
Sustainable
Energy & Fuels

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 3
:4

9:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Metal replaceme
D
h
U
2
U
p
g
B
a
o
S
U
m

focuses on photo-physics, devic
calculations.

Department of Engineering Sciences, Solid S

SE-751 21 Uppsala, Sweden. E-mail: tomas.

Cite this: Sustainable Energy Fuels,
2018, 2, 1430

Received 21st March 2018
Accepted 26th April 2018

DOI: 10.1039/c8se00143j

rsc.li/sustainable-energy

1430 | Sustainable Energy Fuels, 2018,
nt in perovskite solar cell
materials: chemical bonding effects and
optoelectronic properties

M. Pazoki and T. Edvinsson *

The composition of lead halide perovskite materials has been explored extensively over the last few years

and as a consequence, different materials have been introduced into the perovskite solar cell family with

diverse physical properties. Herein, we present recent progress within the framework of lead

replacement that has led to new solar cell compounds by partial exchange or full substitution of lead

with other metals. Lead replacement with divalent metals, tin and germanium perovskites as well as

alkaline earth metals, and lanthanides are reviewed and discussed with respect to the chemical bonding

effects and their relationship with the optoelectronic and charge mobility properties. The physical

properties of the materials and the related device performances are also discussed with respect to the

metal cation bonding within the perovskite lattice using transition metals and monovalent and trivalent

metals.
1. Introduction

Perovskite solar cell materials and devices1 have been of large
interest among researchers working with emerging photovoltaic
(PV) technologies for the past few years. Perovskite solar cells
have achieved power conversion efficiencies (PCEs) comparable
to 30–40 year old solar cell technologies, feasible with just a 300
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nm perovskite layer made by solution processed techniques at
about 100 �C.2 Lead halide perovskites possess interesting
physical properties resulting in quite intriguing phenomena
such as a giant dielectric constant,3 ferroelasticity,4 photovoltaic
polarizable domains,5 photoinduced Stark effects,6 switchable
photovoltaic effects7 and anomalous hysteresis8–10 in the current
voltage curve. Because of their exceptionally fast improvement
of PCE and low processing temperatures, they have been
referred to as the ‘next big thing in photovoltaics’ and ‘perov-
skite fever’11 and were even suggested to be a Nobel prize
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candidate in chemistry for the year 2017 (ref. 12) just a few years
aer their emergence in solid state solar cells in 2012 (ref. 13
and 14).

Behind the very fast introduction into the community are the
many benign physical properties of lead perovskite materials,
such as a high absorption coefficient, high mobility of both
electrons and holes, and lack of deep recombination sites. A
great part of performed research so far has been devoted to
engineering of the material components, in order to tune and
understand the physical properties for device applications. The
main compound is CH3NH3PbI3 (methyl ammonium lead
iodide –MAPbI3), which was the rst to be used for photovoltaic
applications by Miyasaka in a liquid based version of dye
sensitized solar cells (2009)15 and thereaer by Snaith and
Miyasaka, Grätzel, and Park and co-workers in the solid state
version (2012).13,14 MAPbI3 and lead halide perovskites in
general have been investigated since the late 1970s16 and have
been analysed as hybrid semiconductor materials in-themselves
and for LED applications in the 1990s.17–21

Their lead content, water solubility, and concerns about long
term stability,22–24 however, are still issues to consider with
respect to toxicity, legislation for lead compounds, and encap-
sulation. Some important research directions are thus the
ongoing material engineering studies aiming for more stable
and environmentally friendly devices where inclusion in
tandem conguration with other already-established solar cell
technologies is one route for early market introduction.25 The
efforts in materials engineering include cation and anion
exchange and a mixed approach, in which a mixed composition
of several cations and anions is employed and presently
shows the best stabilities and highest power conversion
efficiencies.25–27

The bandgap is one of the important parameters for photo-
voltaic applications and determines the maximum available
output voltage and current density from the corresponding
device according to the Shockley–Queisser model.28 For single
junction devices, a bandgap ranging from 1.1 to 1.6 can theo-
retically result in a power conversion efficiency (PCE) above
30%.28 Applied in a tandem conguration, however, using
a perovskite with another perovskite other solar cell materials,
higher PCEs can potentially be delivered in a cost-effective
device and is considered a promising route for perovskite solar
cells to enter the market. Based on the band gap of the second
solar cell material, the perovskite band gap could advanta-
geously be tuned in order to control which part of the solar
spectrum is utilized by the two respective materials and to
optimize the PCE of the nal tandem solar cell. For example,
a bandgap of 1.65 is theoretically a suitable value when the
perovskite is coupled with a silicon solar cell.25 The tunable
bandgap also implies that the colour of the solar cells can be
changed within a certain range, which is anticipated to be an
important factor for the application of solar cell panels for
building and architectural integration for the future.

