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Modern materials science is evolving to a state where the composition and
structure of a crystal can be controlled almost at will. Given that a compo-
sition meets basic requirements of stoichiometry, steric demands, and charge
neutrality, researchers are now able to investigate a wide range of compounds
theoretically and under various experimental conditions, selecting the consti-
tuting fragments of a crystal. One intriguing playground for such materials
design is the perovskite structure. While a game of mixing and matching ions
has been played successfully for about 150 years within the limits of inorganic
compounds, the recent advances of organic-inorganic hybrid perovskite photo-
voltaics have triggered an intensified interest in analogous explorations includ-
ing organic ions. Organic ions can, in principle, be incorporated on all sites
of the perovskite structure, leading to hybrid (double, triple, etc.) perovskites
and inverse hybrid perovskites. In fact, examples for each of these cases are
known, including one up to all three sites occupied by organic molecules per
ABX3 unit. While this change from monatomic ions to molecular species is
accompanied with increased complexity, it shows that concepts from traditional
inorganic perovskites are transferable to the novel hybrid materials. The in-
creased compositional space holds promising new possibilities and applications
for the universe of perovskite materials. Here, we review the development of
this field of hybrid materials since its beginning and the recent explorations of
the novel structural and compositional members of the hybrid perovskite class.
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1 Introduction

The perovskite crystal structure has proven to be one of the most fruitful struc-
tural platforms for functional materials.[1–18] Perovskites are materials with
stoichiometry ABX3 that crystallize in the well-known structure named for
crystallographer Lev Perovski.[19] A, B, and X stand for ionic groups, which
are arranged as shown in Fig. 1. In a cubic unit cell centered around an A-type
ion, B-type ions occupy the corners, with X-type ions at the centers of all unit
cell edges. This provides octahedral coordination of every B-site (BX6) and
cuboctahedral coordination on the A-site (AX12). Many variations of A-, B-,
and X-site anions are possible, with only two general requirements that must
be fulfilled: (i) charge neutrality in the ABX3 unit (typically, X is a divalent or
monovalent anion, hence A and B cations with oxidation states between +1 and
+5 can be combined) and (ii) the ionic radii of the chosen composition must
allow the above coordination, or different phases become more stable. Both of
these simple design rules have a certain flexibility.

The electronic argument (i) can be stretched by allowing the combination
of multiple ABX3 units to form an overall charge neutral unit. For example,
this is the case when considering A2BB

′X6 or AA′B2X6 systems. Such dou-
ble perovskite systems are known with B and B′ (A and A′) being the same
elemental species (disproportion in oxidation state, e.g., Cs2Au+Au3+I6)[20] or
different ones (e.g., SrBaTi2O6[21] and SrPbTi2O6[22] for A-site disproportion
or K2NbTaO6[23] and Bi2FeCrO6[24] for the B-site). Of course, this concept can
also be used to combine threeABX3 units (e.g, (CaTiO3)n(SrTiO3)l(BaTiO3)m[25–
27]) and much more complex stoichiometries with mixed ratios (e.g., (Pb2InNbO6)3/4(Ba2InBiO6)1/4[28]

or [CaMn3+
3 ][Mn3+

3 Mn4+]O12][29]). Furthermore, although the bonding char-
acter in oxide perovskites is often mainly ionic, some compositions have an
increased level of covalency (e.g., halides, sulfides, Bi- and Pb-based oxide per-
ovskites). Thus, the electronic shell configuration and other effects like the steric
demands of a metal lone-pair will influence the structure and stability of ABX3

perovskite compounds.
In addition, the geometric argument (ii) allows for some flexibility. For

a perfectly cubic perovskite, the (effective) ionic radii r must fulfill the rela-
tion of Goldschmidt’s tolerance factor t = rA+rX√

2(rB+rX)
= 1.[30, 31] However,

perovskites can exist also with t being not ideal, usually in a range of about
0.75 < t < 1.05.[8] Whenever t 6= 1, the crystal distorts from an ideal cu-
bic lattice, usually in form of off-center displacements, octahedral rotations,
or a combination of both. The classification of Glazer[32, 33] can be used to
describe such distortions from a perfectly cubic perovskite.[34] It is further pos-
sible that ABX3 compounds are stable whose t does not fall into the interval
that is required for the perovskite crystal structure. In these cases that are no
longer stabilized by deformations and tilting, one observes other phases where
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the connectivity of BX6 octahedrons is changed from the corner-sharing per-
ovskite structure to the edge-sharing NH4CdCl3 phase,[35] the mixed corner
and edge-sharing CaIrO3 phase,[36] or a variety of other phases including face-
sharing and mixed octahedral connectivity.[37, 38] Within these electronic and
structural limits, a huge variety of compositions can be formed, with many in-
teresting physical phenomena, all related to the elemental composition of the
ABX3 network and the resulting electronic and geometric structures.

Figure 1: Perovskite structure for the prototypical CaTiO3. Ions are displayed
A =Ca2+ (ice blue), B =Ti4+ (silver), and X =O2- (red). Cationic species are
surrounded by BX6 octahedral and AX12 cuboctahedral oxygen coordination,
displayed as light blue or cyan polyhedron, respectively.

Since their discovery in 1839, perovskites traditionally have been inorganic
compounds, i.e., in most compounds A, B, and X ions have been inorganic, and
mostly monoatomic ions. The vast majority of naturally discovered inorganic
compounds have cations on the A- and B-site and a mono- or divalent anion
on the X-site. Hence, more recently discovered materials with anions on the A-
and B-site and a cation on the X-site were denoted inverse or anti perovskites
(IP), to take into account this inversion of the commonly-accepted charge states
in the perovskite lattice. The first reports of such compounds seem to be work
on carbides and nitrides by Haschke[39] and others slightly afterwards.[40, 41]
Although newer than traditional perovskites, they also show a large variety with
respect to composition and physical properties.[42–51]

Despite a clear focus on inorganic materials, compounds with ABX3 stoi-
chiometry that included organic molecules also date back to the late 19th cen-
tury.[52, 53] These initial works with ammonia on the A-site have been ironically
been carried out already for lead halides. The history of compounds employ-
ing undoubtedly organic groups can be traced back to at least the thesis of
Raagland in 1897.[54] In his work on cadmium halide compounds he employed
methylammonium (CH3NH+

3 , MA), dimethylammonium ((CH3)2NH+
2 , M2A),

and triethylammonium ((CH3)3NH+, M3A) (see Fig. 2 for details on organic
cations). Of course, these early studies were limited by the time and viewed
them as salts with no direct link to perovskites.

