 1,4-bis (methylammonium)cyclohexane; CHA = cyclohexylammonium;
CHpA = cycloheptylammonium; COA = cyclooctylammonium; CPA = cyclopentylammonium; 3-CPA = 3-chloropropylammonium; DA = decylammo-
nium; DFCHA = 4,4-difluorocyclohexylammonium; DFPIP = 4,4-difluoropiperidinium; DoA = dodecylammonium; EDA = ethylenediammonium; FPEA =
4-fluorophenethylammonium; HA = hexylammonium; HIS = histammonium; MPA = 1-methylpiperidinium-4-ammonium; EPZ = 1-ethylpiperazinium;
HDA = hexane-1,6-diammonium; HpDA = heptane-1,7-diammonium; iBA = isobutylammonium; 4-IBA = 4-iodobutylammonium; iPA = isopropylam-
monium; 3-IPA = 3-iodopropylammonium; S/R-MPA = S/R-(+/—)-B-methylphenethylammonium; nPA = neopentylammonium; NOE = naphthalene-
O-ethylammonium; NOP = naphthalene-O-propylammonium; ODA = octane-1,8-diammonium; OA = n-octylammonium; PA = n-propylammonium;
PCA = p-chloroanilinium; PDA = propane-1,3-diammonium; PEA = 2-phenylethylammonium; POE = pyrene-O-ethylammonium; POP = pyrene-O-
propylammonium; PPDA = p-phenylenediammonium. The corresponding spacer cations and reports are summarized in Table 1.
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Table 1. Summary of the reports on spacer cations and their LDPs composition and phases.
Nos. Organic spacer LDP composition Phase [n] Refs.
Monofunctional spacer cations
1 Hgltl A~ (PA)4AgIrTCI8 RP (n=1) 129]
PA (PA),AgBiBrg RP (n=1) 129]
(PA),AglnBrg RP (n=1) 129]
(PA),CsAgBiBr, RP (n=2) 129]
(PA),CsAglng sBig sBry RP (n=2) [29]
(PA),CsAglnBr, RP (n=2) 129]
(PA),CsAgBIBr, RP (n=2) 5]
(PA),CulnClg RP (n=1) [52]
Cly14Bry 56 (PA,)AgInBrg RP (n=1) 48]
2 H3ltl/\/\ (BA)AAgBiE?rg RP (n=1) 139]
BA (BA),CsAgBiBr; RP (n=2) [39]
(BA),AgBiBry RP (n=1) 192]
(BA),AgBiBry RP (n=1) 55]
(BA),CsAgBiBr, RP (n=2) [54]
(BA),CsAgTIBr, RP (n=2) 139]
(BA),CsAgBiBr; RP (n=2) [93]
(BA),CsAgBiBr, /Cs,AgBiBr, RP (n=2) 56]
3 Hsltl AN (HA),AgBiBr, RP (n=1) 157]
HA
4 H3IJ\rl PN LN (OCA),AgBiBr, RP (n=1) [29]
OCA
5 Hal*\'l U U UaVUaN (DA) ,AgBiBrg RP (n=1) [29]
DA (DA),CsAgBiBr, RP (n=2) [94]
6 H3F\]/\/\/\/\/\/\ (DoA),AgBiBrg RP (n=1) [94]
DoA (DoA),CsAgBiBr, RP (n=2) [94]
7 H N/\/\Cl Clg.97Br3 3 (3-CPA),AgBiBrg RP (n=1) [47]
3
3-CPA )
(3-CPA),AgBiBrg RP (n=1) 182]
8 + 3-BPA),AgTIB RP (n=1 39
H3N/\/\ Br (3 BPA)AAgI Br8 RP . = 'I) [3 ]
3-BPA ( - )4 ginbrg (n_ ) [ 9]
(3-BPA),,AgBilg RP (n=1) [90]
(3-BPA),AgBiBry RP (n=1) [47]
9 H3ltl/\/\l (3-1PA) ,AgBil, RP (n=1) [95]
3-IPA
10 + | (4-1BA) ,AgBil RP (n=1) 183]
H3N/\/\/ 4 3
4-IBA
11 H3|t] (iBA),AgBiBrg RP (n=1) [57]
BA (iBA),CsAgBiBr, RP (n=2) 65]
12 H3IJ\rl (nPA),AgBiBrg RP (n=1) [49]
nPA
(Continued)
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Nos. Organic spacer LDP composition Phase [n] Refs.
13 + (CPA),AgBilg RP (n=1) [96]
HSN’O (CPA)4AgSblg RP (n=1) [86]
CPA
14 . (CHA),AgBilg RP (n=1) [96]
)
CHA
(CHA),CuSblg-H,0 RP (n=1) 197]
(CHA),AgSbBr, RP (n=1) 177]
(CHA),CuBilg RP (n=1) 167]
(CHA),AgSblg RP (n=1) [86]
15 (CHpA),CuBilg RP (n=1) [67]
+
il )
CHpA
16 (COA),AgSblg RP (n=1) [86]
ol
COA (COA),CuBilg RP (n=1) [67]
17 N F (DFCHA) ,AgSbBrg RP (n = 1) 77
H3N4<:><
=
DFCHA
18 + F (DFPIP),AgBil, RP (n=1) [80]
)
F
DEPIP (DFPIP),AgSbl, RP (n=1) 81
(DFPIP),AgSbBrg RP (n=1) [77]
19 (PEA),BiAgBry RP (n=1) [74]
I@ (PEA),BiAglg RP (n=1) [74]
H3N (PEA),CsAgTIBr, RP (n=2) [39]
PEA (PEA),CulnClg RP (n=1) 198, 99]
(PEA),NainClg RP (n=1) [100]
(PEA),AgFeCly RP (n=1) [60]
(PEA)4Naln;_, Fe,Clg (0<x<1) RP (n=1) [107]
(PEA),NaFeClg RP (n=1) [60]
(PEA),NalInClg RP (n=1) 88]
(PEA),CsNalnCl, RP (n=2) 188]
(PEA) ,AgBiBrg RP (n=1) [102]
(PEA),AgInClg RP (n=1) [102]
20 (FPEA),AgBiBrg RP (n=1) [76]
YU
H3N
FPEA
21 (BNA),CsAgBiBr, RP (n=2) [69]
O
HaN (BNA),,AgBiBrg RP (n=1) [102]
BNA (BNA),AgInClg RP (n=1) [102]
(Continued)
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Table 1. (Continued)
Nos. Organic spacer LDP composition Phase [n] Refs.
22 (R-MPA),AgBil, RP (n=1) [91]
+_>*—© (S-MPA),AgBilg RP (n=1) [91]
HsN R-MPA),AgFeCl RP (n=1 60
3N R/s-mpA ( )aAgFeCly (n=") [60]
23 Cl (2CIBNA),AgBiBr, RP (n=1) 184]
N
H3N i
2CIBNA
24 F Cl (3CI2FBNA) ,AgBiBrg RP (n=1) 184]
+
H3N
3CI2FBNA
25 (NOE),AgBilg RP (n=1 189]
‘ (NOE),CuBilg RP (n=1) 89]
A~ _O
HsN O
NOE
26 (NOP),AgBilg RP (n=1) 189]
HaN'_~_O O‘
NOP (NOP),CuBil, RP (n=1) [89]
27 ‘O (POE) ,AgBilg RP (n=1) 189]
+ O
HaN~ >~ ‘
POE (POE),,CuBil, RP (n=1) [89]
28 (POP),AgBil, RP (n=1) 189]
POP (POP),CuBilg RP (n=1) 189]
Bifunctional spacer cations
29 . IJ\rlH (EDABY),AgBiBrg D (n=1) [62]
HaN~ >0 (EDABr),CuBiBrg DJ (n=1) 62]
EDA (EDABr),AgBiBr; Dj(n=1) 161]
30 + + PDA),AgRuCl Dj(n=1 53
HsN N NH; (PDA)zAgRUB s DJ (n - 1) [53]
PDA ( )Zgurs ](”—) [ ]
(PDA),AgBiBrg D) (n=1) [61]
31 . KJH (BDA),CulnClg D) (n=1) [52]
HaN~ "8 (BDA),CuRuClg DJ (n=1) 52]
BDA (BDA),AgBiBrg Dj(n=1) 58]
(BDA),AgSbBrg D) (n=1) 58]
(BDA),AgBiBr, D (n=1) [103]
(Continued)
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Nos. Organic spacer LDP composition Phase [n] Refs.
(BDA),AgBiBrg DJ(n=1) [29]
(BDA),AgRuBr; DJ(n=1) 53]
(BDA),AgRuCl, DJ(n=1) 53]
(BDA),AgRuBrg DJ(n=1) 53]
(BDA),CuBilg DJ(n=1) [64]
(BDA),AgFeCly DJ(n=1) [60]
(BDA),AgBiBrg DJ(n=1) [61]
32 + (HDA),AgBiBr; DJ(n=1) 58]
+ NH
H3N N NP2 L
HDA
33 H3ltl/\/\/\/\lJ\rIH3 (HpDA) ,Au'AuM .15 DJ(n="1) (>
HpDA
34 + (ODA),Au'Au'""¢.1; D) (n=1) [59]
+ NH
H3N/\/\/\/\/ 3
ODA
35 . (AAP),[Bi.Ag.Ig].H,0 1D 185]
H3N@NH2
AAP
36 + (4AMP),AgBil;.0.5H,0 1D [104]
+/—<DNH2 (4AMP) ,[Bi.Ag.Ig],.H,O 1D 85]
H3N
4AMP
37 /T \+ (EPZ),BiAgBrg DJ(n=1) [105]
NH NH,
H;C
EPZ
38 H3N+ (1,4-CDMA),AgInBryg DJ(n=1) [68]
\ < > (1,4-CDMA),AgSbBr, DJ(n=1) [68]
,J{le (1,4-CDMA),AgBiBryg DJ(n=1) [68]
1,4-CDMA
39 . . (1,4-CHDA),AgSblg.H,0 1D [86]
H3NONH3 (1,4-CHDA),AgSbl, DJ (n=1) [86]
1 4-CHDA (1,4-CHDA),AgBilg.H,0 1D [66]
(1,4-CHDA),CuBilg.0.5H,0 D [66]
(1,4-CHDA),CuSblg-0.5H,0 1D [97]
40 'J\rle (1,3-CHDA),CuBilg DJ(n=1) [67]
1,3-CHDA
41 . (MPA),BiAgBrg DJ(n=1) [105]
H3N@NHCH3 (MPA),CuBil, DJ (n=1) 67]
MPA
(Continued)
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Table 1. (Continued)
Nos. Organic spacer LDP composition Phase [n] Refs.
42 —\+ (3AMPY),AgBilg.H,O D) (n=1) [104]
+ \ /NH (4AMP),AgBiBrg D) (n=1) [50]
H3N
3AMPY
43 + (PPDA),AgRuClg D) (n=1) 53]
H3N NH3 (PPDA),CuRuCl; D) (n=1) 53]
PPDA (PPDA),AgMoClg D) (n=1) 53]
4 H3IJ\rl s S IJ\rlH3 (AE2T),AgBilg D) (n=1) [41]
e
AE2T
45 H3N+ N (CuCly)4(HIS),CulnClg D) (n=1) 98]
| |
NH, (HIS),AgBiBr D) (n=1) [106]
HIS
Selected systematic comparisons with monofunctional cations
46 NP (5)4AgBiBrg RP (n=1) [94]
HsN PA S=PA, BA, PEA, DA, DoA
+
HaN™ >
BA
HSNL/—Q
PEA
H3IJ\rl 0 e e NN (5),CsAgBiBr, RP (n=2) [94]
DA S =BA, PEA, DA, DoA
N e e P a N
H3N
DoA
47 . (5)4CuBilg RP (n=1) [67]
H3N‘<:> S = CHA, CHpA, COA
CHA
+
H3N
CHpA
HaN
COA
48 H ltl/\/\ (S)4[Cu" (Cu'In)y s Clg RP (n=1) [99]
3 S =BA, PCA, PEA
BA
+
PCA
H3N+‘/—©
PEA
(Continued)