To ensure a suitable photovoltaic action, also other physical
properties of the perovskite should be benign: the rate of photo-
generated charges, the conductivity of charge carriers, and the
energy levels relevant for charge extraction. Here, the charge
This journal is © The Royal Society of Chemistry 2018
carrier lifetime and effective masses of the charge carriers are
important parameters and would affect the possibility for an
effective charge separation. These parameters together with the
bandgap and absorption coefficient are all dependent on the
chemical bonding effects mainly in-between the constituent
halide and metal in the perovskite lattice. To have prediction
ability, the design and optimization of desired perovskite
compounds, the physical properties and their relationship to
the constituent elements should be studied, for example, the
dependency of the perovskite bandgap, dielectric constant and
carrier mobility on the lattice constant, and the electronega-
tivity or work function of the metal. These properties would also
guide if the material is suitable as a stand-alone photoabsorber,
applicable in a tandem conguration, or suitable as a charge
selective layer.

Herein, we review and analyse the effects of lead exchange in
perovskite solar cell materials and the consequences for the
material and device properties. In Section 2 we outline Gold-
schmidt's rules and quantum mechanical considerations as
a basis for cation/anion exchange in crystals and review the
related research on the prediction of the possible photovoltaic
perovskite compounds. Section 3 is devoted to prototypical
MAPbI3 and its physical properties to which the rest of the
materials within the perovskite family can be compared to. In
Section 4 we review the recent efforts on lead exchange with
divalent metals which include tin and germanium perovskites
(Section 4.1), alkaline earth metals (Section 4.2), lanthanides
and actinides (Section 4.3), and transition metals (Section 4.4).
Sections 5, 6 and 7 are devoted to lead exchange with mono-
valent and trivalent metals and the outlooks and nal remarks
respectively.
2. Goldschmidt's rules and chemical
bonding effects for cation exchange in
crystals

Goldschmidt rules and additional quantum mechanical
considerations can be used to nd possible metal replacement
candidates for lead exchange which form compounds with
similar crystal structures and photo-physical properties to
MAPbI3.29–31 The same cation charge and radius as Pb2+ are the
rst pre-requisites30 that can be used for a coarse selection. In
the lead halide perovskite structure with the general formula
ABX3, A is a large monovalent cation, B is divalent lead, and X is
a monovalent halide anion, analogous to the prototypical
perovskite compound CaTiO3 which instead has a divalent
calcium, tertiary-valent titanium and divalent oxygen anions. In
an ideal cubic lead halide perovskite, the divalent metal is
located at the body-centred position of the cube and the anions
occupy the 6 face-centred locations forming an octahedral
surrounding for the divalent metal with the monovalent cations
placed at the cube vertices (Fig. 1a).

Depending on the radius of cations and anions in a close-
packed arrangement, the structure might deform to tetragonal,
orthorhombic and layered structures that can be determined by
a geometrical tolerance factor t dened as
Sustainable Energy Fuels, 2018, 2, 1430–1445 | 1431
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Fig. 1 Schematic illustration of (a) ABX3 cubic perovskite in which A
and B cations together with X anions occupy the vertices and body-
centred and face-centred positions, respectively, and (b) tetragonal
unit cell of the MAPbI3 perovskite with different orientations of MA
cations. (c) Cubic to tetragonal transition showing broken symmetry by
tilting of the octahedra from the top view.

Fig. 2 (a) Dependence of the perovskite bandgap on the pseudo-
cubic lattice constant. Reproduced from ref. 42 with permission of the
Royal Society of Chemistry. (b) Dependence of the APbI3 perovskite
bandgap on the geometrical factors due to the steric effects from the
A-cation. Reprinted with permission from Springer Nature, Nat.
Commun., 2014 (ref. 35). (c) Dependence of the MABI3 perovskite
bandgap on the electronegativity of the metal cation (B). The data are
collected from different theoretical or experimental studies reported
in ref. 34, 38, 40 and 43–46. The line is a guide for the eye.
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t ¼ rA þ rXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrX þ rBÞ

p (1)

Cubic, tetragonal/orthorhombic and 2D layered structures
can be obtained from the geometrical terms with tolerance
factors of 0.9 < t < 1, 0.7 < t < 0.9 and t > 1, respectively. A second
criterion comes from the quantum mechanical considerations
of Pauling rules taking into account the coordination number
and cation/anion radius ratios,30 while more detailed chemical
bonding effects need to be considered for optoelectronic
properties.

In the metal halogen perovskite structure, the chemical
bonding between the metal and the halogen is determinant for
the bandgap and the dispersion of the energy bands in the
material. Higher electronegativity differences result in more
ionic bond character in which the electron cloud is less
dispersed along the bond andmore localized close to the nuclei;
and as a result shorter bond lengths and higher band gaps with
less dispersive electronic band structure close to the band edges
are obtained. The dependence of the bandgap on the electro-
negativity of the cation and anion in perovskite structures has
been reported previously.32–34 This dependency can be ratio-
nalized by the ionicity or covalency of the chemical bond with
implicitly affects the chemical bond length as well as the elec-
tron localization. The dependency of the bandgap of lead
halogen perovskites on the lattice constant (which is directly
related to the chemical bond length of the lead and halogen in
the cubic/tetragonal lattice) and the dependency of the bandgap
of a series of lead-free perovskites on the electronegativity of
metal are presented in Fig. 2a and c.