To this early history one can also trace back related compounds with usu-
ally larger organic groups and varying stoichiometry.[55, 56] Some of these
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compounds that were investigated over time had A2BX4 stoichiometry.[54–58]
Crystals with such stoichiometry were later classified by Ruddlesden and Pop-
per (RP)[59] and shown to have an A-site double layer. These findings can
be related to the perovskite structure by the realization that the larger A-site
does not fit into the BX3 cage. If the steric demand of the A-site cation is in-
creased in only one direction, the BX3 backbone is broken along this (stacking)
direction, keeping the corner sharing connectivity of BX6 octahedrons along
the perpendicular plane. Such a structure was shown for HPs in the work by
Steadman in 1970,[60] and the early work on these compounds was reviewed by
Arend.[61]

By combining such large A-site cations with small cations (A′) that fit into
the BX6 pocket along all directions, a whole family of A2A

′
(n−1)BnX(3n+1)

compounds is formed. Due to the connection of such systems with perovskites
(for the limiting case n =∞) and the fact that in these phases n perovskite layers
are detached from one another,[62] RP compounds are also known as layered
perovskites. Of course, the steric demands of an A-site ion may exceed the
capabilities of the BX3 network not only in one direction. For a RP phase, the
anchoring groups must fit at least into the rectangle spanned by the terminal
X-sites. In that case, structural alteration from the 3D perovskite structure
due to too large A-sites do not only occur by cutting along the 〈100〉 direction.
Structures are also known that can be related to bulk perovskite by detaching
layers along the 〈110〉 direction (leading to A2A

′
nBnX3n+2 stoichiometry) or the

〈111〉 direction (leading to A2A
′
n−1BnX3n+3 stoichiometry), respectively.[63]

Although this variation is intriguing on its own, we will not discuss such systems
here further, noting that they have been recently reviewed.[63–65]

A similar clear connection between salts with mixed organic and inorganic
ions in an ABX3 stoichiometry to the atomistic structure of inorganic per-
ovskites can be traced back to 1978.[66] In recent years, this class of (MA)BX3

(B =Sn and Pb) halide (X =Br, Cl, and I) compounds has been demonstrated
to perform exceptionally well in single-junction photovoltaic (PV) devices, with
efficiencies up to 23.3 %[67]. These developments had two major implications,
important enough to coin this new addition to the compositional space of per-
ovskites as hybrid organic inorganic perovskite (HOIP, note that we will use
the simplified abbreviation hybrid perovskite (HP) instead, since the context of
hybrid is inherently clear. This name could go back to Azumi and co-workers
who termed a layered variant as inorganic-organic hybrid material.)[68]: 1. The
introduction of organic molecules adds a whole new group of ions that can be
incorporated into perovskites, which enter a new realm of radii that can be
significantly larger than any (monoatomic) inorganic ion. 2. The exceptional
PV performance and easy fabrication of (MA)PbX3 compounds is accompanied
by drawbacks that are almost as astonishing.[69] That is, (MA)PbX3-based PV
devices are not only problematic in terms of their lead content, but are also sus-
ceptible to moisture, air, and illumination; properties hardly compatible with
efficient and profitable PVs. In combination, these two findings have led to a
surge in HP research, focusing on understanding the intriguing properties of
(MA)PbX3 compounds and exploring different compositions employing various
organic and inorganic ions. Various properties of HPs have been intensively
reviewed recently.[70–80] The HP materials search is partly, but by no means
exclusively, driven by the goal to replace (MA)PbX3 with similar compounds
that share their strengths but not their weaknesses.[63, 81, 82]
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Here, we focus on the variety of compounds that can be formed by mixing
organic with inorganic ions in an ABX3 stoichiometry, focusing on materials
search within the defined electronic and structural limits of the perovskite crys-
tal structure.

1.1 Effective ionic radii and Structural Descriptors

As highlighted above, the ions of an ABX3 composite must not only be cho-
sen to be charge neutral but should also have a reasonable tolerance factor. In
order to evaluate the latter, effective ionic radii rionic of all containing ions are
required. Since the latter are known to depend on the oxidation state (OS)
and coordination number (CN), these dependencies should also be known, in
particular the radii of all ions in the expected OS with CN=12 (A-site), CN=6
(B-site), and CN=2 (X-site). Establishing such radii would require a rigorous
definition of ions in solids, i.e., a clear local assignment of charge to atomic
cores. Although there exist several useful approximative schemes for localized
charges,[83–86] these partitioning schemes do not follow a general underlying
quantum mechanical observable and remain somewhat arbitrary (this is not
withstanding a method that allows the assignment of integer oxidation states
to ions in insulating systems based on Born effective charges).[87] Despite this
difficulty, effective ionic radii can be approximated empirically, a field dating
back to the early works of Landé and others in the early 20th century.[30, 88–
93] Over time, reasonable definitions have been found that allowed to estab-
lish many of the required effective ionic radii for most elements (and, thus,
monoatomic inorganic cations) with useful accuracy. Most widely used is the
approach of Shannon and Prewitt (SP),[94, 95] who constructed a rather com-
prehensive list of ionic radii from interatomic distances after defining ionic radii
for two anions (O2- and F-). Further modifications of this principle to take into
account different anionic references exist but are less widely used;[96, 97] how-
ever, the importance of this dependence has been recently outlined with respect
to HPs.[98] Although approximate, the concept of t based on SP radii has been
very successful in estimating the stability of inorganic perovskites.

To apply this principle also to HPs, effective ionic radii must also be es-
tablished for organic cations. A first useful empirical attempt to do so was
provided by Kiesslich et al.[99], based on bond distances within the organic
molecule and SP ionic radii for the (cationic) end groups (NH+

3 ). The approach
yielded ionic radii (e.g., 2.17 Å for MA) that were tested with some success on
2352 compounds.[100]

A shortcoming of this approach is the large number of hypothetical cases
without experimental confirmation, i.e., the small number of successfully synthe-
sized HPs. While this approach seems to have provided a good initial estimate,
it has some conceptual concerns: Modeling an NH+

3 group and its noncovalent
interactions to the BX3 network as an N3− ion seems fairly drastic, and further
evaluation of how this and other factors (orientation, bonding partner (X and
B), temperature, etc.) affect the results is necessary.

Concurrently, Filip and co-workers used density-functional theory (DFT) to
determine effective ionic radii (in their words “steric radii”) for their investi-
gation of APbI3 compounds.[101] Twenty-two cations were considered in total,
18 of which lead to hypothetical compounds. Since there is no ab initio defini-
tion of ionic radius, they chose the sphere enclosing 95% of the electron density
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as effective ionic radius. Such an ad-hoc definition is common practice due to
the lack of a rigorous alternative but remains arbitrary. Furthermore, technical
difficulties arising when performing such calculations on charged molecules in
periodic implementations were ignored; hence, the resulting values (e.g., 2.03 Å
for MA) should perhaps be seen as rough estimates. This is also apparent by
the significant underestimation of the SP effective radii for the included alkali
metals (from Cs to Na: underestimation of rionic by 5.9 - 38.8 %). Neverthe-
less, Filip and co-workers raised an important point – the hydrogen bonding
that dominates in HPs should potentially not be compared 1-to-1 with the ionic
bonding in traditional perovskites. It must certainly be viewed as a different
interaction with much more complicated directional dependence and possibly
very different behavior with respect to the bond species.

Becker et al.[102] undertook another attempt to define effective ionic radii
for organic molecules from electronic structure theory. These authors evaluated
radii for 18 organic cations. In short, they use once more the electron density,
defining the ionic radius as that sphere, where the density %(A) of a given cation
A falls off to a particular value of the reference case (the density of an isolated
NH+

4 cation). By choosing the particular density value for such a compari-
son, naturally, empiricism enters their ab initio model, since no exact threshold
exists. Instead of a fixed percentage like Filip, a cutoff iso-density value was
chosen in a way that the computed reference density %(NH+

4 ) represents the
effective ionic radius of the NH+

4 ion in 12-fold coordination. The latter, was
chosen from experiments.[103] Doing so one introduces empiricism and ambi-
guities such as the heavy dependence of the reference radii on SP values, the
dependence of rionic(NH+

4 ) on B and X in the (NH4)2BX6 compounds, temper-
ature, etc. Overall, the authors of the experimental reference value rionic(NH+

4 )
only trust it as a rough estimate, noting “In general, the radius will vary, for
a given C.N., with the extent of hydrogen bonding and no single fixed value
can be given.”. For these reasons and by relying on a coarse experimental value
to high accuracy (three decimal places), also this approach remains ambiguous,
although all calculations were carried out with care and on the same footing.