Adv. Energy Mater. 2025, 2502693 2502693 (8 of 27)

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BAIERID 3(edl|dde auy Aq peusenob a1e sejoe VO ‘8sn J0 3|l 1oy Akeid)8ul|uQ AB|IM UO (SUOIPUOD-PUR-SULIBY WD A8 1M Akeq1Bul|Uo//Sciy) SUOHIPUOD pUe Swie | 8y} 89S *[6202/60/20] UO Aiqiauliuo A8|IM ‘P11 suoialignd [BOIPSIN Wiospond Aq £6920S202 LWUSe/Z00T 0T/I0p/Woo" A3 1M Aeiq 1 puljuo’psoueApe/Ssdny Wwoj pepeoiumod ‘0 ‘089 TIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED ADVENGEP
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advenergymat.de

Table 1. (Continued)

Nos. Organic spacer LDP composition Phase [n] Refs.

49 +
HaN™ >N
BA

(S).AgBiBry RP (n=1) 157]
S=BA, iBA, HA, PEA

+

iBA
N /\/\/\
HsN
HA

H 3N+_/—<j>

PEA

) AAP = 4-aminopiperidinium; AE2T = 5,5'-diylbis (aminoethyl)-[2,2"-bithiophene]; 3AMPY = 3-(aminomethyl)pyridinium; 4AMP = 4-(ammoniummethyl) piperidinium; BA =
n-butylammonium; BDA = 1,4-butanediammonium; BNA = benzylammonium; 3-BPA = 3-bromopropylammonium; 2CIBNA = 2-chlorobenzylammonium; 3CI2FBNA = 3-
chloro-2-fluorobenzylammonium; 1,3-CHDA = 1,3-diammoniumcyclohexane; 1,4-CHDA = 1,4-cyclohexyldiammonium; 1,4-CDMA = 1,4-bis(methylammonium)cyclohexane;
CHA = cyclohexylammonium; CHpA = cycloheptylammonium; COA = cyclooctylammonium; CPA = cyclopentylammonium; 3-CPA = 3-chloropropylammonium; DA
= decylammonium; DFCHA = 4 4-difluorocyclohexylammonium; DFPIP = 4 4-difluoropiperidinium; DoA = dodecylammonium; EDA = ethylenediammonium; FPEA
= 4-fluorophenethylammonium; HA = hexylammonium; HIS = histammonium; MPA = 1-methylpiperidinium-4-ammonium; EPZ = 1-ethylpiperazinium; HDA =
1,6-hexanediammonium; HpDA = heptane-1,7-diammonium; iBA = isobutylammonium; 4-IBA = 4-iodobutylammonium; iPA = isopropylammonium; 3-IPA = 3-
iodopropylammonium; R/S-MPA = R/S-(+/-)-f-methylphenethylammonium; NOE = naphthalene-O-ethylammonium; NOP = naphthalene-O-propylammonium; nPA =
neopentylammonium; ODA = octane-1,8-diammonium; OA = n-octylammonium; PA = n-propylammonium; PCA = p-chloroanilinium; 1,3-PDA = 1,3-propanediammonium;

PEA = 2-phenylethylammonium; POE = pyrene-O-ethylammonium; POP = pyrene-O-propylammonium; PPDA = p-phenylenediamine.

Phase transitions were also observed in the corresponding DJ
analogue based on propane-1,3-diammonium (PDA) cations
within (PDA),AgRuCl; compositions, which were accompa-
nied by conformational changes upon cooling from 300 to 220
K, as demonstrated by differential scanning colorimetry.l>’]
Similarly, early reports on ferroelectric multilayered dou-
ble perovskites were based on PA and n-butylammonium
(BA)BP>>6l in (PA),CsAgBiBr,l°!l and (BA),CsAgBiBr,[>
compositions. However, their relatively low Tc hampered
further use.’>* These research efforts underscored the
impact of alkyl chain length and flexibility on triggering
temperature-dependent phase transitions in both mono-2%%7]
and bifunctional cations,*®%] stimulating the development of
relevant molecular design strategies to regulate Tc. Toward this
goal, the lower dielectric constant of organic layers poses another
bottleneck, especially in photovoltaics, which can be addressed
by adjusting alkyl chain length. Instead of enhancing organic
dielectric constants, shortening the interlayer distance via alkyl-
diammonium cations proved to be more effective.[2252:53:58:60-64]
For instance, the influence of variable spacer alkyl chain lengths
was studied by comparing ethylenediammonium (EDA), PDA,
and butane-1,4-diammonium (BDA) in the formation of Ag-Bi-
Br LDPs, which resulted in the shortest interlayer spacing (3.76
A) for PDA. This yielded the highest charge carrier mobility,
outperforming 3D Cs,AgBiBr, perovskites.[!]

To simultaneously tailor the interlayer spacing while en-
abling conformational control for desired ferroelectric and
optoelectronic characteristics, using branched and cyclic
spacer cations offered a promising solution, with higher
Tc values than linear alkyl chains. For instance, branched
organic cations,*®] such as neopentylammonium (nPA),
offered 2D (nPA),AgBiBr, perovskite ferroelastics, with a
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high Tc and a narrower bandgap than 0D (nPA),Bi,Br;, or
1D (nPA);Pb,Br,.*! Similar to bulky aliphatic cations, cyclic
aliphatic ammonium (CAA) systems offered further advantages
in stabilizing LDPs by strengthening intermolecular interac-
tions in the spacer layer. Due to their cyclic geometry, CAA
moieties can pack more tightly, strengthening van der Waals
interactions in rigid structures that can better support inorganic
layers. Such assemblies can serve as structural templates, sta-
bilizing the perovskite structures.[®®) For example, CAAs were
the first to stabilize Cu-Bi-I LDPs by using cyclohexane-1,4-
diammonium (1,4-CHDA) cations.[®! The size of Cu* and its
preference for tetrahedral coordination necessitated an addi-
tional driving force to maintain the energetically unfavorable
corner-sharing [Cul;] octahedron. Other cyclic mono- and di-
ammonium species showed that six-membered rings reliably
form Cu-Bi-I LDPs, whereas five-membered rings favor low-
dimensional 1D frameworks. Their orientation in films was also
influenced by the molecular symmetry, as 1,4-diammonium
cations favored perpendicular growth onto ITO substrates,
whereas asymmetric 1,3-substituted ones induced parallel or
random orientations.!®’] Related bifunctional spacer derivatives,
such as 1,4-bis(methylammonium)cyclohexane (1,4-CDMA),
were able to stabilize other trivalent metals (e.g., In, Sb, and Bi)
in LDPs, such as (1,4-CDMA),AgMBr,.[68]

To maintain the improved structural control provided by
spacer cyclization, while endowing the materials with improve-
ments in charge transport, aromatic alkylammonium cations
are especially relevant. They promote w—based interactions,
including z—z stacking, which improves crystal quality and
charge transport.>?*2¢] Arylammonium spacers, such as ben-
zylammonium (BNA), facilitated the formation of bilayer struc-
tures like (BNA),CsAgBiBr, with a record Tc of 483 K.I®
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The stacking pattern of these structures depended on the
length of the anchoring alkyl group, where parallel stack-
ing emerged with spacers having four or more carbon atoms
and parallel displacement with three-carbon-atom chains. Sim-
ilarly, 2-phenylethylammonium (PEA) has been shown to pro-
duce higher-quality crystals and enhance intrinsic photoelec-
tric properties due to the strong z—r interactions.”*7# Vari-
ous low-dimensional systems based on BNA and PEA, such as
(PEA),AgBiBrg[7*7 and (BNA),CsAgBiBr,,/%! have been inves-
tigated. However, achieving more parallel z—z alignment of aro-
matic rings in such materials, relevant for charge transport, re-
mains a challenge.[>2+-26]

To address this, fluorination can alter the aromatic ring polar-
ization, promoting the parallel alignment of aromatic cations in
adjacent layers through z—r interactions, thereby enhancing po-
larity, dielectric constants, and optoelectronic properties.”®) For
example, the use of 4-fluorophenethylammonium (FPEA) spac-
ers in (FPEA),AgBiBr, revealed that p—z coupling, a large dielec-
tric constant, and strong interlayer binding led to improved crys-
tal quality and electrical properties, enabling X-ray detectors.!”¢!
This has stimulated further efforts to rely on fluorinated alkyl
and arylammonium derivatives. For instance, the strategy was ex-
ploited in cyclohexylammonium (CHA) LDPs of (CHA),AgSbBr,
composition and their difluorinated (DFCHA),AgSbBr; ana-
logues. As a result, fluorination increased Tc, reduced the
bandgap, and induced broad emission via decreased octahedral
distortion and interlayer spacing.[”’] Fluorine substitution in-
creases the rotational energy barrier and the energy required for
order—disorder motions of organic spacers, subsequently rais-
ing the transition temperature. Since most of the ferroelectrics
undergo phase transitions accompanied by order—disorder mo-
tions, fluorine substitution represents a general approach for
enhancing Tc.”®! The introduction of electronegative fluorine
atoms also leads to stronger orbital interactions within the in-
organic octahedra, thereby reducing the bandgap.”?! The first
ferroelectric LDP iodide, incorporating 4,4-difluoropiperidinium
(DFPIP) cations in the (DFPIP),AgBil; composition, exhibited
a high Tc value (422 K) with a large Ps (10.5 pC cm™2) and a
promising sensitivity in X-ray detection.l®] Its antimony ana-
logue, (DFPIP),AgSbl, displayed similar ferroelectricity with a
high Tc of 414 K and a large Ps of 9.6 uC cm™2, complemented
by a unique photoferroelectric behavior, indicating potential
multifunctionality.’®