An additional dependence comes from the geometrical
factors affecting the details of the symmetry in the lattice;
a smaller monovalent cation will distort the cubic structure by
tilting the octahedrons resulting in a tetragonal symmetry with
1432 | Sustainable Energy Fuels, 2018, 2, 1430–1445
angles between the different octahedral layers as depicted in
Fig. 1c. A simple tight binding model description is instructive
to explain the general trends in the bandgap of perovskites with

3ðkÞ � Em ¼

ð
j*
mðrÞDujðrÞdrð
j*
mðrÞjðrÞdr

(2)
This journal is © The Royal Society of Chemistry 2018
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where 3(k) is the electronic energy of the periodic system, Em the
atomic energy for orbital m, j*

m the atomic wavefunction, Du
the perturbation potential coming from the interaction of
atoms, and j(r) the total atomic wavefunction for the periodic
electronic state34,35 at position r. For lead iodide perovskites, by
tilting the PbI6 octahedra, both the bottom CB, consisting of the
antibonding negative integral of I6s and Pb6p states, and the
top VB (antibonding negative overlap of Pb6p and I5p states)
change due to the different orbital overlaps.36 Themain effect of
the tilting of the octahedra is thus to modify the overlap of
atomic orbitals between the metal and halogen with a resulting
change in the bandgap. Utilizing this effect for band gap control
can be denoted steric engineering and has been implemented in
lead halide perovskite materials for band gap tuning by
implementing different monovalent cations in the structure
(Fig. 2b).35

The main approach that has been used to theoretically esti-
mate the bandgap of metal halide perovskites so far is the
implementation of DFT calculations based on GGA functionals.
The reason is that the common band gap underestimation
using a GGA approach is absent for many of the lead perovskite
materials. A large part of this comes from an error cancelation
where neglection of spin orbit coupling (SOC) and the absence
of exact exchange in modelling of halide based perovskite solar
cell materials reproduce band gaps very close to experimental
values. For lead and tin perovskites, inclusion of spin orbit
coupling (SOC) into the calculations will narrow down the band
gap while hybrid functionals or the GW-approximation will
overestimate the band gap.37 GW calculations that include SOC
effects instead result in a theoretical band gap again closer to
the experimental values which supports an error cancelation.37

The exact reason for the error cancelation, however, is un-clear
where for example the amount of the error cancelation is
different for Bi and Pb which have a very similar angular
momentum quantum number for outer shell electrons.38 Given
that the GGA approach reproduces the experimental band gaps
of many of the materials as well as the apparent details of the
experimental dispersion and DOS,38–40 it represents a conve-
nient screening approach where the full inclusion of SOC effects
using hybrid functionals or the GW-approximation is advised
for a full investigation of the compounds at a later stage.

Other properties such as the dielectric constant, the absorp-
tion coefficient (a), the charge carrier mobility (m), and the
exciton binding energy (EB) should be considered for the evalu-
ation and analysis of photovoltaic materials. They are in turn
related to the device operation via the charge separation effi-
ciency, the charge carrier diffusion length, L (L depends on m),
and charge generation and collection efficiency (related to a/L).

The mobility of charge carriers (m) within the effective mass
approximation can be described by:41

me=h ¼
es
m*

(3)

where m* is the effective mass of electrons/holes, e is the
elementary charge of electrons, and s the average carrier scat-
tering time. The effective mass of electrons can be estimated
theoretically or experimentally from the electronic band
This journal is © The Royal Society of Chemistry 2018
structure via the second derivative of the energy versus the
quantum number k at the CB and VB edges with

�
m*

h

��1 ¼ 1

ħ2
d2

dk2
EVB maxðkÞ (4.1)

�
m*

e

��1 ¼ 1

ħ2
d2

dk2
ECB minðkÞ (4.2)

where ħ is the reduced Planck constant. The average scattering
time depends on the intrinsic properties of the material such as
electron–phonon interactions, defect density, carrier–carrier
interactions and dielectric constant. An ionic chemical bond
between the metal and halogen results in a low orbital overlap
and at bands and thus high effective mass and low intrinsic
mobility. Geometrical factors along with chemical bonding also
affect the material properties. In 2D layered perovskites the
transport within the metal halogen planes is good. In the
direction perpendicular to the planes, however, a high effective
mass and very low mobility result in a directional charge
transport stemming from geometrical factors.38

The absorption coefficient is directly proportional to the
dipole strength of electronic transitions, the number of avail-
able states for light-induced electronic transitions and thus the
number density of polarizable electrons per unit volume. The
dipole strength is proportional to the transition dipole moment
m which is dened by:

mif ¼
ð
v

j*
f ðrÞerjiðrÞdr (5)

where j*
f , ji, e, r and v are the wavefunction of the nal orbital

and initial orbitals engaged in electronic transition, elementary
charge of electrons, the location of the electron and the volume
of the unit cell. Two dimensional materials show a better
stability but lower light absorption due to the lower number
density of metal/halogen atoms and thus electrons per volume
that can be active for light absorption and thus results in a lower
absorption cross-section.