In any case, the presented model arrives, yet again, at reasonable values
(e.g., 2.38 Å for MA). For 88% of the experimentally confirmed 40 compounds
(out of a larger set of 486 permutations, combining the 18 organic cations with
nine divalent metals and X=Cl, Br, I), structural factors (t and µ, see below)
result that fall into the established region for stable perovskites. In the latter
step, the rescaling of SP radii when dealing with X 6=O, F by Travis[98] was
employed.

In summary, the recent literature suggests a wide range of 2.03 Å ≤ r(MA) ≤
2.38 Å based on systematic ionic radius approaches. This, however, should not
be discouraging nor should the above be seen as criticism of these studies. It is
solely a reminder that ionic radii are never exact. As has become evident from
the discussion above, radius estimates will improve over time as the amount
of reliable structural data increases. This will also enable the application of a
modern data harvesting approach to this problem that we have proposed re-
cently.[104] All that is clear by now is that new ionic radiuss protocols should
include the dependence of rionic(X[OS,CN, Y, T ]) on the OS,[95] CN,[95], part-
nering halide (Y ),[98], and temperature.[105]

Once rionic is chosen, one can evaluate t in order to predict the likelihood
of a given composition of ions to form the perovskite structure. While exact
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thresholds depend on the specific perovskite class (e.g., the X-site anion) and
will evolve a bit over time with the approximations for rionic, values of 0.75 <
t ≤ 1 should be targeted. Smaller values of t are likely to favor other phases
with corner-, edge-, and face-sharing BX6 octahedra, whereas larger values
of t often form hexagonal perovskites.[106, 107] Although such structures can
be equally fascinating, we will here focus on a strict definition of perovskites,
meaning materials that crystalize in the perovskite structure rather than other
structures with ABX3 stoichiometry. Compositions above the lower bound but
smaller than t = 1 are likely to exist but with distortions. This can be the
traditional ionic displacements and octahedral rotations[8, 32, 33, 108] or tilting
of non-spherical molecular ions.[109]

Moving beyond only considering t, structural chemists realized that both
radii rA and rB affect the phase of a particular material ABX3 (for a given X).
In the area of inorganic perovskites, pioneering work was performed by Muller
and Roy,[110] organizing observed ternary material structural phases into struc-
tural maps in terms of A and B ionic radii and coordination for ABX3 with
X=O, F, and Cl. Later, Pettifor analyzed the structure and coordination of
materials based on grouping atoms into classes that tracked with electronega-
tivity.[111] The resulting structure map for ABS3 materials[112] did not offer
full predictive capability based on these atomic parameters. Brehm et al. gener-
alized this approach by modifying the tolerance factor with electronegativity to
provide clean separation between corner- (perovskite), edge-, and face-sharing
structures.[37]

Recently, this type of multi-dimensional structure classification has been ap-
plied to hybrid perovskites. In addition to t, the ratio between B- and X-site
ionic radii has been suggested as additional structural criterion. This octahe-

dral factor µ = r(B)
r(X) [113], is a measure for how well the B-site ions fit within

the X-site octahedra. Assuming hard spheres in an ideally packed octahedron
(touching spheres), one finds a ratio of µ = 0.41.[114] Larger values are accept-
able, simply meaning that neighboring X-sites do not touch. However, smaller
ratios indicate that the B-site ion is too small, leading either to off-center dis-
placement or requiring neighboring X-site anions to overlap. This suggests a
lower bound for perovskites; these have been established empirically for oxides
(µ > 0.425),[113] halides (µ > 0.442),[115] and HPs (µ > 0.41).[98] Thus, con-
sidering µ in addition to t, when mixing ions to form novel compounds appears
advisable.

Very recently, it was further suggested to combine both factors (t and µ)

and also take into account the atomic packing fraction as ν = V (A)+V (B)+3V (X)
V ,

evaluating the ratio of ionic volumes V (i) to the unit cell volume V .[7] Assuming
again hard spheres, a larger ratio should increase the likelihood of structural
integrity. It is indeed found that fitting formation energies with respect to a
combined structural factor term (t+ µ)ν increases the accuracy for HPs.

A complementary strategy for assessing perovskite stability is to evaluate the
bond length alternation within the octahedra, i.e., the difference ∆ of B − X
bond lengths. Since perovskites such as CsPbI3[116] usually show a small vari-
ation, compositions that prefer different (non-perovskite) coordination can be
indicated by excessive bond length differences. However, one must be careful
not to choose too tight a threshold. In order not to discard stable structures
that show off-center displacements on the B-site, a value of ∆ = 0.5 Å was sug-
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gested by Filip et al.[116] for their computational screening of HP composition.
In any case, such a structural descriptor is only useful to analyze and catego-
rize compounds once the measured or computed structure is known, not as a
predictive tool.

Finally, the same authors combined a variety of limiting cases in order to
define a stability range in the t and µ space (and an additional octahedral differ-
ence parameter for double perovskites) purely based on thresholds that are not
determined phenomenologically.[117] This approach was then used to classify
known (inorganic) perovskite and non-perovskite structures as well as to deter-
mine all ion combinations that, in principle, should form inorganic perovskites.
The large amount of about 100.000 unknown, feasible structures indicate the
sheer infinite possibilities that can be envisioned once organic molecules are
added into the mix.

2 Hybrid perovskites

We consider HPs to be all inorganic-organic hybrid materials (at least one or-
ganic ion) in the (pseudo) cubic perovskite structure. There is no restriction
of the site that the organic ion may occupy. The only restriction is that the
larger of two ions of the same type (cations for perovskites, anions for inverse
perovskites) ought to occupy the A-site. Even with the largest (monoatomic)
inorganic ions and the smallest possible organic cations, this means that organic
ions can only be employed on the A- and X-sites. Furthermore, only a limited
set of organic ions will fit sterically on the sites of such perovskite structures.
For the remainder of the manuscript, we will adopt a notation of denoting the
site(s) that organic ions occupy in parenthesis after the respective type of per-
ovskite. Note, that the above statement deliberately excludes larger inorganic
ions or small charged clusters that potentially could be employed analogously to
metal-organic frameworks (MOF), which then would easily allow B-site organic
ions.[118–120]

2.1 Organic A-site: HP(A)

As mentioned in the introduction, while the history of HPs dates back to the
late 19th century, the atomistic crystal structure and a connection to perovskites
was drawn by Weber in 1978 by studying (MA)SnBrxI3−x (x = 0− 3) as “com-
pounds [that] show intense color and conducting property”.[66] Shortly after-
wards, (MA)PbX3 compounds were characterized as “compounds [that] show
intense color, but [...] no significant conductivity under normal conditions”
in a seminal work that is often quoted as starting point for HP research.[121]
In both initial reports, Weber already correctly established the correlation to
CsBX3 compounds, their dissolution in water and methanol, and their color as
indication for light absorption and an inner photoelectric effect in relation to
CsPbX3.[122] However, his initial measurements for the tin compounds showed
metallic behavior, leading to a slight misinterpretation, although noting in both
cases that further analysis of the photo conductance is required.