The polarity of organic spacer cations and their orientation
can be further tailored by other halogen substitutions. For in-
stance, substituting the terminal methyl group in BA cation
with a chlorine atom distorts the molecular geometry, giving
rise to the formation of the first room-temperature ferroelec-
tric LDP material based on 3-chloropropylammonium (3-CPA)
spacers in (3-CPA),AgBiBry compositions.[®2] Similarly, partial
bromination of 3-CPA effectively introduced noncentrosymmet-
ric structures in Cl, ;,Br, icPA,AgInBr, with a phase transition
at around 460 K. Moreover, direction-dependent ferroelectricity
was observed perpendicular to the octahedral layers with a max-
imum Ps of 6.25 uC cm~2.[/] The stacking pattern was also de-
pendent on the alkyl length of the organic spacer. Organic spac-
ers with four carbon or longer alkyl chains formed [0, 0] stacking
phase, whereas organic spacers with three carbon chains gave
[1/2, 0] stacking phase.l** Similarly, 4-iodobutylammonium (4-
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IBA) in (4-IBA),AgBil, has been used in X-ray detectors.!®3] How-
ever, the sensitivity of these materials to irradiation remained
significantly low compared to lead-based layered perovskites,
which was attributed to the intrinsic in-plane orientation as-
sociated with weak interlayer binding forces.l”®! Halogen sub-
stitution in arylammonium derivatives, such as BNA, also re-
vealed that ortho- and meta-substituents affect octahedral dis-
tortion and tilting due to the interactions with the inorganic
framework.[3*] This effect of halogen substitution of BNA deriva-
tives was examined using 2-chlorobenzylammonium (2CIBNA)
and 3-chloro-2-fluorobenzylammonium (3CI2FBNA),®* show-
ing that the halogen atom at the ortho position affected the
interaction. In particular, the Cl substituent induced octahe-
dral distortion, whereas the smaller F resulted in octahedral
tilting.

The impact of substitution on the electronic properties is
pronounced in heterocyclic systems, which were predominantly
used to access various D] LDP phases. For instance, piperidine-
based spacers, including 4-(ammoniummethyl)piperidinium
(4AMP) and 4-aminopiperidinium (AAP), were shown to con-
vert indirect bandgaps to direct ones in Cu-Bi LDPs by inducing
favorable geometric distortions of the inorganic frameworks. %]
In particular, replacing 1,4-CHDA with 4AMP and AAP resulted
in a transition from an indirect to a direct bandgap in monolay-
ered Cu-Bi-I perovskite materials.[®! Similarly, the use of (het-
ero)cyclic spacer cations in Ag-Fel®® and Ag-Sbi®] LDPs revealed
that octahedral distortion plays a role in modulating bandgaps,
with the least distortion yielding the narrowest bandgap,®!
showcasing important design principles with implications for the
use of these lead-free alternatives in photovoltaics.

Despite these advances, most LDPs absorb primarily in the
UV region, limiting their use.¥”#¥] This challenge has been
recently addressed through the design of extended aromatic spac-
ers, such as naphthalene and pyrene-based alkylammonium,!®!
as well as bis-thiophen-diammonium cations,*! reducing the
bandgap and facilitating charge transport. The first iodide-based
LDP perovskite using a bifunctional and semiconductive organic
spacer, 5,5 -diylbis(aminoethyl)-[2,2'-bithiophene] (AE2T), exhib-
ited a direct bandgap of 2 eV.[*!] The initial attempts to synthesize
iodide-based Ag-Bi 2D double perovskites with traditional small
organic cations such as BA resulted in 0D or 1D frameworks,
which is likely due to the intrinsic tendency of Bi to form lower-
dimensional nonperovskite systems, aggravated by the rarity of
Ag in octahedral iodide coordination. Therefore, the stabilization
of I-based LDPs with the AE2T organic spacer was attributed
to edge-to-face aromatic interactions. The synthesis of iodide
LDPs with a simpler organic cation, 3-bromopropylammonium
(3-BPA), was later achieved, which exhibited a direct bandgap
while maintaining light absorption with a bandgap of 1.87 eV.?"l
This suggests that molecular engineering with short-chained
alkylammonium cations offers promising optoelectronic prop-
erties, competing with aryl systems. The beneficial characteris-
tics can be further tailored by introducing chiral organic deriva-
tives, such as S/R-methylphenethylammonium (S/R-MPA),[6091]
offering another gauge for tuning their properties through chi-
rality. Further molecular engineering promises to advance their
functionalities.

In summary, the molecular design of organic spacer cations,
including linear, branched, and cyclic alkylammonium, as well
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Figure 3. Schematic of synthesis methods used for LDPs to date. a) Acid-precipitation, b) antisolvent diffusion, c) hydrothermal, and d) solid-state

methods, as well as e) one-step spin coating.

as arylammonium systems, has proven central to controlling
structural, ferroelectric, and optoelectronic properties of LDPs.
With the broad range of organic functionalities available, vast op-
portunities remain for rational design of multifunctional LDPs
with desirable properties determining their optoelectronic char-
acteristics and applications. To this end, appropriate synthetic
methodologies are needed to realize their full potential.

3. Synthesis of LDPs

The synthesis of LDPs complement molecular engineering ef-
forts, with the conditions influencing their crystal structure, ori-
entation, and the resulting properties. To date, over 100 LDP dif-
ferent compounds with various M* (e.g., Ag*, Cu™) and M3+ (e.g.,
Bi**, Sb**, In*) compositional combinations and organic spac-
ers (Table 1) have been reported, underscoring the versatility of
molecular and material design strategies. Spacer cations deter-
mine the crystal orientations, crystallization kinetics, and inter-
actions at organic—inorganic interfaces. A diverse range of syn-
thetic strategies has emerged (Figure 3a), enabling the incorpo-
ration of structurally and electronically tailored spacers into LDP
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frameworks. These methods—ranging from solution processing
to hydrothermal synthesis—are critical in achieving high-quality
crystals and thin films for exploring structure—property relation-
ships.

3.1. Solution-Processing Methods for LDPs

The most widely used synthesis approach for LDPs is the solution
processing, which commonly leverages the solubility of metal
halide or oxide precursors (e.g., AgX, BiX;, SbX;, InX;, or Bi,O;,
where X = Cl, By, I) in hydrohalic acids (HX, X = Cl, Bz, I) to ac-
cess single crystals of the resulting materials (Figure 3a). The acid
serves both as a solvent and a halide source for incorporation into
the perovskite framework. This is followed by the addition of a
precursor amine or ammonium salt of the corresponding spacer
cation, while stirring at about 150 °C until a clear solution is ob-
tained. Subsequent cooling results in the formation of perovskite
crystals.?>] In some cases, the addition of a small amount
of reducing agent, such as hypophosphorous acid (H;PO,), is
essential for preventing the oxidation of trivalent transition metal
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cations.l'?] For example, Ru'" and Mo™ readily oxidize to Ru'v
and Mo", respectively, in the absence of H;PO,, thereby hinder-
ing the synthesis of desired structures.®! In addition, H,PO,
can inhibit the oxidation of Br~ to Br,~, effectively stabilizing
the halides during the synthesis of bromide-based LDPs.['%?] Per-
ovskite crystals can thereafter be accessed either by rapid!®¥ or
temperature-controlled cooling.[®*! Different cooling rates yield
crystals of varying sizes and qualities. Slow cooling typically pro-
duces larger, higher-quality crystals, while rapid cooling results
in smaller crystals. Excessively large crystals may not be suitable
for analysis by single-crystal X-ray diffraction (SCXRD), and the
optimal crystal size can be achieved by carefully controlling the
composition, solvent conditions, and cooling rate.!%”]

A more versatile solution-based approach is the antisolvent (va-
por diffusion) method, which is particularly useful when solution
cooling fails to induce crystallization. In this case, an orthogo-
nal “antisolvent” (i.e., solvent that cannot dissolve the target per-
ovskite) can be added slowly to reduce the solubility and induce
crystallization (Figure 3b). In a typical synthesis, precursors are
dissolved in polar solvents, such as dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), or their mixture, and exposed to
an antisolvent (e.g., dichloromethane, isopropanol, diethyl ether,
or other) that diffuses into the solution, gradually reducing solu-
bility and prompting crystallization (Figure 3b).l'%] For example,
BA,AgBiBry, single crystals were synthesized by dissolving AgBr,
BiBr;, and BABr in a stoichiometric ratio of 1:1:4 in DMF:DMSO
(1:7) solvent mixture and applying dichloromethane as the an-
tisolvent in a sealed diffusion setup.'®] A simpler variation of
this approach, namely antisolvent injection, triggers fast self-
assembly through direct mixing of the precursor solution with
the antisolvent.[”*! Specifically, crystals can be accessed through
a simple antisolvent recrystallization, where the precursors are
dissolved in a suitable solvent to prepare the precursor solu-
tion, which is then rapidly injected into the antisolvent to trigger
self-assembly.l”*l Common antisolvents include isopropanol,!®!]
diethyl ether, chloroform,/”* and dichloromethane,!'! among
others.

Alternatively, LDPs can be prepared using an acid-
precipitation approach (Figure 3a), which involves mixing
metal precursors with organic amine spacers in concentrated
hydrohalic acid under heat treatment, followed by crystallization
upon cooling.®?l For instance, (BDA),AgBiBr, was synthe-
sized by mixing equimolar amounts of BiBr; and AgBr in
concentrated hydrobromic acid, followed by the addition of
1,4-butanediamine, and heating at 100 °C until a clear solution
was obtained. The crystals were then deposited by slowly cooling
the solution (Figure 3a).[58]

Similarly, the hydrothermal method can be employed to syn-
thesize LDPs by adding stoichiometric quantities of precursors,
such as metal halides and organic amines, into aqueous HX
acid and heating at 120-160 °C in a sealed autoclave (Figure 3c).
The temperature and heating duration can be adjusted ac-
cording to the perovskite geometry. Recently, single crystals of
(CPA),AgBil; were synthesized using a hydrothermal method,
which involved dissolving Bil;, Agl, and cyclopentylamine in an
aqueous hydroiodic acid solution in a 1:1:4 molar ratio. The mix-
ture was then transferred to a Teflon-lined autoclave, heated to
150 °C for 10 h, then cooled to room temperature to obtain the
product crystals.[*®! This approach can be relevant for accessing
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more challenging compositions. For instance, Sb-I-based double
perovskites are relatively rare compared to their Br and Cl coun-
terparts due to the challenging synthesis. However, 2D Cu/Sb-
I-based low-dimensional double perovskites can be synthesized
through the hydrothermal method by carefully selecting organic
cations. For instance, a DJ phase of (1,4-CHDA),CuSbl;.0.5H,0
composition was obtained by mixing SbI;, Cul, and cyclohexane-
1,4-diammonium in a 1:1:2 molar ratio, followed by heating in
an autoclave at 160 °C for 12 h. These methods above have suc-
cessfully yielded (100)-oriented LDP structures, which were pri-
marily characterized using SCXRD and powder X-ray diffraction
(PXRD). The resulting materials were thereafter used to fabricate
thin films for functional optoelectronic devices.