Moreover, to have an effective charge separation in the solar
cell, the exciton binding energy should be low or be effectively
broken by the eld from the contact materials to produce more
free charger carriers than bound excitons. The exciton binding
energy (Ebin) is proportional to (m*/3):

Ebin f (m*/3) (6)

where m* and 3 are the effective mass of the charges and the
dielectric constant, respectively. The dielectric constant is
a related to the electric eld shielding within the material, i.e.,
lead with a large number of electrons can contribute effectively
to the shielding and thus a high dielectric constant. On the
other hand, it can also be affected by the degree of covalency of
the chemical bond.

Before reviewing the recent efforts for new perovskite solar
cell materials based on metal exchange within the lattice of
MAPbI3, more details of the crystal structures and the relevant
physical properties of the mother compound are presented in
the following section.
Sustainable Energy Fuels, 2018, 2, 1430–1445 | 1433
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3. Lead iodide perovskite materials

MAPbI3, the main compound of the ABX3 perovskite solar cell
family, has a tetragonal perovskite phase at room temperature.
The corresponding tetragonal lattice constants are approxi-
mately a ¼ 8.84 and c ¼ 12.64 angstrom with the space group
I4cm;47 however, the reported lattice constants in experimental
and theoretical research show slight variations depending on
the growth method/conditions or calculation details.14,47–49 A
phase transition from tetragonal to cubic symmetry occurs at
55 �C for single crystals47 and 54 �C for polycrystalline lms49

with a cubic structure having a lattice constant of 6.31 angstrom
and the space group of P4mm.47 The space group symmetries of
I4/mcm and Pm�3m for the tetragonal and cubic phases of
MAPbI3 are also reported,50 where the unit cell symmetry is
dependent on the orientational ordering of methylammonium
(MA) cations50,51 within the unit cell. Taking the rotational
freedom of the MA cations at room temperature into account,
with ipping on picosecond time scales,52 one should consider
a thermal-average structure rather than a specic xed structure
at room temperature when one compares the simulated and
experimental X-ray diffraction (XRD) data.30

A schematic illustration of the MAPbI3 tetragonal unit cell is
presented in Fig. 1b in which the lead iodide inorganic octa-
hedrons are surrounded by MA cations with different orienta-
tions. Depending on the orientation and the type of the cation,
the presence of defects and impurities and observed photo-
induced structural changes, the PbI6 octahedra experience
different tilting or distortions that modify the physical proper-
ties and photovoltaic performance.

Inorganic CsPbI3 and CH(NH2)2PbI3 (formamidinium lead
iodide – FAPbI3) are two other relevant compounds that have
Table 1 Material properties and device photovoltaic parameters for so
presented numbers represent the magnitudes and in some cases differen
details. Electronegativity and cation radius are reported from ref. 57 and

Parameters/material MAPbI3
Crystal structure I4/mcm (tetragonal)50

Optical band gap 1.6 eV (ref. 43)
Static dielectric constant 60–70 (ref. 1 and 60)—7.1b37

Hole mobility 0.6–1.4 cm2 V�1 s�1 (ref. 62)
Electron mobility 0.06–1.4 cm2 V�1 s�1 (ref. 62)
Electron effective mass 0.10m0

a,g66

Hole effective mass 0.10m0
g68

Diffusion length 1 mm (ref. 69)
e–h recombination lifetimee 5 ns (ref. 70)
Absorption coefficient 3 � 105 cm�1 (ref. 1)
Exciton binding energy 2–20 meV (ref. 74)
Density of sub-bandgap/trap states 1015 to 1016 cm�3

Time scale for e-transfer to
selective constant

Symmetric for e/h
sub-picosecond77

Time scale of carrier coolinge 1 ps (ref. 78)
Time scale of defect migrationf 300–1000 meV (ref. 81)

a m0 is the free electronmass. b 7.1 fromDFT calculations and 60–70 from e
for electrons. d Measured from nanocrystals. e Depends on the excitation
studies and experimental predictions. g From GW calculations. h From DF
i Measured from 12 nm nanocrystals. j Calculated by DFT in ref. 67. k Tot
have similar contributions in this number. l Roughly estimated from the lif
Einstein relation. m Lead: cation radius (Pb2+): 137 pm, electronegativity:

1434 | Sustainable Energy Fuels, 2018, 2, 1430–1445
been investigated extensively. The corresponding photovoltaic
phases at room temperature are cubic with Pm�3m symmetry and
a lattice constant of 6.36 angstrom for FAPbI3 (ref. 53 and 54)
and 6.17 angstrom for CsPbI3.55 At room temperature, the cubic
CsPbI3 is only stable in the absence of air and otherwise it
transforms to an orthorhombic yellow phase which can be
transformed back to the black phase at 310 �C.55

The success of theMAPbI3 in solar cell devices can, at least in
part, be ascribed to strong light absorption, long charge carrier
diffusion lengths, low-density of detrimental defects, and very
low exciton binding energy, collectively leading to high photo-
voltages, and near 100% internal quantum efficiencies (IQE)
within the device.56 Based on the choice of the monovalent A-
site cation, a wide range of bandgaps can be achieved for lead
iodide perovskites due to the geometrical factor described
above (Fig. 2b).35 A summary of relevant physical properties for
the three main compounds MAPbI3, CsPbI3 and FAPbI3 is
compiled in Table 1. It should be noted that the single crystal
values might be different from the reported polycrystalline
based values, which in turn are more relevant and realistic for
material properties as applied in devices. The latter could vary
with the precursor quality and the precise crystallization
procedure during lm preparation.
4. Lead exchange with divalent
metals
4.1 Tin and germanium perovskites