Webers original work on Sn appears to have not been actively pursued at
first, despite occasional works on HPs employing other metals[123, 124] and
layered structures, e.g., by Couzi and co-workers[125] (the earliest citation of
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Weber’s Sn work as indexed by Scopus is found in 2004). However, spear-
headed by Mitzi[126], researchers extended Webers work on Pb compounds
in the 1990s. Investigating mainly iodides including MA and formamidinium
(CH(NH2)+2 , FAd) on the A-site and Pb, Sn, and to a lesser extent Eu, Yb,
and Ca on the B-site. Their focus, however, was not yet on photovoltaics, and
the compositional space was mainly explored with respect to the A-site. Since
only the smallest organic ions fit into the perovskite backbone (here spanned by
the PbI3 network), this naturally leads to too large A-site organic cations and,
therefore, the structural transition to RP structures. It was not until Kojima’s
work on (MA)PbI3 in 2009,[127] when the first HP-based solar cell was reported
with an efficiency of 3.8% (although the idea circled the scientific community
slightly earlier, see a recent review for a historical survey[78]). This initial re-
port was followed by a rapid improvement of the MA solar cell, including the
work by Im (6.5%)[128], up to record efficiencies of 20.9[129] to 23.3%.[67] In
parallel, FAd was then employed with increasing success,[130] whereas recently
some additional efficiency increase was achieved by using mixtures and tandem
cells (see [78, 129] and references therein as well as[67], 25.2% highest confirmed
value according to [129]; recently a value of 27.3 was reported%[131]).

Research on Sn-based HPs accelerated more recently, motivated by the
search for Pb-free PV materials. Correcting Weber’s initial claim of metal-
lic character[132], in 2014 Hao and co-workers published a series of papers[133,
134] reporting for the first time on PV devices based on pure (MA)SnX3 halides.
Shortly afterwards, the current leader (6.4 % efficiency) was reported.[135] Thus,
replacing tin with lead leads so far to a drastic reduction of the solar efficiency,
and tin appears promising only as a supplement in mixed materials or tandem
cells. See [136] for a recent review about the development of ASnX3 solar cells.

In summary, this brief history of time shows: (i) Weber already discussed
many key points of lead-halide HPs from today’s perspective, (ii) it took 31
years after Weber until the first publication of a HP solar cell, (iii) the rise this
technology has seen ever since is uncanny, and (iv) MA, FAd, and Cs (which we
did not include but which, due to its status of largest monoatomic cation, frames
the path of HP PVs) lead or tin halides show remarkable promise, have been
intensively studied, but are also seriously flawed. This triggered more recently
a surge of research efforts looking for more stable and/or lead-free alterna-
tive materials, while retaining the properties of (MA/FAd)PbX3. Increasingly,
this compositional screening is driven by extensive electronic-structure calcula-
tions. While still focused on the three established A-site cations (MA, FAd, and
Cs),[116, 137, 138] recent efforts also resulted in a broader database.

Including 16 organic cations (see Fig. 2 for a list of monovalent cations) in
their work, Kim and co-workers[139] investigate the compounds resulting from
permutations of group XIV elements (Ge, Sn, and Pb) with halides (F, Cl,
Br, and I). Note that all structural motives are archived, i.e., including ABX3

compounds that are structurally are no HPs.
When allowing one direction of the perovskite lattice to be significantly

elongated, most of the investigated cations form perovskites (see Table 1 for the
Ge compounds). Notable exceptions are hydroxylammonium (HONH+

3 , HOA)
and hydrazinium (H2NNH+

3 , HA), which favor the related CaIrO3 phase for
all halides. For some cations, the phase stability depends on the halide, i.e.,
ammonium (NH+

4 ) shows different corner-sharing phases with Cl than with I.
Interestingly, the results of Kim et al. suggest that (NH4)GeBr3 favors the
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Figure 2: List of organic monovalent cations considered in HP(A) structures.
Names printed in italics represent molecules that enable a symmetric bonding
with multiple (mainly two) identical groups. Structures known to be suitable
for the formation of 3D perovskites are blue.
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perovskite structure again, which indicates that the flat potential energy sur-
faces of these compounds do not always allow a simple differentiation of phases
by atomization energies or periodic trends. Furthermore, we note that in this
work no comparison to other stoichiometries is made. This means, that the
current version of this database does not determine whether a specific compo-
sition is stable as perovskite or, e.g., prefer a transition to a layered RP phase.
Some indication of phase (in)stability can be deduced from the observed strong
distortions of some compounds with large cations.

In general, a survey of currently known examples of RP phases and hexagonal
HP(A)s provides the following perspective on the size requirements of proposed
organic cations: For simple alkyl chains, only MA (C1) is known to form 3D
perovskite, whereas ethylammonium (CH3CH2NH+

3 , EA) (C2) forms a hexag-
onal perovskite.[140] Larger chains are known to form 2D RP phases, e.g., Y-
CH2CH2NH+

3 (Y=Cl, Br, OH, CN) analogs to C3 chain length (see references
in [63]) or butylammonium (C4).[141] This means, however, that all secondary
or higher ammonium cations are also too large for the A-site pocket (the size of
a PbI3 backbone).

For the amidiniums, again FAd is the only known 3D Pb or Sn halide
HP(A). Larger cations obtained by replacing the hydrogen at the central car-
bon by larger groups (e.g., acetamidinium (H3CC(NH2)+2 , AAd) or guanidinium
(C(NH2)+3 , GAd)) lead to 〈110〉 oriented layered perovskites (GAd)2PbI4 and
[IC(NH2)2]2PbI4,[63] apparently limiting this class of organic cations to the
one known example for 3D perovskites. This analysis is also mostly in line
with the ionic radii in Ref.[99] Only the acetamidinium radius is predicted to
be slightly smaller than formamidinium, indicating that not all aspects of the
steric demands of nonspherical organic cations are accounted for correctly by
this scheme. Although it is, of course, possible that borderline cases may al-
low the coexistence of 3D and 2D phases by optimized reaction conditions or
advanced fabrication techniques,[142, 143] it is likely that almost all organic
cations other than A, MA, FAd, HA, and HOA are unsuitable to form 3D per-
ovskites, unless the A-site pocket is increased (methods to do so are discussed
below). This should always be considered during computational screening and
the design of new HP materials in general.

One major drawback of (MA)PbX3 compounds is the toxicity of lead.[144]
The goal of replacing it with less toxic elements for wide-spread PV applications
will definitely require to continue investigations of a wide variety of composi-
tions. Another key issue with these materials is their low stability with respect
to environmental exposure. This instability may be solvable via materials de-
sign or at higher levels, such as device engineering or coating.[145, 146] Thus,
most research addressing further variation of the ABX3 composition (besides
the screening for A-site organic molecules and combinations of halides discussed
above) is focused on replacing B-site lead with other elements.

Beyond isoelectronic substitution of Pb, prime candidates include alkaline-
earth metals and the first two rows of transition metals other than group III,
all of which are known to adopt OS=+2. The 5d transition metals might be
considered as well, although here usually higher OS are favored. Last but not
least one might even introduce metals in different OS, e.g., +1 (group XIII) and
+3 (group XV). Note, however, that when introducing other heavy metals, the
question of their toxicity arises. For example, Tl+ is at least as problematic as
Pb2+ salts.[147] Bi3+ is an improvement over lead, but still not free of poten-
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A B X

CH3NH+
3 (MA) Ge F,Cl,Br,I

CH3CH2NH+
3 (EA) Ge F,Cl,Br,I

CH3CH2CH2NH+
3 (PA) Ge F,Cl,Br,I

CH3CH2CH2CH2NH+
3 (BA) Ge F,Cl,Br,I

(CH3)2CH2NH+
3 (iPA) Ge F,Cl,Br,I

(CH3)2NH+
2 (M2A) Ge F,Cl,Br,I

CH2CH2CH2NH+
2 (cAA) Ge F,Cl,Br,I

(CH3)3NH+ (M3A) Ge F,Cl,Br,I
(CH3)4N+ (M4A) Ge F,Cl,Br,I
HC(NH2)+2 (FAd) Ge F,Cl,Br,I

CH3C(NH2)+2 (AAd) Ge F,Cl,Br,I
C(NH2)+3 (GAd) Ge F,Cl

CHCHNH2CHNH+ (cIAd) Ge F,Cl,Br,I
NH+

4 Ge F,Br

Table 1: ABX3 compositions whose energetic minimum within the tested struc-
tural motifs by Kim et al.[139] corresponds to the perovskite structure (allowing
heterogeneous bond length) for the example of B=Ge. (HOA/HA)GeX3 are
predicted to prefer other phases.

tial risks.[148] Furthermore, such modifications violate the neutrality principle
in simple ABX3 compounds and require double perovskites or more complex
stoichiometry (see below).