Another related approach for the synthesis of LDPs is the hot-
injection method for lead-free perovskite nanoparticles.'””] Re-
cently, the first synthesis of colloidal LDPs was reported using
a hot-injection for perovskite nanoparticles.!'®! This method in-
volves dissolving metal salts and organic ligands in a high-boiling
solvent, followed by heating the solution above 100 °C under an
inert nitrogen atmosphere. Rapid injection of a cold anion pre-
cursor solution triggers nanocrystal nucleation with controlled
subsequent growth. For this purpose, surfactants are often used
to control the size distribution of the quantum dots.['*! For in-
stance, colloidal Cs,MIn,Cl;,, (M = Cu, Co, Zn) nanocrystals
were synthesized via the hot-injection method by first dissolving
metal precursors (i.e., CsOAc, Cu(OAc),, Co(OAc), or Zn(OAc),)
and ligands (i.e., oleic acid and oleylamine) in 1-octadecene.
The obtained solution is heated to 180 °C under an inert at-
mosphere, followed by the injection of chlorotrimethylsilane.
Crystal growth is then prohibited by rapidly cooling the reaction
mixture using an ice-water bath. The resulting nanocrystals ex-
hibited enhanced photoluminescence with potential applications
in white-light emitting devices!!®®] incorporating nanocrystals or
thin films.

Finally, an alternative to solution-processing involves solid-
state methods, such as mechanosynthesis, which have so far been
rarely used for LDPs (Figure 3d). To date, there are few examples
of metal halides and ammonium salts being ground (i.e., in an
agate mortar) and transferred to a furnace where they are heated
at 150 °C to obtain the resulting materials.>>! This could provide
a more sustainable and scalable solvent-free alternative in the
future.

3.2. Thin Film Fabrication and Orientation Control

Thin films of LDPs can be prepared either by one-step spin-
coating or two-step methods. The one-step spin-coating method
involves spin-coating precursor solutions onto a substrate, fol-
lowed by thermal annealing!®! or using orthogonal solvent treat-
ment to induce crystallization (Figure 3e).[#>%°] Crystallization be-
havior and orientation preferences depend on several experimen-
tal factors, including solvent choice, surface treatment, and the
use of additives. The orientation of the inorganic layers critically
impacts charge transport. Vertical alignment is especially desir-
able for photovoltaic applications, as it enhances carrier mobil-
ity and boosts performance, also relevant to other optoelectronic
devices.
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Additives, such as ammonium chloride (NH,Cl),1"!% methy-
lammonium chloride (MACI),"'*'*?] and ammonium thio-
cyanates (ASCN, A = NH, 3] MA* or FA*11#)) were found
to influence the morphology and promote vertical grain align-
ment by modulating nucleation kinetics through different
mechanisms.['] Moreover, thiosemicarbazide (TSC), in com-
bination with DMSO, synergistically improved crystallinity and
grain size in 2D perovskites, such as (BA),(MA);Pb,I;;, leading
to reduced trap density and enhanced carrier transport.''®! Their
practical application remains to be adapted to LDPs and their
devices.

Film thickness also affects optoelectronic properties. It was
suggested that thicker Ag/Bi-based iodide LDP films (up to 1 um)
exhibited narrower direct bandgaps and stronger light absorp-
tion, likely as a result of mixed phase formation. Here, the choice
of solvent plays a crucial role in forming coordination complexes
in the precursor state, which governs crystallization rates. The
generally used solvents are DMSO, DMF, dimethylacetamide
(DMAC), N-methyl-2-pyrrolidone (NMP), and y-butyrolactone
(GBL). Owing to their strong coordinating ability, they form inter-
mediate complexes with metal ions that dictate the structure.''’]
The differences in their properties (i.e., boiling point, polarity, ba-
sicity, and coordinating ability) result in the formation of different
intermediates. DMF and DMSO are the most widely used pre-
cursor solvents due to their effective coordinating ability. These
polar aprotic solvents act as Lewis bases to form a complex with
metal ions in solution, which affects the crystallization kinetics,
film morphology, and the stability of the resulting phases. To this
end, while one-step spin-coating is convenient, it often results in
poor film quality. In contrast, hot-casting techniques yield verti-
cally aligned (perpendicular to the substrate) high-quality films
with improved electronic characteristics, which are also organic
spacer-dependent.[118]

The organic spacer identity is pivotal in directing the crys-
tallographic orientation of thin films. Different amine spacers
were found to induce distinct layer orientations in LDP films,
underscoring the interplay between molecular design and crys-
tal growth dynamics. However, the mechanistic understanding
of orientation control in LDP thin films remains limited, point-
ing to the need for further investigation of these low-dimensional
materials.

In summary, the choice of compositional elements and syn-
thesis method exerts influence not only on the structural quality
of LDPs but also on their optoelectronic properties. Achieving
controlled orientation, optimal morphology, and phase purity is
essential for maximizing performance in optoelectronic devices.
However, the understanding of the mechanisms underlying pref-
erential thin film orientations in LDPs is very limited. Further re-
search is needed to gain insights into the mechanism controlling
the crystallization and optoelectronic characteristics. The integra-
tion of synthetic strategies with molecular design principles will
be instrumental in realizing the full potential of LDPs in next-
generation optoelectronics.

4. Optoelectronic Properties of LDPs

The optoelectronic properties of LDPs are defined by the metal-
halide octahedral framework templated by the organic spacer
cations that are mostly electronically insulating (Figure 2 and
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Table 1), resulting in the charge carriers being confined within
the inorganic framework. This determines their electronic be-
havior as quantum wells that stem from reduced dimensional-
ity and quantum confinement effects,'! relevant for a range of
optoelectronic applications.[12]

As a result of their quantum well structure, the orbital inter-
actions between the metal cations and halide anions predomi-
nantly determine the energy bandgap (Figure 4a). Valence band
maximum (VBM) is defined by the hybridization of monovalent
M-site cations’ d-orbitals and halide p-orbitals, while conduction
band minimum (CBM) is typically the result of interactions with
the s- or p-orbitals of the trivalent M'-site cation. For instance,
the VBM of Cs,AgBiBr, is mainly composed of Ag 4d and Br 4p
orbitals, and the CBM is mainly composed of Bi 6p orbitals. For
Cs,AgInCl,, the VBM consists of Ag 4d and Cl 3p orbitals, and
the CBM consists of In 5s orbitals (Figure 4a,b).[?!l The incorpo-
ration of organic spacer cations can indirectly influence the elec-
tronic structure through interactions with the inorganic frame-
work, inducing structural distortions, which can lead to changes
in the bandgap.[??! For instance, in (BA),AgBiBrg, the VBM con-
sists primarily of Ag 4d and Br 4p orbital interactions with no
contribution from Bi s states, while the CBM consists primarily
of Bi 6p and Br 4p orbitals. This alignment leads to a direct, larger,
and more tunable bandgap compared to the indirect bandgap
of the 3D counterpart (Figure 4a,b).*] The bandgap tunability
arises from the dimensionality, as well as the choice of halide
and metal composition.['?] For instance, in LDPs with the gen-
eral formula (R'/R"),,M'M"'Cl;, where R’ = PA, R” = BDA,
M = In?** or Ru**, and M! = Cu*, the selection of trivalent
metal centers such as Ru** or In?* directly influences the opti-
cal properties and the bandgap, ranging from 1.3 to 3.2 eV.?]
Moreover, the different numbers of inorganic layers (n) further
affect the resulting bandgap.['?*] In general, the bandgap of LDPs
decreases with the increasing number of inorganic layers (n). For
instance, (PA),AgBiBr, (n = 1) features a bandgap of 2.41 eV,
while (PA),CsAgBiBr, (n = 2) was reported to have a bandgap
of 2.32 eV. Similarly, the DJ (BDA),AgBiBr, (n = 1) was found to
have a bandgap of 2.43 eV.[!?*l This overall suggests that the se-
lection of metal cation, layer thickness, and quantum and dielec-
tric confinement influence the bandgap and optoelectronic prop-
erties. Furthermore, the introduction of organic cations induces
structural alterations that are reflected in the optoelectronic char-
acteristics and can affect charge transport.[12>:120]

Reduced dimensionality, dielectric confinement, and dielec-
tric screening in LDPs contribute to their excitonic proper-
ties, with the exciton binding energies frequently surpassing
100 meV in these materials.['?®] For instance, the excitonic char-
acteristics of (PEA),AgBiBry (n = 1) and (PEA),CsAgBiBr, (n
= 2) LDPs revealed greater exciton binding energies due to
reduced dimensionality.”*7] While this can be beneficial in
the light emission for LEDs, it may potentially impede effi-
cient charge separation in solar cells. The excitonic effects can
thereby be leveraged by relying on judicious material design
strategies.

The charge transport properties of the LDPs are of broad inter-
est in optoelectronic devices. The layered structure of these ma-
terials results in anisotropic characteristics with varying charge
transport for in-plane and out-of-plane directions. The anisotropy
can be exploited in thin-film devices, where the direction of
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Figure 4. Optoelectronic properties of LDPs. a) Schematic of the indirect-to-direct bandgap transition from double perovskites to LDPs, with the orbital
contributions in AgBiX-based LDPs. b) Comparison of band edge positions of representative lead-base 3D perovskites and LDPs compared to common
electron- (ETLs) and hole-transport layers (HTLs).['?’] c) Defect level positions of Cs,AgBi,lq compound compared to the pristine system’s VBM and
CBM (shown in shaded areas). Reproduced with permission.l'2¢] Copyright 2024, John Wiley and Sons.

carrier migration influences device functionality.['**131] For in-
stance, 2D RP perovskites using BA and PEA spacer cations were
found to exhibit efficient in-plane carrier transport, but their out-
of-plane transport is highly limited due to the insulating organic
layers between the inorganic sheets. With scanning photocur-
rent microscopy of (BA),MA,_,Pb,I;,,; 2D single crystals, in-
plane carrier diffusion lengths were found to increase with the
number of layers from 7 ym (n = 1) to 14 um (n = 3), com-
pared with 18 pm for 3D MAPDI, .31 This showcases that charge
transport can be optimized through structural tailoring. In dou-
ble perovskites like Cs,AgBiBr,, the ordered arrangement of al-
ternating M-site cations (Ag* and Bi**) leads to a rock-salt con-
figuration of [AgBr]°~ and [BiBrg]*~ octahedra. Such structural
ordering plays a significant role in carrier transport. The differ-
ence in electronic configuration of Ag* (4d) and Bi** 6p generates
varied potential landscapes in the lattice and influences charge
carrier delocalization. In particular, Bi** (6p) orbitals predomi-
nate in the CBM, whereas Ag 4d and Br 4p orbitals are respon-
sible for the VBM. Such segregation causes an indirect bandgap
nature and poor carrier mobility due to limited orbital overlap
and high effective mass. Consequently, Cs,AgBiBr, exhibited rel-
atively low carrier mobility, typically 1-10 cm? V=1 s71.1132133] T
contrast, LDPs feature more beneficial charge carrier dynam-
ics. For instance, (PDA),AgBiBr, phase exhibited enhanced in-
terlayer coupling with improved charge transport due to reduced
organic spacer thicknesses and stronger hydrogen-bonding.[5361]
Moreover, an increased carrier lifetime was associated with the
unique structural properties of the D] phase, in which bifunc-
tional PDA spacer bridges inorganic layers, enabling closer in-
terlayer spacing and more efficient electronic coupling, reduc-
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ing nonradiative recombination channels that are especially
important for solar cells.l>**!] Consequently, DJ-phase LDPs tend
to exhibit superior charge carrier mobility, smaller exciton bind-
ing energies, and better structural stability, favored for integra-
tion into photovoltaic and photodetector devices where efficient
charge extraction capability is important.'3#1%] In contrast, the
van der Waals interactions between slabs in RP phases result in
stronger dielectric and quantum confinement, leading to greater
exciton binding energies and wider bandgaps that are better
suited to light-emitting applications. Such compositional and
structural tunability is reflected in the band edge alignment of
the LDPs with respect to common ETLs and HTLs in devices
(Figure 4c).