Historically, CsSnI3 has been used as a hole conductor in solid
state dye sensitized solar cells due of its high hole conductivity,
rst in 2012, before the emergence of solid state hybrid
lution processed films of MAPbI3, FAPbI3 and CsPbI3 perovskites. The
t numbers are reported by different groups depending on experimental
58m

FAPbI3 CsPbI3
Pm�3m (cubic)59 Pm�3m (cubic)55

1.48 eV (ref. 43) 1.73 eV (ref. 55)
49.4 (ref. 59) 8h61

3.5 (ref. 63) and 27 cm2 V�1 s�1 (ref. 64) 2 cm2 V�1 s�1k65

0.2 cm2 V�1 s�1 (ref. 63) 2 cm2 V�1 s�1k65

0.09m0
a66 0.13m0

a,j67

0.18m0
g,j67 0.17m0

g,j67

813 nmc43, 6.6 mm (ref. 59) 1.7 mml

453 ns (ref. 71) 20 ns (ref. 72)
4 � 105 cm�1 (ref. 73) 2.5 � 105 cm�1 (ref. 72)
10 meV (ref. 66) 20 meVi75

1.13 � 10�10 cm�3 (ref. 59) >4 � 1016 (ref. 76)
— —

1–40 psd79 A few 10 ps (ref. 80)
200–1200 meV (ref. 81) 200–1400 meV (ref. 81)

xperimental measurements. c Calculated by time resolved PL quenching
uence. f Calculated by DFT in ref. 81 which is in agreement with other
T calculations; Cs and MA lead iodine have the same dielectric constant.
al mobility measured experimentally, assuming that electron and holes
etime andmobility data of small quantum dots in ref. 65 considering the
2.33.

This journal is © The Royal Society of Chemistry 2018
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perovskite solar cells.82 Among the rst reported lead-free
perovskite solar cell devices were devices based on tin which is
the closest neighbour of lead in the periodic table with the
closest cation radius and electronegativity. The bandgap and
carrier effective masses are lower than those of its lead coun-
terpart due to a lower electronegativity of tin compared to lead
which can make a more covalent and less ionic chemical bond
with halogen atoms.37 Another difference is the magnitude of
the spin orbit coupling that is higher in lead compared to tin
perovskites37 due to the higher angular momentum of the outer
shell electrons in lead.

The lower bandgap of tin perovskites leads to a lower
maximum open circuit voltage from the device; the theoretical
limit for the short circuit current, however, has a current density
a bit over 40 mA cm�2 for MASnI3 in comparison to the corre-
sponding value of about 26 in MAPbI3 devices.37 The near 30%
theoretical limit for the PCE in devices based on MASnI3 and
CsSnI3 (ref. 83) is similar to the lead counterpart MAPbI3.

The calculated tolerance factor for MASnI3 and CsSnI3
structures is 0.92 (ref. 31) and 0.91 (ref. 84) respectively.
MASnI3 has a cubic lattice with Pm3m symmetry and a lattice
constant of 6.24 angstrom at room temperature85 with an
optical bandgap of 1.23 eV. MASnI3 crystalizes at room
temperature immediately aer spin coating of the precursor
solution.44 Efficiencies over 6% and open circuit voltages over
0.88 V have been reported.44 There are stability issues for tin
based perovskites which are related to the different oxidation
states of Sn and the unstable situation in air or situation with
residual oxygen, where all the device fabrication as well as
characterization procedures should be performed under air-
and oxygen-free conditions and the device should be encap-
sulated well.86 CsSnI3 with a bandgap of 1.3 eV has shown an
enhanced stability in a recent report83 and PCEs up to 4.8%
have been reported.87 FASnI3 can be stable up to 210 �C (ref.
88) and is able to reach comparable PCEs as other tin iodide
perovskite solar cell materials.89 The phase stability of tin
iodide perovskites has been discussed in ref. 44, 88 and 90.
The issue of toxicity for tin and lead perovskites has been
investigated in ref. 91, where tin is considered less toxic than
lead for the human body but considered more toxic for marine
animals and sh.

Bandgap tuning of tin perovskites can be achieved with
mixed composition compounds with different mixtures of
cations/anions. The size of the monovalent A-site cation can
alter the bandgap of metal halide perovskites through steric
effects,35 as outlined in the framework of tight binding theory:
the tilting of for example PbI6 octahedrons leads to different
orbital overlaps between lead and iodide and affects the
bandgap.35 In tin perovskites, however, due to the smaller size
of tin cations, different monovalent cations affect the bandgap
mainly by modifying the lattice constant of the perovskite and
enabling bandgaps between 1.24 eV and 1.56 eV by monovalent
cation engineering.92 Using different monovalent cations and
mixtures of different halides, bandgaps between 1.24 eV and 3.0
eV are theoretically predicted for tin perovskites where
a mixture of tin and lead perovskites can cover the absorption
up to 1060 nm.93,94 For tin based perovskites with the MA
This journal is © The Royal Society of Chemistry 2018
monovalent cation, mixed halide compositions can provide
bandgaps between 1.2 eV and 1.8 eV (ref. 48).