A quite extensive screening of B-site cations in HP(A) structures was carried
out by Filip and others.[116] Albeit using the inorganic Cs+ on the A-site, the
structural similarities between Cs and MA perovskites justifies drawing some
insight from this study. A yet broader study considering A =Cs+, MA+, and
FAd+ was presented,[138] showing that the incorporation of Ge and Sn is suc-
cessful from a structural design point of view. Even some examples with band
gaps predicted to fall in an interesting range at least for tandem PV applications
were found.[116, 139]

Among the alkaline-earth metals, Be2+ appears too small (t > 1 for Cs+

or MA+ (using 2.17 Å) halides X =Cl, Br, and I). Mg2+ also seems too small,
at least in conjunction with MA, and also for A =Cs+ it was confirmed that a
corner-sharing non-perovskite phase is more stable.[116] However, here and in
many cases the potential-energy surface for HPs seems to be very flat, with var-
ious accessible metastable phases (e.g., CsPbI3). Ca through Ba, however, yield
tolerance factors that indicate that these compounds will favor the perovskite
structure for ions comparable in size to Cs and MA. However, their band gap is
predicted to be large and, hence, they receive limited attention when focusing
on PV applications.[116]

The next group of possible +2 metals are transition metals. The largest
+2 transition metal in six-fold coordination is titanium.[95] While the resulting
tolerance factors suggest a perfect fit for CsTiX3 perovskites, slightly larger
organic ions (e.g., MA) are likely to be too large, which is also observed in
screening studies.[116] The second row, however, holds with slightly larger ionic
radii several promising prospects. According to computations, many of these
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compounds show metallic behavior, others are toxic (Cd), excluding them from
further investigations in recent studies,[116, 138] but they nevertheless, seem to
be able to form HP(A)s. Last but not least in the third row, one encounters
many metals that prefer other oxidation states, requiring stoichiometric modifi-
cations. Possible for HP(A)s are Pt and Hg, which, again have not gained much
interest due to their metallic behavior (Pt) or toxicity (Hg).

Next one may try to include other oxidation states. To do so and retain
charge-neutral systems there are three basic options: (i) change the ABX3

composition, e.g., by employing a divalent X-site anion. This, however, for
example in the form of HP oxides or sulfides, seems to be a route that has not
been explored yet.(ii) By introducing vacancies, elements with OS>+2 can be
incorporated into an HP(A) framework. (iii) Last, by employing mixed OS on
any of the three ionic sites, a variety of different OS can be employed.

Since the first option seems to be unexplored, we will start by a discussion
of the second route, high-charge cations in combination with vacancies. A +3
metal can be incorporated on the B-site by leaving 1/3 of the B-sites empty,
i.e., in A3B2X9. Such a concept is quite old and has been explored for HP(A)
related Cs systems like Cs3Bi2I9 and Cs3Sb2I9[149, 150] and other alkali-metals
(A =K, Rb, Cs).[151] In the mean-time, it has also been applied to HP(A)s,
e.g., in (GA)3B2I9 (B =Bi, Sb).[152] To date, such structures were not found
as perovskites but preferring hexagonal or layered structures. The absence of
the perovskite crystal structure for these cases might be related to the fact that
removing 1/3 of an integral part of the structure like the BX6 octahedra might
be too drastic a modification, especially considering that the ionic radius of
Bi3+ leads to very promising tolerance factors close to 1 in hypothetical CsBiX3

compounds. However, despite this structural change, this route shows promise
in terms of PV properties and material stability and will certainly be explored
further in the future.[82]

Although it appears hard to imagine group XIII elements in OS=+2, com-
putational screening yields hypothetical perovskites that are, surprisingly, non-
metallic for Ga and In.[116] Since this electronic state appears unusual, such
compounds might be unreasonable due to high formation energies, which re-
quires further study.

Next, we summarize the class of charge disproportioned HP systems, where
one site is occupied by (different or the same) ions in two different OS. In this
way, other OS can be incorporated in ABX3 compounds, without leaving sites
fractionally occupied. This concept can, in principle, be employed on all sites
of the perovskite structure, and even complex designs with disproportionation
on several sites is possible.

We start with the most commonly employed approach, which is charge dis-
proportion on the B-site in A2BB

′X6 stoichiometries. B and B′ can be the
same element. Such structures are well known for A2BBO6 oxides and have
been reviewed, e.g., by Vasala.[153] The same concept, of course can also be
applied for halides (e.g., Cs2Au+Au3+I6).[20] In order to replace a +2 B-site
ion, elements with stable OS=+1 and +3 are most suitable, such as group XI
(Cu, Ag, and Au), group X (mainly Pd), and group XIII (mainly Tl) elements.
Structures of this type have been reported as A2Au+Au3+X6 (A = K, Rb, or
Cs; X = Cl, Br, or I),[154] and Cs2Tl+Tl3+X6 (X = F or Cl).[155] Of course,
this concept is not just limited to a single elemental species, but can also be used
to mix elements in order to employ other OS (although in such a case, the term
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disproportionation is technically incorrect). For example this was demonstrated
for Cs2Ag+Au3+Cl6[156] or Cs2Ag+Bi3+Br6.[157] Computational screening of
such Cs2BB

′X6 structure (B′ = Sb and Bi; B = Cu, Ag and Au) has been
carried out by Volonakis and co-workers[158] and finally including organic A-
site molecules by Kim,[139] after this concept was first employed for HPs for
(MA)2Tl+Bi3+I6.[159]

In addition to directly balancing charges by mixing ions on the B-site, an
alternative approach is charge neutralization via a mixture of X-site anions.
For current purposes (keeping A+ cations and trying to include OS=+1 and +3
B-sites), the most useful replacement is incorporating 1/3 Y 2− anions to form
A+B3+Y X2 compounds. Naturally, chalcogens appear best suited for pairing
with X-site halides. Again, this concept was first employed for inorganic HP
analogs. Hong and co-workers investigated a series of ABYX2 compounds with
A = Ba or Cs, B = Sb or Bi, Y = O, S, Se, or Te, and X = F, Cl, Br, or I.[160]
This initial investigation, however, showed that such compounds are prone to
decomposition due to thermodynamic instability and, thus, this modification
has not yet yielded much promise.

In any case, design concepts such as the introduction of empty sites or charge
disproportion are routes to include elements in OS=+1 or +3 into established
ABX3 HP(A)s. In addition to the investigated group XIII and XIV elements,
third-row transition-metals or rare-earth metals are further options to add into
the compositional mix.

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb

Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi

Na

Li

Mg

Be

Al

Figure 3: Possible metals that can be employed in ABX3 HP(A)s (filled) or
A2BB

′X6 (colored corner), with A = Cs, MA, or FAd. Data obtained from
Refs.[116, 138] and other examples from the text. Note that these computational
screenings often did not take the thermodynamic stability or alternate phases
into account. Hence, we note candidates as possible, based on estimated t or
other results (light colors). In cases where the coarse computational screening
yielded perovskites only for inorganic compounds (A=Cs), this is indicated by
an even lighter shading.