Most LDPs feature a wide bandgap, while some have a
smaller bandgap due to structural modifications or composi-
tional engineering.[1*?8) Bandgap tunability is a key feature that
enables these materials to be utilized in a wide range of opto-
electronic applications.['?! LDP photoluminescence (PL) behav-
ior also exhibits size-dependent emission,*"! attributed to quan-
tum confinement effects and surface-related phenomena, more
pronounced at the nanoscale.52123] Tt has been shown that adding
transition metal ions to the LDP lattice enhances PL intensity by
altering lattice rigidity and reducing nonradiative recombination
channels.[3%] This highlights the manner in which subtle struc-
tural changes in LDPs can directly influence emission behavior
by manipulating electronic confinement and defect states. The
PL response of LDPs is dominated by the stacking structure of
the inorganic layers and the corresponding lattice defects.l*] It
has also been shown that alterations in the adjacent octahedral
layers can trigger phase transitions®* and consequently shift the
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emission spectra. Complementary studies demonstrated that the
formation of self-trapped excitons in certain LDPs, induced by
lattice distortion and low dimensionality, may produce enhanced
or broadband luminescence,'®! which further emphasizes the
significance of defect engineering.

Defect engineering enables optimizing the optoelectronic per-
formance of LDPs. Intrinsic defects such as halide vacancies,
metal interstitials, and antisite defects significantly affect carrier
lifetimes, nonradiative recombination, and material stability.!'3’]
The defect structure of LDPs with different spacers has so far
not been reported, though the interstitials, antisites, and vacan-
cies were investigated in all-inorganic Cs,AgBi,l, composition
and it was found that all defects can form shallow traps and can-
not participate in nonradiative recombination (Figure 4c). Tech-
niques such as halide passivation, ion doping, and controlled
crystallization have been attempted to suppress defect-related
losses and enhance charge transport efficiency.[3®! Recent work
has also shown that the inclusion of passivating agents, such as
organic ammonium salts or halide-mediated process conditions,
can prevent deep-level trap states, leading to higher photolumi-
nescence quantum yields (PLQY) and longer carrier lifetimes.l”™!
Furthermore, theoretical modeling and first-principles calcula-
tions have provided insight into the defect-tolerant nature of
LDPs, determining that certain double perovskites possess shal-
low defect states, reducing deleterious charge recombination.!'3]
This defect tolerance, comparable to other metal-halide per-
ovskites, enhances the potential of LDPs for stable and efficient
optoelectronic applications. Further research is required, how-
ever, to establish scalable synthesis methods that maintain de-
fect control, and ensure reproducibility and long-term material
stability.[140]

To summarize, LDPs represent a highly promising platform
for optoelectronics owing to their bandgap tunability, excitonic
characteristics, and directional charge transport. As structure
modulation and spacer chemistry affect their properties, the syn-
ergy between dimensionality, phase type, and defect states re-
mains critical to their operation. Continuous development in de-
fect passivation, carrier lifetime engineering, and structural opti-
mization, with further insight into structure—property-defect in-
teractions promises to realize the technological potential of LDPs
in modern optoelectronic devices.

5. Applications of LDPs

Unique optoelectronic properties of LDPs render them suit-
able for a wide range of applications in optoelectronics,
including solar cells, photodetectors, LEDs, photocatalysts,
ferro/piezoelectrics, as well as emerging technologies, such as
memristors and spintronic devices. In some cases, they are ex-
ceptionally well-suited, while in others, they offer significant ad-
vantages over alternative materials.

5.1. LDPs in Photovoltaics

The most prominent application of metal halide perovskites is
in photovoltaic devices due to their direct and tunable bandgaps,
high absorption coefficients, long carrier lifetimes, and high de-
fect tolerance.l') However, the limitations associated with their
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stability and Pb toxicity!"1"1*3] stimulated efforts in developing
LDPs for photovoltaics, which are still under investigation.

The first report on LDPs in solar cells was based on
naphthalene- and pyrene-derivatized ammonium spacers (NOE,
NOP, POE, and POP; Figure 2) in Ag-Bi or Cu-Bi LDPs.[®%! These
compounds showed bandgap energies of 2.2 and 2.0 eV for Ag—
Bi and Cu-Bi materials, respectively, and the best performing
device based on the p-i-n architectures showed short circuit cur-
rent densities (Jsc) of 0.5 mA cm™2, open circuit voltage (Vyc)
of 0.86 V, and fill factor (FF) of 0.39, leading to the power con-
version efficiencies (PCE) of 0.17%.1%! To improve these limited
performances, all inorganic LDPs, such as Cs,CuSb,Cl,,, with a
direct bandgap of 1 eV, were found very promising for solar cell
applications.['**] However, photovoltaic devices based on these
semiconductors have not been reported due to issues with prepar-
ing high-quality films.

In a recent study, Cs,AgBi,1, LDP with a bandgap of 1.78 eV,
large polarons, and n-type character was synthesized and used for
indoor photovoltaic application in self-powered IoT devices.['?8]
For this purpose, Pb toxicity and high performance under low
light intensity are considered,['*] making Pb-free LDPs advanta-
geous. It has been demonstrated that perovskite solar cells exhibit
higher performance compared to c-Si solar cells under low light
intensity, thereby increasing their relevance in indoor devices.!1#¢]
The Cs,AgBi,I, LDP devices showed 2.81% PCE under 1 Sun
(Figure 5a,b) and 3.41% under 0.1 sun. The performance of the
devices under white light LED with 1000 lux was 7.60%, with sta-
bility of Ty, reaching 2100 min.l"?8] While the efficiency of more
than 22% for lead-based 2D (n = 5)[**] and more than 6% for
double perovskitel*8] solar cells have been obtained so far, LDPs
show great potential to achieve higher efficiencies with compo-
sitional and molecular engineering. It can be expected that by
reducing the bandgap, such as via compositional engineering
(e.g., replacing the Ag in common Ag-Bi compositions with large
carrier effective mass and low mobility with In and TI), increas-
ing the n value, and relying on electroactive spacers in DJ phases,
while controlling the crystallization and film growth, higher effi-
ciencies could be obtained, especially for indoor photovoltaics.

5.2. LDPs in Photodetectors

X-ray detectors find applications in various fields, such as medi-
cal diagnosis, security inspection, and nondestructive industrial
inspection. Layered halide perovskites emerged as promising
materials for photodetection, particularly X-ray detectors. This
anisotropic structure comprises charge-conducting channels and
resistive hopping barriers oriented orthogonally. Additionally,
perovskites exhibit a large attenuation coefficient, substantial
carrier mobility (u) and a long lifetime () (ur; Figure 5c—e).
They can be grown from low-cost solution processes, simplify-
ing manufacturing.[*?!

The first report on LDP for X-ray detection was in 2019,
based on the BA,CsAgBil, system.'*] For further im-
proving the X-ray sensitivity, a mixed-dimensional 2D/3D
(BA),CsAgBiBr,/Cs,AgBiBr, X-ray detector was analyzed with
sensitivity of 206 uC Gy~! cm~2 with an ultralow dark current of
3.2 X 1072 pA, and operational stability in a self-driven mode.
This absorption characteristic for X-ray detectors is comparable
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Figure 5. Application of LDPs in photovoltaics and photodetection. a) Schematic of photovoltaic device with b) J-V curves of the LDP and double
perovskite devices. Reproduced with permission.['28] Copyright 2025, John Wiley and Sons. under CC BY 4.0. ¢) Comparison between parallel and
horizontal charge transfer in photodetectors with d) X-ray detection performance radar maps. Reproduced with permission.['%] Copyright 2024, John
Wiley and Sons. ) Comparison of sensitivity and photodetection limit of LDPs and Pb-based perovskites. Reproduced with permission.l'?’] Copyright
2025, John Wiley and Sons. f) Absorption of 2D/3D crystals compared to CdTe and Si. Reproduced with permission.l>¢] Copyright 2021, American

Chemical Society.

to that of more commonly employed semiconductors, such
as CdTe and Si (Figure 5f).°° Further molecular engineer-
ing utilizing branched ammonium cations, such as nPA in
(nPA),AgBiBrg, enabled self-driven X-ray detection with high
sensitivity (3.8 X 10° pC Gy~! cm™2) and low limit of detection
(4.8 nGy s71).1'3 Here, an unusual reconstruction of chemical
bonds, based on the zipper-like dynamic switching of Ag—Br
coordination, contributed to switchable electric polarization.!']