A mixture of FA and MA cations has resulted in 8.1% PCE95

and a mixture of I and Br anions reach a PCE over 6% (ref. 96)
for Sn-based perovskite solar cells. 12.6% (ref. 97) PCE has been
achieved in a device based on a lead : tin mixture composition.
The present record efficiency of 17.8% has been reported for
a mixed tin : lead perovskite with composition: MA0.4FA0.6-
Sn0.6Pb0.4I3 (ref. 92).

Germanium is the second closest element to lead in the
periodic table with oxidation state 2+, has a lower cationic size
and lower electronegativity. The toxicity of germanium is rela-
tively low98 and it has therefore been one of the projected
candidates for lead replacement. The spin orbit coupling (SOC)
has a very small effect on the germanium based perovskite
properties compared to tin and lead due to the lower angular
momentum of outer shell electrons.99,100 The Goldschmidt
tolerance factor of the germanium perovskites MAGeI3 and
MAGeBr3 is 0.99 and 1.00, respectively. The crystalline phase at
room temperature has a trigonal lattice with R3m symmetry and
a¼ 8.8(8.4) and c¼ 11.5(10.9) angstrom for MAGeI3(MAGeBr3)99

and the perovskites are thermally stable up to 150 �C.45 By
heating the samples, no phase transition to the cubic phase has
been reported and the tolerance factor here doesn't include
distortions from the electronic contributions.45 Inorganic
CsGeI3 also has a trigonal phase with a bandgap of 1.62 eV
(ref. 45) which can be transformed to a cubic phase at 277 �C
(ref. 101), where the defect physics of CsGeI3 is investigated in
ref. 102. Changing the size of the A-site cation as in RbGeI3, the
cubic structure adopts a m3m symmetry.100 Devices based on
germanium perovskite materials are not developed to the same
degree as solar cell devices based lead and tin compounds and
the complication in device engineering is connected to air
instability issues and complication with different oxidation
processes45,103 and the reported efficiencies are so far in the
range of 0.1–0.2%. CsGeI3 perovskites have a similar theoretical
PCE limit to MAPbI3 with around 31% due to their similar
bandgap if one neglects differences in charge carrier mobility
and the ability to create trap states. A more realistic estimation
would instead place the maximum PCE for germanium based
perovskite solar cells at signicantly lower efficiency compared
to the device efficiency limit for MAPbI3.

Bandgap tuning of germanium based perovskites is pursued
by utilizing different monovalent cations,103 halides99 and
mixtures of halides and cations104 leading to bandgaps of 1.3–
3.7 eV. Non-cubic germanium perovskite compounds show
nonlinear optical properties as reported in ref. 103 and 105.
Larger monovalent cations can lead to 2-dimensional germa-
nium perovskites with a higher bandgap and lower absorption
coefficient which results in an increased transparency.103,106

Electronic structure studies for several tin and germanium
perovskite compounds have been presented in ref. 37, 85, 102,
104, 105 and 107–109. Tin and germanium halide perovskites
both have a high extinction coefficient and high dielectric
constant similar to lead due to the very similar number density
of polarizable electrons per volume, similar metal/halide
orbitals for the initial and nal optical absorption states and
Sustainable Energy Fuels, 2018, 2, 1430–1445 | 1435
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similar shielding effects within the material. A summary of the
physical properties from experimental and theoretical studies is
presented in Table 2.
4.2 Alkaline earth metals

According to Goldschmidt rules, several alkaline earth metal
cations with oxidation state +2 can replace lead in a tetragonal
or cubic perovskite unit cell30 with retained crystal symmetry in
which strontium has the closet cation radius to lead. Therefore
the main difference would be the electronegativity and outer
shell electrons of the metal that forms the dominant partial
DOS at the bottom of the CB.39 As mentioned in Section 4, the
effect of the electronegativity of the divalent cation in the B-site
of ABX3 tetragonal perovskites has been reported previously,32

where a higher electronegativity difference between the divalent
cation and anion makes more ionic bonds and results in higher
band gaps. In metals, the normal denition of electronegativity
from covalent bonding considerations is not well dened and
the work function of the alkaline earth metal would instead be
a better parameter for the evaluation of the bandgap.39 In
a previous paper, we have investigated a series of alkaline earth
metals for photovoltaic applications.39 Fig. 3a shows the density
of states (DOS) for different alkaline earth metal halide perov-
skites in comparison to lead halide perovskites in which the
higher ionic nature for iodine-metal results in a higher band
gap. Outer shell electrons have s-character and the electroneg-
ativity differences with iodine are high which result in higher
bandgaps of 2.9–4 eV (ref. 39 and 111). This can be visualized in
charge density prole plots within the unit cell in Fig. 3c and
d for a comparison of Sr and Pb based perovskites. Pb–I bonds
have more even and higher distribution of electron density in
between the atoms compared to Sr–I in which the charge
density is located closer to the atomic nuclei (Fig. 3c). Higher
bandgaps together with a difference in the charge carrier
effective masses for alkaline perovskite materials reveal that
they are less suited as photovoltaic materials but can instead be
implemented as charge selective layers in an all-perovskite
device39 in which the same crystal structure and lattice constant
of the selective layer are benecial for epitaxial perovskite
depositions. It is also advantageous for a situation with less
Table 2 Selected physical properties of tin and germanium iodide perovs
ref. 57 and 58c