In Fig. 3, we collected the metals that have been screened in ABX3 and
A2BB

′X6 compounds, mainly relying on Refs.[116, 138] From this we can draw
a couple of conclusions: (i) if solely limited to ABX3 compounds, the pool
of possible metals is rather limited. Other than three outliers (Pd, Cd, and
Tl), one may mainly choose from alkaline-earth metals or group XIV. A couple
of other metals have been proposed; however, they are often at the boundary
in terms of ionic size, allowing them to make the cut in case of Cs+ on the
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A-site, but already too small for the slightly larger organic cations. Others,
are hardly known in the proposed OS of +2 and further stability analysis and
investigation of the electronic state is necessary in order to trust these results.
On the other hand, if more sophisticated design principles are employed, e.g.,
B-site disproportion, the pool of potential prospects explodes and almost spans
the entire periodic table. Besides the ones considered so far, such structural
modification would even allow incorporation of rare-earth metals. Besides the
fact that other OS become feasible, the reason for this is that an A2BB

′X6

stoichiometry also allows to employ much smaller B ions, by pairing them with
larger B′ ions.

To this point, we only considered organic A-site molecules in OS=+1. In
the mean-time, other compounds have also been investigated, starting with
an investigation by Panton of a class of B-site alkali metal chloride HP(A)s
with divalent organic cations (see Fig. 4).[161] These structures are particu-
larly interesting, since they not only require different OS on the B-site, but
the employed dications are also significantly larger compared to traditional
A-site cations, allowing much larger inorganic B-site cations. Both reasons
make completely different areas of the periodic table accessible in these HP(A)s,
e.g., alkali metals. All the investigated ABCl3 compounds (B = alkali metal)
with piperazine-1,4-diium (PA2) cations on the A-site crystallize as perovskites,
stabilized via the inclusion of water. In case of the sterically more demand-
ing 1,4-diazabicyclo[2.2.2]octane-1,4-diium (DABCO-A2), the smallest B-site
cation (K+) forms a hexagonal perovskite, whereas the larger alkali metals
(Rb+ and Cs+) form perovskites. This is in line with the known behavior
for t > 1 and small B-site ions (see above). This research triggered similar in-
vestigations by Pan[162] and Zhang[163], investigating 3-ammoniopyrrolidin-1-
ium (APA) and 1-methyl-1,4-diazabicyclo[2.2.2]octane-1,4-diium (M-DABCO-
A2) compounds (APA)RbBr3 and (M-DABCO-A2)RbI3, respectively, all form-
ing perovskites. With their study, Zhang et al. demonstrate how the increased
space can be used to fine-tune molecular properties to alter the HP crystal
properties. When reducing the symmetry by removing a mirror plane in the
organic A-site, the non-ferroelectric DABCO-A2 compound is transformed to
a ferroelectric compound, when employing the methylated cation (M-DABCO-
A2) with its molecular dipole moment.

Having discussed compositional and structural modifications for HP(A)s, we
can now consider the gain in terms of increasing the pocket of the BX3 backbone
to incorporate a larger variety of (sterically more demanding) organic cations on
theA-site. In terms ofX-site anions, I- is already the largest inorganic anion. X-
site charge variation does not increase the design possibilities, since the largest
chalcogenide (Te2-) is only insignificantly larger, at least as long as we do not
take more exotic, metallic anions into account.[104] However, by considering
disproportionation on the B-site, we can make use of large +1 cations (e.g.
Cs+) and pair them with the largest +3 cations (Bi3+). In such an iodide, the
A-site pocket as determined by the B−I−B bond (assuming a perfect structure)
compared to Pb−I−Pb is increased by 0.53 Å, i.e., A-site cations that are larger
than MA by this amount should be able to form HP(A)s. Furthermore, when
considering organic dications, the maximal CsI3 backbone has a B−I−B length
that is increased by 1.38 Å, allowing a significant increase of A-site cations, as
demonstrated by the DABCO and PA2 examples above. All these examples and
new possibilities promise to aid in the discovery and cultivation of lead-free HP
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Figure 4: List of organic divalent cations considered in HP(A) structures. Names
printed in italics represent molecules that enable a symmetric bonding with two
identical groups.

PVs but could also provide many other interesting properties.

2.2 Organic X-site: HP(X)

As mentioned above, conceptually there is nothing special about (MA)PbI3 or
any other HP(A), and it is also possible to form HPs with organic anions on the
X-site (HP(X)). Note, however, that the shift from spherical (inorganic) ions to
organic molecules is accompanied by a new sense of (bonding) direction. Hence,
B · · ·X · · ·B bridging capabilities have to be taken into account during the de-
sign. As another complication compared to all spherical ions, one needs to keep
in mind that controlling HP(X) structures to an extent that would enable useful
coordination in AX12 cuboctahedra by direct anchoring between A- and X-sites
is challenging, requiring quite large structures. Instead, supramolecular interac-
tions like Coulomb interactions, hydrogen bonds, or van der Waals interactions
play a more important role in the resulting more complex structures.[164] Thus,
from a design standpoint, such structures are much more flexible, leading to
a vast increase of complexity but also potentially offering favorable properties
once all materials design tuning knobs are understood and controllable. In
any case, the multiatomic X-site ions need to have two anchor groups to bind
B-sites. Multiple X-site ions can be used, and they can be asymmetric. Em-
ploying X-site anions with two different anchoring groups is a natural way to
induce B-site off-center displacements, which can lead to polar structures, as
has been demonstrated for inverse-hybrid perovskites (see below). Furthermore,
the elongated X-site does not have to be linear, but the range of allowed angles
is certainly limited in order to retain the perovskite structure. If more than two
anchoring groups are introduced, especially, in low symmetry ions, fabricating
well-ordered bulk cubic perovskites without disorder would become extremely
challenging.

A prime example of an organic ligand with the above properties is cyanide
(CN-). It is linear and well known to bind multiple metals, such as Fe in prus-
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sian blue. In the group of Miller, a series of alkali metal A2Mn2+Mn2+(CN)6
compounds with A = Na,[165] K,[166] Rb,[166] and Cs[167] were investigated
starting in 2010. Much earlier than this, Thiele and Messer investigated alkali
metal (A = Rb and Cs) thiocyanates ACd(SCN)3.[168] While they report a lay-
ered structure for the Rb compound, CsCd(SCN)3 forms a perovskite structure.
This is in line with a smaller tolerance factor in the Rb case for such a large
X-site anion.

The first report of a formate HP(X) is also from the 1980s[169]. This was
picked up later, leading to a class of potassium perovskites KB(HCOO)3, B =
Co,[170] Mn,[171] and Cd.[169] KCo(HCOO)3 reportedly prefers a different
phase, but can be observed as perovskite after an irreversible phase transi-
tion.[170] There are also reports on NaMn(HCOO)3,[171, 172] but the smaller
alkali metal does not allow the perovskite structure. Thus, the formate anion
appears to be too large to form HP(X) materials, with only few examples. Nev-
ertheless, the alternative hexagonal structures yield intriguing chiral cases, due
the observed uniqueness of octahedral coordination.[170, 172] Such structures
have also been observed for (NH4)M(HCOO)3, with M=Mn, Co, Ni.[173]

The recurring scheme of these scarce examples for HP(X) structures is: (i)
most organic anions are too large for an otherwise (monoatomic) inorganic per-
ovskite lattice, and there are only few reported examples, (ii) all the X-site
anions we discussed so far are monovalent, leading to alkali metals as natural
A-site partners, and (iii) a variety of d-block configurations can be accommo-
dated on the B-site. In terms of the spectrochemical series, it is interesting that
a large range is present, from strong-field CN- to weak-field SCN-. It is also an
interesting concept keeping in mind the inhomogeneity of the discussed ligands
(besides formate), and the resulting different anchoring strengths. This could
be used as an additional design knob to stabilize disproportionate structures, al-
though, to our knowledge, such structures have only been explored in biorganic
hybrid perovskites (see below).