Adv. Energy Mater. 2025, 2502693 2502693 (16 of 27)

This conformational tailoring was further explored for CAAs,
such as CPA, forming ferroelectric (CPA),AgBiBrg with a phase
change at 343 K. The layered structure with CAAs resulted
in a large mobility-lifetime product of pr = 1.0 x 1073 cm? V!
for a strong response to X-ray irradiation (sensitivity value of
~0.8 uC Gy,;, ' cm™2). This value is higher than that of MAPbI,
wafers (~2 X 107 cm? V™!) and MAPbI; perovskite film (~2
x 1077 cm? V7!), and comparable with that of 3D Cs,AgBiBr,
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crystals (x3.75 X 1073 cm? V1).["51 Further optimization yielded
(DFPIP),AgSbl; LDPs with promising X-ray responsivity and
a sensitivity as high as 704.8 pC Gy,, ' cm™2 at 100 V bias,
with a detection limit as low as 0.36 uGy,;, s™' at 10 V bias.3!l
Moreover, the replacement of Sb with Bi in (DFPIP),AgBil,
reached the detection limits of 188 uC Gy,,”' cm™2.18% This
further illustrates the role of fluorination and the corresponding
polarity enhancements in photodetection, which is particularly
relevant to arylammonium cations.[”®) An X-ray detector based
on (FPEA),AgBiBr, displayed the sensitivity of the detector
and detection limit of 27 pC Gy,, ™! cm™ and 2.6 puGy,, s™,
respectively,”®! with higher resistivity, higher transmittance, and
much higher yz compared to (PEA),AgBiBr,.19747¢]

The role of molecular engineering is further exemplified in
the comparison between the RP and less common DJ phases.
For instance, a high sensitivity of 2638 pC Gy,,”' cm™ and
an ultralow detection limit of 7.4 nGy,, s™! was reported for
DJ (BDA),AgBiBrg, showing better performance compared to
RP (PA),AgBiBr, and (BA),AgBiBr, (Figure 5c,d). These values
are also much higher than those of the 3D double perovskite
photodetectors based on Cs,AgBiBr, (988 uC Gy,,~! cm™),
Cs,AgBiBr, (1974 uC Gy,;,”' cm™2), and Cs,AgBiCl (325.8 pC
Gyt cm™2).1%] The unencapsulated devices displayed tabil-
ity against moisture, as well as thermal (>150 °C) and radi-
ation (>1000 Gy,;,) endurance with a higher attenuation co-
efficient compared to PA and BA-based LDPs.I'®! In another
study, (EDABr),AgBiBrg (EDA1) and (EDABr),CuBiBrg (EDA2)
DJ phase showed sensitivities of 3388 and 5250 uC Gy,;,~! cm=2,
respectively. These LDPs are compared to those of other LDPs
and Pb-based perovskites (Figure 5e), showing comparable sen-
sitivity and lower limit of detection (LOD) compared to Pb-
based perovskites.['?’] Similarly, RP phases of (CPA),AgSbl,
(CHA),AgSbl,, and (COA),AgSbl; were compared to the DJ
phases of (1,3-CHDA),AgSbl;-H,0 and (1,4-CHDA),AgSbl,
LDPs for light detection.®! It was found that their optical
bandgaps lie in the range of 2.19-2.30 eV, and the thin films ex-
hibit preferential orientations to the substrate. The highest pho-
tocurrent of up to 17 pA cm~2 was achieved in (CPA),AgSbl; un-
der light excitation, showcasing promising photoelectric perfor-
mance for both RP and DJ LDPs.

The X-ray sensitivity of LDPs is comparable to Pb-based sys-
tems, and further molecular engineering promises to improve
the X-ray attenuation coefficient while benefiting from high car-
rier lifetime and direct bandgap for future use in photodetection.

5.3. LDPs in LEDs

Layered perovskites can act as efficient emitters with high PLQY
due to their intrinsic multiple-quantum-well characteristics, in-
duced by reducing crystal dimensionality. Large exciton bind-
ing energy (E,) contributes to high PLQY in layered perovskites,
which is crucial for LED application.['?] The organic spacers
employed in LDPs are capable of passivating crystal surface de-
fects, thereby suppressing nonradiative recombination at grain
boundaries. Furthermore, the spacers can stabilize the perovskite
structure against moisture penetration and mitigate ion migra-
tion. However, the enhanced radiative recombination and stabil-
ity come at the expense of color purity and carrier transfer. These
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drawbacks stem from the disordered phase (n) distribution and
the low carrier transport capacity of large organic spacers.[**?]

There have been efforts to use double perovskites for LED
applications. For instance, Cs,AgIn,Bi;, ,Cl; (0 < x < 1) with 2D
morphology is synthesized. The corresponding nanoparticles
showed the highest PLQY of 40.1%, luminance maximum of
58 cd m~2, and peak current efficiency of 0.013 cd A=L.[">]
Furthermore, Tb** and Sb** codoped Cs,NaInCl, nanocrys-
tals with high PLQY blue-green emission (74%) were
achieved.™ One of the highest PLQY (90%) is achieved in
Cs,NaInCl:Sb** double perovskites made by the hydrothermal
method. Similarly, LEDs based on 3% Mn?*-doped Cs,NaTbCl,
enabled orange LEDs with bright PL, color rendering index
(CRI) of (0.579, 0.352) and correlated color temperature (CCT)
of 2547 K.'55] The only report on LDPs for LED applications
was based on Cs,MIn,Cl;, (M = Cu, Co, Zn) nanocrystals,
showing 11.4% PLQY at ambient temperature for Cu,ZnInCl,,
without any device demonstration.['**] The lack of use of LDPs
in LEDs can be due to two main obstacles. First, the different
(n) phase-mixtures in quasi-2D perovskites significantly influ-
ence the electroluminescence efficiency and stability of LEDs.
Moreover, the anisotropic properties can have adverse effects
on the performance, making it important to control the crystal
growth.['2] By overcoming these challenges, such as through
developing novel spacer cations, the introduction of additives,
and adjustments in component ratios, the LDPs can be used as
Pb-free LEDs with tunable color, high E,, and low cost.

5.4. LDPs as Photocatalysts

The LDPs are a promising candidate for photocatalytic and water
oxidation/CO, reduction applications due to their direct bandgap
in the visible range, suitable band edges, relatively high absorp-
tion coefficients, and moderate carrier mobilities. Despite their
potential, there are few studies on LDPs for catalytic applications.
The water oxidation or CO, reduction by halide perovskites is
thermodynamically feasible because their CBs are more negative
than the H,0 and CO, reactions. Moreover, their bandgaps can
be tuned to more than 1.23 and 1.34 eV, which are required for
water splitting and CO, reduction, respectively.'*) However, a
large overpotential is usually required to split water into O, and
H, or convert CO, to CO,*~, which further reacts to form formic
acid, formaldehyde, CO, and methane.[!*®]

The photoelectrocatalysis (PEC) of LDPs is relevant to water
splitting, CO, reduction, and pollution degradation. Based on
investigation on 3D double perovskites, potential active centers
consist of 1) [M!X,]>~ octahedra (e.g., [AgBr]’~), which can trap
photoexcited electrons or holes and modify redox potentials; 2)
[M'X,]*~ octahedra (e.g., [BiBr4]*~, [SbCI]*~), which mainly con-
tribute to the conduction/valence band edges and play a key role
in redox activity; 3) surface halide vacancies (X~) (e.g., Br~, I"),
which facilitate charge separation and molecular adsorption; and
4) defect sites or structural distortions, which can localize exci-
tons and enhance photocatalytic reactions.['>’~>°] In water split-
ting, light absorption may occur by excitation in [BiX,]/[AgX;]
octahedra, followed by charge separation with the help of halide
vacancies. The reduction site (CB edge at Ag/Bi site) and the ox-
idation site (VB edge, possibly at Bi/Sb site), require Bi** and
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Ag* centers as potential redox active sites, while halide vacan-
cies facilitate surface adsorption and charge trapping.['%”) In CO,
reduction, however, CO, adsorption will occur at halide vacan-
cies or defect sites, and the photoexcitation might happen in
the Bi-X or Sb—X sites. Electron transfer from CB to adsorbed
CO, will form COOH or CHO intermediates, followed by pro-
tonation and reduction to CO, CH,, or CH;OH, depending on
the pathway. Here, CO, adsorption is often facilitated by un-
dercoordinated halide sites and M!/M!"-related centers that sta-
bilize intermediates.[**®! Finally, pollution degradation consists
mainly of photoexcitation to create electron-hole pairs. For hole
reaction (i.e., H,0+h*—-OH+H") and electron reaction (i.e.,
0,+e”—-0,7), reactive radicals can form, like -OH and O, ~, gov-
erned by surface defects.['!] Their role in LDPs requires further
mechanistic analysis.

For example, Cs,CuSb,Cl;, LDP nanocrystals were used for
ferricyanide reduction and Congo red dye degradation.!**] It has
been demonstrated that these nanocrystals can serve as an effi-
cient photocatalyst for ferricyanide reduction and dye degrada-
tion reactions, eliminating the need for cocatalysts.['?] In an-
other study, these nanoparticles were utilized for a photoelectro-
chemical reaction due to their direct bandgap and low carrier ef-
fective mass.!'%3] The amperometric I-t curves were obtained un-
der illumination (100 mW c¢cm~2) with a constant bias of 0.85 V
versus Ag/AgCl. Rapid photoresponses were observed when the
light was turned ON/OFF, and a steady-state photocurrent den-
sity of &6 pA cm~2 was achieved,['%3] showcasing promise in pho-
tocatalysis.

Despite great potential, however, unlike 3D double per-
ovskites, LDPs have not been used for photocatalytic and water
oxidation/CO, reduction to date. It can be anticipated that these
semiconductors, with a wide direct bandgap and high stability,
will exhibit potential in photoelectrochemical reactions. How-
ever, their stability in harsh photoelectrochemical conditions re-
mains a challenge, which requires further molecular engineering
to stabilize the resulting materials.

5.5. LDPs in Ferroelectrics

Ferro/piezoelectric properties of LDPs arise from their noncen-
trosymmetric crystal structures. This allows them to accommo-
date dynamic polar cations between the inorganic layers in envi-
ronmentally benign ferro/piezoelectrics.[16+165]
Room-temperature ferroelectricity in LDPs was first reported
for 3-CPA in (3-CPA),AgBiBr, compositions.[**!] The asymmet-
ric and polar 3-CPA enabled a phase transition from an acentric
Pc (ferroelectric phase) state to a centrosymmetric Pham (para-
electric phase) state (Figure 6a,b). The Curie-Weiss tempera-
ture (f.y) was 302 K for the ferroelectric phase, and the Ps
was 3.2 uC cm2 at room temperature.['>!] The alternative com-
posed of (PA),CsAgBiBr, exhibited a polarization of 1.5 uC
cm~234 with a low Tc of 220 K, which restricts its applica-
tion. Alternatively, a multiaxial (BA),CsAgBiBr, LDP with four
polarization directions demonstrated a polarization of 5.2 uC
cm™2, a transition temperature of ~273 K, and an exception-
ally high switching (over 107 cycles), comparable to that of per-
ovskite oxides. These properties make (BA),CsAgBiBr, a promis-
ing candidate for energy harvesting and self-powered devices due
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to their lattice distortion and molecule polarizations (Figure 6c¢),
as shown by the piezoelectric force microscopy of domain forma-
tion (Figure 6d).[1¢]

The corner-sharing six-coordinated octahedra constituting the
inorganic scaffold in layered photoferroelectrics facilitate photo-
induced charge transport. This layered structure has another ad-
vantage, namely that it provides sufficient space between lay-
ers to accommodate the dynamic motion of organic cations
with a polar directional arrangement. Therefore, LDPs can be a
promising “green” candidate for photoferroelectrics due to their
environmental friendliness. Although these photoferroelectrics
are mostly limited to Ag/Bi-based crystals, the Sb** configu-
ration, with a similar isoelectronic structure to the Pb*" ion,
could also be a good candidate. LDP photoferroelectrics based
on (DFPIP),AgSbl; showed a high Tc of 414 K, a large Ps
of 9.6 uC cm™2, and a relatively low bandgap of 2.2 eV.’ll
(DFPIP),AgSbI; demonstrated a ferroelectric photovoltaic effect
and photostriction (i.e., the ability to convert light energy into
mechanical strain) reaching up to 1% under light radiation. The
hysteresis loops at different temperatures (Figure 6b) reveal a
noncentrosymmetric structure formation over 428 K.[8! The Bi-
containing (DFPIP),AgBil; analogue is a photoferroelectric with
Tc of 422 K and Ps of 10.5 uC cm™2.13% To further increase the Tc,
the aromatic spacer was incorporated in (BNA),CsAgBiBr,, fea-
turing Ps of 10.5 pC cm™2 and Tc of 483 K,[® highlighting their
potential in ferroelectrics.[**)

Fluorine substitution significantly enhances ferroelectric
properties, particularly Tc and Ps. Moreover, fluorine sub-
stitution also improves the stability of halide perovskites by
enhancing moisture and thermal resistance.'®’] One of the
most promising directions for further investigation is the use
of the fluorinated molecules for improving different proper-
ties of LDPs, especially their stability and ferrophotovoltaic
characteristics. Another underexplored research area is the
development of DJ ferroelectrics. The synthesis of pure
D] phases is quite challenging and needs further investi-
gation. Another way to widen the field of applications of
ferroelectric halide perovskites is to combine it with chiral ma-
terials. Future molecular engineering efforts combined with the-
oretical investigations could provide a better understanding of
the ferroelectric behavior and its applications in modern ferro-
electrics.