Parameter/material MASnI3 CsSnI3
Crystal structure Pm3m cubic,

a ¼ 6.24 Å (ref. 85)
Pm3m cubic,
a ¼ 6.22 Å (ref. 1

Optical bandgap 1.23 eV (ref. 44) 1.3 eV (ref. 83)
Electron effective mass 2.65me (ref. 108) 0.04–0.57me (ref.
Hole effective mass 1.03me (ref. 108) 0.07me (ref. 110)
Dielectric constant 8.2b37 48.2 (ref. 110)
Absorption coefficient 50–80 � 103 cm�1

(ref. 44 and 108)
—

Exciton binding energy — 12 meV (ref. 110)

a Calculated by DFT. b Calculated by DFT in comparison to MAPbI3 (8.2 fr
electronegativity: 1.96; germanium: cation radius (Ge2+): 87 pm, electrone

1436 | Sustainable Energy Fuels, 2018, 2, 1430–1445
thermal andmechanical stress in between the active and charge
selective layers at different working temperatures. A detailed
variation of the contact material lattice constants can also be
used for stress-engineering of the perovskite interface to further
tune the optical properties of the active layer, which has been
reported for silicon and other potential materials in solar cell
applications.112–114 Alkaline earth metals also suffer from high
reactivity with humidity and water39 and the sensitivity to
humidity is higher compared to the lead perovskite. There are
efforts to synthesize the alkaline earth metal based perovskites
of CH3NH3BaI3 (ref. 111), CH3NH3CaI3�xClx and CH3NH3CaI3
(ref. 115). Due to the possibility of metal replacement according
to Goldschmidt's rules with a retained lattice structure, alkaline
earth metal cations can also be used as dopants or for the
partial replacement of the lead in the MAPbI3 lattice in perov-
skite solar cell devices.116–119 Klug et al. investigated different
metal dopants in the MAPbI3 structure including divalent
metals and monovalent Mg2+ and Sr2+ dopants120 and presented
band edge shis, work function modications and impacts on
crystal growth as a consequence of doping. The band gap of
MAPbI3 was not changed but slight peak shis in the XRD
pattern was indicative of doping of the metal cations in the
lattice. Mg perovskites have been theoretically investigated and
predicted to have a bandgap of 1.7 eV in a 3D perovskite
structure despite the smaller cationic radius of Mg compared to
Pb2+.121 There are no experimental reports of 3D magnesium
halide perovskites yet.
4.3 Lanthanides and actinides

Lanthanide and actinide cations of Eu2+, Dy2+, Yb2+, Tm2+ and
Np2+ can according to Goldschmidt rules replace Pb2+ within
the tetragonal perovskite lattice. Most of the lanthanides are
non-toxic or less toxic than lead and rather abundant, i.e., more
abundant than Pt, Ru, gold and even iodine.40 Regarding
a vapor deposition scheme of lanthanide compounds, most of
them have a temperature similar or close to the lead system
vapor temperature. The difference between different lantha-
nides comes from the number of f-electrons which does not
contribute the outermost shell electrons apart from screening
effects. The VB and CB edges in lanthanide iodide perovskites
kite compounds. Electronegativity and cation radius are reported from

MAGeI3 CsGeI3

10)
Trigonal R3m,
a ¼ 8.8 Å (ref. 45)

Trigonal R3m,
a ¼ 8.35 Å (ref. 103)

2.0 eV (ref. 45) 1.62 eV (ref. 45)
110) 0.31 (ref. 99), 0.12me (ref. 100) 0.21–0.42 (ref. 102)

0.41 (ref. 99) 0.22 (ref. 102)
— 18.6 (ref. 102), 10.5a105

250 � 103 cm�1 (ref. 99) —

— —

om DFT and 60 from experiments). c Tin: cation radius (Sn2+): 136 pm,
gativity: 2.01.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) PDOS of alkaline earth metal iodide perovskites in comparison to MAPbI3 showing the effect of electronegativity on the bandgap.
Reprinted the figure with permission from ref. 34 Copyright 2016 by the American Physical Society. (b) Band structure and PDOS of MAEuI3
showing the contribution of Eu 4f and 5d orbitals to the top VB and bottom CB. Reproduced from ref. 40 with permission from the Centre
National de la Recherche Scientifique (CNRS) and the Royal Society of Chemistry. A comparison of chemical bonding effects in charge density
plots of (c) MASrI3 and (d) MAPbI3. Reprinted with permission from ref. 30 Copyright 2015 American Chemical Society.
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consist of lanthanide f-electrons and d-electrons respectively
and the main valence to conduction band electronic transition
for MAEuI3 is thus based on a local inner atom transition within
the La atom (Fig. 3b). Therefore, the optical absorption onset
would be rather inert with respect to quantum connement
effects.20,40 By choosing larger monovalent cations, 2-dimen-
sional layered perovskite structures can be obtained, i.e.,
(C4H9NH3)2EuI4.122 So far, experimental and theoretical efforts
have investigated a series of lanthanide based perovskite
materials such as MAEuI3,20,40 MAYbI3,40 MADyI3,40 MATmI3,40