3 Perovskites with more than one organic ion

HPs that contain two organic ions have, to the best of our knowledge, not yet
been distinguishably labeled. This may be attributed to the fact that research on
such structures is yet scarce and a link towards the term HPs is rather new and
came not before the recent prominence of this materials class with respect to PV
applications. Furthermore, they were often formed in systems with charge dis-
proportioned B-sites in so-called double perovskites, which already reserves the
use of “double” (preempting terminology like, e.g., double-hybrid perovskite).
To distinguish this class from HPs with one organic group, one could introduce
the term “biorganic”. However, with the notation we propose, we can unam-
biguously refer to them by the sites referring to organic ions given in brackets
HP(AX). The first successful example of a biorganic HP was reported a few
years after the first HP(X) structures,[174] employing tetraethylammonium on
the A-site and an azide anion on the X-site, forming an HP(AX) structure. Due
to size considerations, HP(BX) is unlikely and the only other possible variant
appears to be HP(AB) structures.
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Figure 5: List of organic monovalent anions considered in HP(X) and HP(X)
structures. Names printed in italics represent molecules that enable a symmet-
ric bonding with multiple (two to four) identical groups. Important resonance
structures indicating bridging patterns are indicated. To date, no divalent an-
ions have been employed in HPs.

3.1 Organic A- and X-sites: HP(AX)

Reviews of this class can be found in Refs.[81, 164, 175] HP(AX) structures
employ many of the ligands we discussed for HP(A) and HP(X) compounds.
In addition, biorganic HPs also allow larger ligands due to the simultaneous in-
crease of A- and X-site ions. Since the perovskite backbone is dominated by the
BX3 subgroup, HP(AX) structures are mainly classified by the X-site anion.
To this point, only monovalent organic anions have been employed, including
cyanide (CN-), azide (N−3 ), thiocyanate (SCN-), dicyanamide (N(CN)−2 ), for-
mate (HCOO-), dicyano metallates (M(CN)−2 ), borohydride (BH−4 ), and per-
chlorate (ClO−4 ), see Fig. 5. The most recent addition to this list is hypophsphite
(H2POO-)[176]. Although limited, this is already an interesting list including
linear and bent ligands as well as ligands with homogeneous or heterogeneous
anchoring groups.

This rather recent addition of HP(AX) to the HP universe already yielded
structures with interesting physical properties, such as anomalous barocaloric
effects as well as electric and/or magnetic order (leading to multiferroicity), see
Ref. [175] and references therein. The larger BX3 cage also allows to function-
alize the space within the perovskite lattice, e.g., for hydrogen storage.[177]

In the future, the range of ions is likely to be expanded. There are still
monovalent molecular structures to be included into HP(X) or HP(AX) net-
works, especially oxygen containing ligands, e.g., hydrogen sulfate, chlorate, or
acetate. Moreover, divalent anions can be employed along similar lines, e.g.,
sulfate or hydrogen phosphate, opening a whole new realm of oxidation states
for the partnering cations, analogous to what we discussed for the introduction
of chalcogenides in HP(A)s above. With increasing size of the BX3 pocket and
complexity of the ligands, engineering of the supramolecular interactions will
become vital and very interesting. At some point, this might lead to covalent
bond formation between the ionic compounds, e.g., between A- and X-sites,
enabling potentially very well-organized 3D MOFs. Such more rigid structures
would certainly have different properties compared to the dynamical nature of
the A-site cation in HP(A)s. For example, this could be a promising route to-
ward structures that are more stable towards moisture and air. On the other
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hand, the chemistry of such organic anions, especially in combination with other
organic groups holds additional aspects that need to be considered with respect
of the stability of potential compounds. Due to their oxidizing nature, e.g.,
chlorates could react with the acidic ammoniums towards chlorine, water, and
the corresponding amine, leading to a dissolution of the structure from within.
No such problems were reported in the initial works[178, 179] on perchlorates,
but detailed stability analysis is yet missing.

3.2 Organic A- and B-sites: HP(AB)

With much less attention, HPs with molecular A- and B-sites have only been
reported once by Bremner et al. in 2002. They reported a compound of the
formula (PA2)(NH4)Cl3·H2O, requiring the incorporation of water in the crys-
tal for stabilization (see Fig. 4).[180] Besides being the first and to date only
HP(AB), this compound introduces another interesting concept: since size is
the overall dominating factor with respect to distributing ions on the A- and B-
sites, in such a structure with two molecular organic cations, the higher charged
cation may be the larger one. Consequently, the larger dication PA2 occupies
the A-site, with the smaller ammonium (NH4

+) occupying the B-site. As noted
above, supramolecular interactions (here hydrogen bonds) dominate the binding
in such a compound. This does not necessarily mean that such structures are
unstable or less stable than other HPs. For example, Bremner et al. reported
a weight loss interpreted as release of water from the crystal between 62 and
145 ◦C, however, the dehydrated compound is stable until 600 ◦C. Nevertheless,
the bonding via the anchoring groups and the steric demand is harder to bal-
ance. For example, an analogous compound (DABCO-A2)(NH4)Cl3 utilizing
the dabconium dication (instead of PA2) prefers a face-sharing phase instead of
the perovskite structure.

3.3 Organic Perovskites: OP

Since successful examples of organic cations and anions occupying the perovskite
structure exists, in principle, the incorporation of three organic cations should
be possible as well. Such an organic perovskite (OP) has only been reported
once by Liu et al.[181] These authors reported on (DABCO-A2)(NH4)[BF4]3,
i.e., using the same system as Bremner et al. but replacing the chloride anions
by the larger tetrafluorborate (BF−4 ).

These two model cases have in common that the higher charge is located
on the larger molecule on the A-site and that hydrogen bonding stabilizes the
crystal structure. Of course, the classification of BF−4 as organic or inorganic
might be viewed as a matter of semantics and this might as well be classified as
HP(AB). Nevertheless, OPs are obviously possible.

Unfortunately, due to the limited research on HP(AB)s and OPs, not much
is known about their properties. One direct motivation to study these materials
is the possibility of expanding the volume of the unit cell and, therefore, being
able to employ different, larger molecules.

The complexity of these structures could also hold interesting promise. For
example, complex A-site ions enabled in HP(AX) or OP structures could serve
as interesting active sites, enabling storage of small molecules (e.g., hydrogen) or
as catalytic centers in confined space. The vast possibilities of organic molecules
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and inorganic clusters that could potentially be combined in the highly ordered
perovskite (or related) phases, makes them a potentially promising subclass of
MOFs.

4 Inverse hybrid perovskites

4.1 Organic X-site: IHP(X)

Although most perovskites employ cations on A and B and an anionic species on
X and this can be regarded as standard, this Coulombic order can, as mentioned
in the introduction, be reversed to so-called inverse or anti perovskites (IP).
Despite the overwhelming varsity of traditional perovskites, a significant number
of IPs are known with many fascinating properties.