5.6. LDP Memristors and Artificial Synapses

Resistive random-access memories (ReRAM) enable modern
computing. The device speed, dimension, and energy efficiency
with the existing flash memory technology have been identified
as long-standing issues. The ReRAM operates on the basis of
switchable resistance states, namely high resistance state (HRS)
to low resistance state (LRS).[1®] While oxides are the most ex-
tensively studied materials for ReRAM, their effectiveness is hin-
dered by high-temperature fabrication, high power consumption,
and the lack of precise control.['®]

Halide perovskites have recently gained recognition for their
exceptional compatibility in ReRAMs. They are mixed ionic-
electronic conductors, which is crucial for hysteresis and charge
trapping, while their flexibility allows for the design of more
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Figure 6. LDP application as ferroelectric materials. a) Polarization (left) and relaxation (right) at low and high temperature in (3-CPA),AgBiBrg. Repro-
duced with permission.l’>'l Copyright 2018, John Wiley and Sons. b) P-E curve of (DFPIP),AgSbls. Reproduced with permission.[811 Copyright 2022,
John Wiley and Sons. c) Schematic of polarization induced by lattice and spacer molecule with d) polarization domain formation in (BA),CsAgBiBr;
shown by force microscopy. Reproduced with permission.[>*] Copyright 2020, American Chemical Society.

compact and efficient devices.'’?] One notable example of a

halide perovskite-based ReRAM is the Cs,AgBiBr, double per-
ovskite. This material has demonstrated remarkable stability
and exceptional resistive memory properties. Notably, it ex-
hibits superior data retention, low switching voltage, and long-
term stability. However, despite these advantages, the current
ON/OFF ratio is ~10%, which is relatively poor,'’!] well below
the state-of-the-art of 10°. To address this issue, dimensional-
ity reduction has emerged as a promising solution. By dimen-
sional reduction of the perovskite from 3D to 2D, the Schot-
tky barrier at the electrode/perovskite interface increases. It has
been reported that changing the dimensionality from 3D for
CsPbl, to quasi-2D for (PEA),Cs;Pb,I,;, the bandgap widens.
As the bandgap increases, the Schottky barrier height, corre-
sponding to the electron flow from the top electrode to the
bottom electrode, increases at the interface between the halide
perovskite layer and Ag electrode. The increased barrier height
caused a reduction of the injected carrier density from the
electrode to the perovskite layer. As a result, the HRS current de-
creased, leading to a high ON/OFF ratio. Therefore, the dimen-
sional reduction holds the potential to enhance the performance
of ReRAMs.[172]
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For this purpose, the memristor based on (BA),AgBiBrg; was
recently demonstrated and compared with 3D Cs,AgBiBr, dou-
ble perovskite.!**] Both devices showed bipolar resistive switch-
ing. The 3D double perovskite device shifts to the ON state at
lower voltage compared to the LDP. Moreover, it demonstrated an
ON/OFF ratio of 10%, while the LDP device shows ON/OFF ratio
of 10 at the compliance current (CC) of 100 uA, mainly due to the
higher Schottky barrier at the interface (Figure 7b). In addition,
the LDP device showed steady memory behavior with data re-
tention in the order of 10* s and cycling endurance of 500 cycles,
with the potential of multilevel programming with four different
resistance states. The memory behavior of the LDP device was
related to the charge trapping and the detrapping at the grain
boundaries.['®®] Moreover, (BA),CsAgBiBr, memristor demon-
strated an ON/OFF ratio of up to 107 with a long retention time
(over 2 x 10* s) and operational stability in humid conditions.['73]

The ReRAMs possess the potential in artificial synapses,
effectively eliminating the distinction between compu-
tation and memory in neuromorphic computing, which
mimics the human brain for artificial intelligence, sensors,
robotics, and memory devices (Figure 7a).'’* This integration
results in significantly enhanced energy efficiency, low power
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Figure 7. LPDs in memristors and artificial synapses. a) Schematic of a comparison between biological and artificial synapses. Reproduced with
permission.l'74] Copyright 2018, John Wiley and Sons. b) I~V characteristics of the Cs,AgBiBrs DP and (BA),AgBiBrg LDP resistive switches for mem-
ristors and artificial synapses. Reproduced with permission.['8] Copyright 2023, American Institute of Physics.

consumption, parallel processing, and low device sizes. Per-
ovskite memory devices still lag behind traditional memories,
and optimizing their performance is a significant challenge.
Substantial efforts are still needed to synthesize a high-quality
perovskite active layer. The effect of defects, such as surface traps,
grain boundaries, lattice strain, and vacancies, on the memristor
properties remains unclear. Molecular and compositional engi-
neering can optimize V., (from HRS to LRS), V, ., (from LRS to
HRS), ON/OFF ratio, retention time, and endurance (Figure 7b).
Although the energy consumption of halide layered perovskite
artificial synapses is still 4 times higher (=400 fJ per spike)
than that of biological synapses (~100 f] per spike), they show
promising ultralow operating voltages, high ON/OFF ratio, fast
response, and high endurance, as well as potential in artificial
synapses, exhibiting potentiation, depression, and paired-pulse
facilitation.'®] However, the LDP potential in artificial synapses
has yet to be demonstrated.

5.7. LDPs in Spintronics

Magnetic halide perovskites were first reported in 1970s.['7>] The
development of new layered magnetic semiconductors holds im-
mense significance for both fundamental research and practi-
cal applications, particularly in spin tronic devices. Unlike tra-
ditional inorganic 2D van der Waals crystals, such as Crl;,
Cr,Ge,Teg, and FePS;, layered metal-halide hybrid structures
provide enhanced chemical and structural variation at lower
temperatures.l® This diversity allows for the easy modulation of
their optical, electronic, and magnetic properties through molec-
ular and compositional engineering. Usually, the incorporation
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of transition metal (Mn?*, Fe*t, Cr?*, Cu?*) and rare-earth el-
ements (Eu?*, Gd**, Sm**) with unpaired electrons (partially
filled d or f orbitals) leads to magnetic halide perovskites.[*”®]
The magnetic ordering, whether ferromagnetic or antiferromag-
netic below a critical temperature, is governed by the number and
arrangement of unpaired electrons. Unlike conventional mag-
netic materials, halide perovskites lack direct metal-metal con-
tact. Instead, magnetic coupling occurs indirectly through halide
anions and organic spacers in the perovskite lattice, in a mech-
anism known as superexchange interaction. This indirect ex-
change has a critical influence on both the strength and nature
of the magnetic properties.

In double perovskites involving two different metal cations
(MF—=M** or M;**—M,?"), superexchange interactions exhibit
long-range magnetic pathways due to an increased distance be-
tween the magnetic sites, resulting in weaker magnetic exchange
compared to halide perovskites with a single metal cation. The su-
perexchange interactions occur via M**—X"—M*—X"—M?3* path-
ways in double perovskites consisting of a diamagnetic M* and
a transition metal M3*.['7¢] The dimensionality of halide per-
ovskites also significantly affects their magnetic properties. Re-
duced dimensionality limits the number of nearest-neighbor
magnetic interactions, potentially weakening magnetic coupling,
enhancing magnetic anisotropy (i.e., increasing sensitivity to the
direction of an applied field), and leading to frustrated mag-
netism due to competing interactions. These factors can lead
to rich and complex magnetic behaviors.['””] The layered archi-
tecture of 2D perovskites gives rise to two distinct magnetic
exchange interactions, namely intralayer (J) and interlayer (J')
exchange. The | refers to the strong superexchange interac-
tions that align magnetic moments within each inorganic layer.
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In contrast, the J', which couples magnetic moments between
adjacent layers, is generally weaker but can still have a sub-
stantial impact on the overall magnetic behavior.'7® Several
structural and chemical factors can influence the nature and
strength of both J and J'. First, the nature of 2D perovskite
phases (i.e., RP and DJ) in terms of organic spacer configurations
and octahedral connectivity across layers directly affects mag-
netic coupling. The D] perovskites have a nearly linear two-halide
M2+ —X~...X—M?* superexchange pathway between the layers,
facilitating stronger magnetic coupling. In contrast, the RP per-
ovskites have a nonlinear pathway with longer metal-metal dis-
tances for similar interlayer spacing. Furthermore, organic spac-
ers form hydrogen bonds with the inorganic framework, dic-
tating the orientation, conformation, and interlayer spacing of
the structure. These interactions induce specific distortions in
the inorganic octahedra, depending on whether monoammo-
nium or diammonium cations are used. Such distortions alter
metal-halide bond lengths and the X~—M?*—X~ bond angles,
thereby modifying intralayer exchange. On the other hand, in-
terlayer spacing is also a critical factor in layered perovskite sys-
tems, as the distance between adjacent layers increases, the in-
terlayer exchange weakens, resulting in diminished magnetic co-
herence throughout the structure. Ultimately, the intricate mag-
netic behavior of 2D halide perovskites arises from the inter-
play between organic—inorganic interactions, structural phase,
and the spacing between layers. Finally, metal-halide composi-
tion plays a critical role. The transition metal plays a dual role,
introducing magnetic moments and affecting the rigidity of the
inorganic framework. This, in turn, alters the hydrogen bonding
network between the organic and inorganic components, influ-
encing the overall structural and magnetic behavior. The halogen,
serving as the bridge in superexchange pathways, has a direct im-
pact on the magnetic properties. Substituting one halogen with
another can significantly alter magnetic parameters, including
the J and J” exchange constants. Larger halogens tend to reduce
halogen-halogen distances, enhancing orbital overlap between
metal ions. This typically strengthens both J and |’ magnetic ex-
change interactions.'7¢]

The magnetic properties of various halide perovskites were
studied and it was observed that a ferromagnetic (FM) ordering
for transition metals with strong Jahn-Teller distortion (in
Cu?* and Cr?* systems)!'”®] and antiferromagnetic (AFM) or-
dering for those without Jahn-Teller distortion (in Fe?* and
Mn** systems) could be achieved.'®! The mechanism be-
hind this was explained by linear, symmetrical M—X—M link-
ages that result in an AFM interaction, while a superexchange
pathway through different d orbitals of adjacent metal ions
in Jahn—Teller-distorted {MX,} octahedra gives rise to a FM
ordering. However, the magnetic properties of the perovskites
beyond layered perovskites and new exchange mechanisms be-
yond M—X—M remain unknown. In double perovskites, most
studies are focused on diamagnetic metal ions such as Ag'—Sb'™,
Ag'—Bi'"!, and Ag'—In". However, there are few reports on
the magnetic properties of transition-metal ions with unpaired
electron spins.'81811 Surprisingly, the structure and magnetic
properties of Fe-based double perovskites remain largely un-
explored. There are some reports on Fe-based double per-
ovskites (e.g., Cs,AgFeCl, and Cs,NaFeCl;), but their mag-
netic properties remain unknown.['82183] When considering the
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LDPs, the special 2D magnetic properties with exchange mech-
anism beyond M-X-M still need further investigation. In this
regard, (PEA),AgFeCl,, (R-MPA),AgFeCl,, (BDA),AgFeCl,, and
(PEA),NaFeCly LDPs were studied.[®”] In Fe**-containing dou-
ble perovskites, the nearest Fe**—Fe?*+ centers couple antiferro-
magnetically through long-range superexchange interactions fol-
lowing the Fe—Cl—M!'*—Cl—Fe pathway. The magnetic proper-
ties in these materials can be effectively tuned by altering the or-
ganic cations, bridging monovalent metal ions (M'*), and dimen-
sionality of the structure. Notably, 3D Fe—Cl double perovskites,
such as Cs,AgFeCl, and Cs,NaFeCl,, exhibit geometric magnetic
frustration. However, this frustration is significantly alleviated in
2D Fe—Cl double perovskites due to the square lattice geometry,
which promotes more regular magnetic ordering. A comparative
analysis of monoammonium and diammonium organic spacers
revealed that interlayer distances are substantially greater in RP
phases (13.1-14.6 A) than in D] phases (3.9—4.2 A), which enables
the fine-tuning of the interlayer magnetic coupling strength, di-
rectly influencing the 2D magnetic characteristics of LDPs. DFT
simulations further revealed that in-plane tilting of the perovskite
framework is predominantly governed by the choice of metal
ions, while out-of-plane tilting is more strongly influenced by the
nature of the organic cations. Variations in bond length distor-
tions and monovalent metal ion selection also impact the Fe—
Fe distance (dg._p) within the inorganic layers. For example,
(PEA),NaFeCl has the shortest dy, . at 7.25 A, whereas the chi-
ral compound (R-MPA),AgFeCly shows the longest at 7.73 A.
Larger structural distortion correlates with increased Fe-Fe dis-
tances, leading to weaker magnetic coupling. The larger distor-
tion index gives rise to a longer Fe-Fe distance. This structural
sensitivity allows for deliberate modulation of magnetic inter-
actions. For (PEA),AgFeClg, the measured 0y, is —10.7 K and
the Curie constant (C) is 2.65 cm?® K mol~!, confirming AFM
behavior. When varying the spacer across the Ag-FeCl series,
0y becomes progressively less negative, shifting from —10.7
K (PEA) to —3.31 K (BDA) and —1.37 K (chiral R-MPA), in-
dicating a gradual weakening of AFM interactions. This trend
is directly linked to increasing Fe-Fe distances (PEA < BDA
< R-MPA) caused by structural distortion.[® In another study,
(PEA),Naln;_,,Fe Clg LDPs. showed AFM coupling between the
nearest Fe*—Fe3* centers, driven by long-range superexchange
interactions. The strength of this magnetic coupling can be read-
ily tuned by adjusting the Fe** ion concentration within the lat-
tice. The study also calculated the minimum geometrical frus-
tration factors for these AFM-coupled alloyed systems and found
that the 2D layered structures are geometrically relaxed due to
their square lattice, compared to their 3D counterparts. Further-
more, they showed that key magnetic parameters are all tun-
able through variation in Fe** within the framework.1"%! Since
some of the LDPs are semiconductor magnets, they can exhibit
magneto-optical properties, which can be used in optical RAM
and spintronics. They can also be used for spin filtering to pro-
duce spin-polarized currents. One example is the chiral low-
dimensional Cu-based system based on (R/S-MBA),CuX, (X =
Cl, Br) (MBA = methylbenzylammonium) spin filter featuring
0D CuX,?" tetrahedral structural motifs.['#] Its spin filtering ef-
fect is attributed to chiral-induced spin selectivity (CISS), aris-
ing from the chiral structure of the material combined with a
high degree of spin polarization.'®] One of the applications of
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these materials has been in spin-LEDs, which are circularly polar-
ized LEDs based on the injection of spin-polarized currents into
a semiconducting emitter layer. The CISS effect has been utilized
to produce spin-LEDs without the need for ferromagnetic or di-
lute magnetic seminconductors, enabling it to operate at room
temperature without the application of magnetic field.['>-18%]
LDPs were recently reported in spin-LEDs based on ((R/S)-
3AP),AgBiBr,, ((R/S)-3AP = (R/S)-3-aminopyrolidone)'™! and
((R/S)-MPA),AgBil, flat.'%11) Moreover, chirality-induced pho-
tovoltaic effect was used to realize a self-powered X-ray detector
with spontaneous electric polarization.!*!]

From an application standpoint, magnetic LDPs hold signifi-
cant promise in areas such as magnetic data storage, magneto-
optics, sensors, spin filters, and light modulators. The ability to
incorporate functional spacers in the lattice has the potential for
devices with tunable magnetic properties for different applica-
tions. There is limited research on the fundamental properties of
these prospective materials, and almost no research on their de-
vice integration. To bridge this gap, greater emphasis is needed
on developing lab-scale prototypes and gaining a deeper under-
standing of key physical phenomena, such as spin-dependent
photophysics and exciton polarization control. Addressing these
challenges could position magnetic LDPs as leading candidates
for magnetically tunable devices with advancements in spin-
tronic and future multifunctional technologies.

6. Summary and Outlook

Layered double perovskites (LDPs) represent a novel and versatile
class of halide perovskites that integrate key structural and elec-
tronic features from 3D organic—inorganic perovskites, quasi-
2D layered perovskites, and halide double perovskites. Their
structural tunability—via manipulation of A-site cations, M-site
cations (M' and M), halide composition, the quantum-well
structure (n), and the organic spacer molecules, in particular—
allows the formation of two main structural types, Ruddlesden—
Popper (RP) and Dion-Jacobson (DJ) phases.

Molecular engineering of LDPs has advanced through a sys-
tematic evolution of spacer cation design from simple alkylam-
monium systems to complex semiconductive and chiral deriva-
tives, offering unique control over structure and functional-
ity. Early studies focused on linear alkylammonium cations,
where the chain length and flexibility were shown to influence
temperature-driven phase transitions and interlayer dielectric en-
vironments. To overcome the limitations of low dielectric con-
stants in organic layers, strategies such as shortening the inter-
layer spacing with alkyl-diammonium cations and introducing
branched or cyclic cations have been developed. Cyclic aliphatic
amines provided enhanced structural stability by strengthening
intermolecular van der Waals interactions, acting as rigid frame-
works to stabilize otherwise unfavorable inorganic motifs. Aro-
matic alkylammonium cations further improved crystal quality
and charge transport via z-interactions, with anchoring group
length influencing stacking geometry and optoelectronic prop-
erties. Substituent modifications, particularly halogenation (e.g.,
fluorination), enabled control over polarity, molecular orienta-
tion, and dielectric properties, while heterocyclic systems am-
plified electronic tunability. To address the UV-limited absorp-
tion, semiconductive aromatic cations were introduced, extend-
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Figure 8. Schematic illustration of the prospective applications for LDPs.
Image contains adapted illustrations with permission (image credit: vec-
stock, artnahla, and seamartini © 123rf.com).

ing light-harvesting capabilities. Finally, incorporating chiral or-
ganic molecules has opened new avenues for inducing noncen-
trosymmetric phases and ferroelectricity, adding another dimen-
sion to the design of multifunctional LDPs for optoelectronic
applications.

The synthesis of LDPs commonly involves a liquid-phase route
followed by spin coating to form thin films. However, achiev-
ing high-quality films remains challenging due to issues such
as phase purity (including RP/DJ phase control), n-value hetero-
geneity, film uniformity, and control over crystal orientation for
optimized charge transport. This limitation could be overcome
in the future through an understanding of the underlying crys-
tallization and the application of molecular design strategies to
access materials with advanced properties.

Optoelectronically, LDPs exhibit a tunable transition from in-
direct to direct bandgaps, which are greatly influenced by com-
position, and are characterized by suppressed ion migration (no-
tably in DJ phases), anisotropic charge transport, and shallow
defect states. These properties make them attractive candidates
for various device applications (Figure 8). In photovoltaics, espe-
cially for indoor light harvesting, LDPs hold promise due to their
tailored bandgaps and potential operational stability, which is
particularly relevant in low-light harvesting applications, such as
ambient devices. However, current efficiencies lag behind state-
of-the-art technologies, and long-term stability remains a crit-
ical research need. In X-ray detectors, LDPs show exceptional
potential, with high sensitivity and low detection limits, which
are attributes supported by their long carrier lifetimes and direct
bandgaps, though the impact of organic spacers on X-ray attenua-
tion must be managed. While the application of LEDs is still in its
infancy, early results suggest high PLQYs can be driven by strong
exciton binding and quantum confinement. With improved
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material and device stability, LDPs could emerge as a compelling,
eco-friendly option for next-generation LED technologies. Sim-
ilarly, photocatalytic uses, although unexploited, particularly in
water splitting and CO, reduction, could benefit from the inher-
ent structural flexibility, pending validation of their stability un-
der harsh conditions. In contrast, ferroelectricity in LDPs is a
promising frontier, with reports of high Ps and Tc values tun-
able through spacer engineering and M-site substitutions. Inno-
vations like fluorinated or chiral spacers, and comparisons be-
tween RP and D] phases, present advancement opportunities.

Other emerging applications include memristors and artifi-
cial synapses, where LDPs have shown early promise in terms
of device performance, which is largely unexploited. However, a
deeper understanding of defect dynamics, phase influence, and
other structure—property relationships is essential for further ad-
vancements. Similarly, while magnetic functionalities have been
scarcely explored, early results suggest an untapped potential for
spintronics in the future.

In conclusion, LDPs emerged at the intersection of rich struc-
tural chemistry and diverse application possibilities. With ongo-
ing research to advance understanding and address current limi-
tations in phase control, defect management, and long-term sta-
bility, molecular engineering strategies promise to enable LDPs
materials in next-generation optoelectronic, spintronic, and neu-
romorphic technologies. We hope that this review of design prin-
ciples stimulates further exploration and application.
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