A first analog to an IP incorporating an organic group was given by Batail
and co-workers,[182] who reported on a family of compounds containing a tetrathi-
afulvalene radical cation (C6H4S+·

4 , TTF see Fig. 2) and Mo3X
2−
14 clusters in

(TTF)3Y (Mo3X14) compounds with X = Y = Cl and X = Br, Y = Cl, Br, I.
The organic TTF radical connects two B-sites in a side-on coordination, lead-
ing to an Sδ+ · · ·Y − · · · Sδ+ bonding motif. The compounds are paramagnetic
but show anti-ferromagnetic ordering at low temperature.[182] These materials
were later also studied theoretically[183] and analyzed further by Hiramatus et
al.[184] The latter study also investigated the replacement of Sulfide against
Selenide, employing a tetraselenafulvalene radical cation (C6H4Se+·4 , TSF)

Besides these early examples with quite large cage size, we recently reintro-
duced this IHP concept in,[109, 185, 186] motivated by the quest to broaden
the scope of inorganic-organic hybrid materials in the perovskite structure. We
hypothesize that IHPs could tackle the main drawbacks of the workhorse of HP
PVs: dissolution in aqueous media and toxicity concerns. In rather compre-
hensive studies on (MA)3BA compounds, we explored the possibility to include
main group elements and transition metals as mono and divalent anions. Guided
by known oxidation states of elements and novel effective ionic radii for these
anionic species[104], we found that a tolerance factor of at least t = 0.76 is
required, or otherwise the related CaIrO3 phase is favored. For both phases,
hydrogen bonding of the MA NH+

3 and CH3 end groups dominate the structure.
Due to the inhomogeneity of these anchoring groups, the investigated structures
displayed inherent off-center displacements and nonzero polarization.

As a major difference to traditional perovskites, we find that noncubic
(MA)3BA IHP structures (t 6= 1) are stabilized by a tilting of the MA molecules
in the B · · ·X · · ·B bridge, which can either be tilted head-on or side-on, as ob-
served in the TTF bridges. Thus, no octahedral rotations are observed even for
structures with t differing considerably from unity.

When employing electronegative, light elements on the B-site, protonation
is observed. For some cases (oxygen or sulfur) this leads to the formation of
intriguing hydrogen-bonding networks with potential for dynamic proton ex-
change. For others, this leads to a destabilization of the perovskite structure.
On one hand, the size of ions dominates not only the compatibility of a certain
composition, but also dominates the site selectivity on A- and B-sites over the
oxidation state of employed anions. In that regard, tuning the halide proved
to be a valuable tool in order to stabilize the perovskite structure with specific
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divalent anions.
A special focus in our studies was the electronic properties of these com-

pounds. While MA chalcogenide halide IHPs are exclusively wide band gap
semiconductors, employing other main group and transition metals leads to
the formation of metallic, semimetallic, as well as semiconducting IHP(X)s. In
particular, two features are intriguing. First, in structures employing group XII
through XV elements on the B-site, the valence p shell of the divalent anions are
located at the Fermi level. Since these bands are split by spin-orbit coupling in
the case of heavy elements (periods five and six), one observes double-degenerate
linear crossing points throughout the Brillouin zone.

Second, we found several systems with band gaps perfectly suited for PV
applications. Besides some systems employing toxic heavy-metals, we identified
(MA)3FNi and (MA)3FPd. These could be particularly interesting as lead-free
alternatives to the successful APbI3 compounds.

Despite these investigations, IHPs are the newest and least explored addition
the perovskite universe. Thus, experimental synthesis of the proposed prospects
is still ongoing, however, the first study confirming our prediction of ferroelectric
IHPs was reported on the compound MA3(MnBr3)(MnBr4).[187] Furthermore,
the investigation of other organic A-site cations or even the investigation of
inverse-biorganic perovskites is still uncharted territory.

X B A
MA F Ga, Tl, Ge, Sn, Pb, S, Se, Te, Zn, Cd, Hg, V, Mn, Ni, Pd, Pt
MA O I, Au
MA S I
MA Se I, Bi
TTF Cl Mo3Cl14
TTF Br Mo3X14, X =Cl, Br, I
TSF Cl Mo3Cl14
TSF Br Mo3Br14

Table 2: List of investigated IHP(A) structures that favor the perovskite struc-
ture over related phases, like hexagonal perovskites or face-sharing structures.

5 Conclusion

The excitement surrounding HP PVs based on the APbX3 family has not only
led to extensive research in the limited compositional space of HP(A) structures,
but also helped to trigger research on many other organic, molecular motifs in
the perovskite structure. While HP(A) structures are somewhat constrained in
the sense that the perovskite backbone is directly related to that of the inor-
ganic halide sublattice, the supramolecular bonding aspect that is important
for understanding structural details in HP(A)s, becomes dominant in all other
HP structures. While this gives researchers more things to consider in order to
lay out a successful design, it also brings tremendous possibilities. The combi-
nation of larger ions on more than one site will enable the use of a significantly
expanded set of ions that could form a 3D crystal. The supramolecular design
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necessary for this will benefit from the concepts and knowledge gained from
MOFs, with HPs being more and more established as an important subclass.

Increasing the size of the perovskite unit cell dimensions by incorporating or-
ganic groups will also open the possibility to incorporate larger inorganic groups
or clusters in the well-ordered perovskite structure, and thus conversely enhance
the structural control of MOFs. Finding next generation HPs for PVs is, there-
fore, also only a small fraction of envisioned properties of this new structural
variety. Besides new twists and tuning possibilities for the many interesting
features found in traditional perovskites, the increased pore size could enable
completely new fields for applications with respect to storage, ion transport,
or confined space chemical reactions. Thus, in our view there is a lot to come
from mixing and matching inorganic and organic ions in the (inverse) perovskite
lattice. The exploration of complex, supramolecular perovskites has just begun.
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Smrčok, R. Černý, Nat. Commun. 2014, 5, 1–10.

[178] Z. M. Jin, Y. J. Pan, X. F. Li, M. L. Hu, L. Shen, J. Mol. Struct. 2003,
660, 67–72.

[179] G. Feng, X. Jiang, W. Wei, P. Gong, L. Kang, Z. Li, Y. Li, X. Li, X. Wu,
Z. Lin, W. Li, P. Lu, Dalt. Trans. 2016, 45, 4303–4308.

[180] C. A. Bremner, M. Simpson, W. T. Harrison, J. Am. Chem. Soc. 2002,
124, 10960–10961.

[181] G. Z. Liu, J. Zhang, L. Y. Wang, Snyth. React. Inorg. Met.-Org. Nano
Met. Chem. 2011, 41, 1091–1094.

[182] B. P. Batail, C. Livage, S. S. P. Parkin, C. Coulon, J. D. Martin, E.
Canadell, Angew. Chem. Int. Ed. Engl. 1991, 30, 1498–1500.

[183] A. Dhouib, K. Essalah, B. Tangour, M. Abderraba, Int. J. Quantum
Chem. 2002, 87, 220–224.

[184] T. Hiramatsu, Y. Yoshida, G. Saito, A. Otsuka, H. Yamochi, Y. Shimizu,
Y. Hattori, Y. Nakamura, H. Kishida, H. Ito, K. Kirakci, S. Cordier, C.
Perrin, J. Mater. Chem. C 2015, 3, 11046–11054.

[185] J. Gebhardt, A. M. Rappe, ACS Energy Lett. 2017, 2, 2681–2685.

[186] J. Gebhardt, A. M. Rappe, J. Mater. Chem. A 2018, 6, 14560.

[187] Z. Wei, W. Q. Liao, Y. Y. Tang, P. F. Li, P. P. Shi, H. Cai, R. G. Xiong,
J. Am. Chem. Soc. 2018, 140, 8110–8113.

29


	Introduction
	Effective ionic radii and Structural Descriptors

	Hybrid perovskites
	Organic A-site: HP(A)
	Organic X-site: HP(X)

	Perovskites with more than one organic ion
	Organic A- and X-sites: HP(AX)
	Organic A- and B-sites: HP(AB)
	Organic Perovskites: OP

	Inverse hybrid perovskites
	Organic X-site: IHP(X)

	Conclusion
	Acknowledgement