and (C4H9NH3)2EuI4 (ref. 108) in which the lanthanum has a 2+
oxidation state; 3+ oxidation states of lanthanides can be
adopted for a double perovskite structure as discussed in
Section 6 trivalent metal substitution and in ref. 123.
4.4 Transition metals

Transition metals have multiple oxidation states that introduce
stability issues similar to the ones mentioned for tin and
germanium perovskites. They are abundant elements and have
a smaller cation radius than lead. Therefore, according to
Goldschmidt rules, smaller monovalent A-site cations should be
implemented together with transition metals in order to form
a 3-dimensional perovskite and otherwise they form
This journal is © The Royal Society of Chemistry 2018
2-dimensional layered perovskites which have directional
charge transport and a lower light absorption cross section
compared to 3D perovskites. In addition, some of the transition
metals such as Cd and Hg are highly toxic and even more toxic
than lead. Although the research is progressing for transition
metal halide perovskites, the photovoltaic capabilities of this
family of materials have so far been less promising than lead
halide perovskites.

MA2CuClxBr4�x forms a layered monoclinic/orthorhombic
perovskite structure in which metal halide octahedral layers are
separated by the MA cations. The band gap can be tuned with
different halide ratios as discussed in Section 4. Cortecchia et al.
investigated a series of such compounds with tuneable band
gaps where a low light absorption and heavy hole effective mass
due to the reduced dimensionality were likely part of the reason
for the initial poor device efficiency of about 0.01%.124MA2PdCl4
is a similar compound with a band gap of 2.2 eV, which forms
a 2D layered perovskite structure.125 (3-Pyrrolinium) CdCl3
forms a stable layered ferroelectric perovskite at room temper-
ature, which could reach a Voc of 32 V in a simple architecture,
but due to a very low current cannot be considered imple-
mentable in a full working photovoltaic device.126

Cui et al. synthesized layered copper bromide perovskites
with different A-cations in a solution-processed approach which
Sustainable Energy Fuels, 2018, 2, 1430–1445 | 1437
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Table 3 Properties of divalent metal halide perovskites including transition metal, alkaline earth metal, and lanthanide perovskites. Electro-
negativity and cation radius reported from ref. 57 and 58a

Material/property Crystal structure Band gap Electronegativity Divalent cation radius m*
e m*

h

MACaI3 (ref. 34) I4/mcm (tetragonal) 2.95 eV 1.00 120 pm 0.41me 9.6me

MASrI3 (ref. 34) I4/mcm (tetragonal) 3.30 eV 0.95 135 pm 0.41me 9.6me

MABaI3 (ref. 34) I4/mcm (tetragonal) 3.60 eV 0.89 152 pm 0.41me 9.6me

MAEuI3 (ref. 40) I4/mcm (tetragonal) 2.68 eV 1.2* 134 pm 0.54me 3.8me

MAYbI3 (ref. 40) I4/mcm (tetragonal) 1.98 eV 1.25* 122 pm 0.28me 4.3me

MADyI3 (ref. 40) I4/mcm (tetragonal) 3.23 eV 1.22 127 pm 1.13me 3.04me

MATmI3 (ref. 40) I4/mcm (tetragonal) 2.39 eV 1.25 123 pm 0.28me 3.94me

MA2CuCl4 (ref. 124) P121/a1 (monoclinic) 2.48 eV 1.9 87 pm 0.31me 1.71me

MA2FeCl4 (ref. 133) I4/mmm (tetragonal) — 1.83 75 pm — —
MA2PdCl4 (ref. 125) Layered Ruddlesden–Popper 2.22 eV 2.2 100 pm — —

a Values for lanthanides and alkaline earth metals are reported from DFT calculations by metal replacement in the tetragonal unit cell of MAPbI3.
Effective mass of charge carriers of the alkaline earth metals extracted for G to R. For lanthanides the effective masses are averaged in 3 different
directions within the reciprocal lattice. For the transition metal halide perovskites, the effective masses are reported within the ab-plane of the
layered structure.
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reach a bandgap of 1.74 eV and an efficiency of 0.6% in an
initial solar cell device application.127 Due to their multi-valency
and multiple oxidation states, transition metal monovalent
cations and trivalent cations have been implemented for doping
of MAPbI3 (ref. 128 and 129) and for the formation of double
perovskites130 as described in Sections 5 and 6.

An upcoming family of ABX3 perovskite structures consists of
divalent transition metals at the B site, alkaline earth metals at
the A site and S2� or Se2� at the X site, called chalcogenide
perovskites. A series of such compounds have been investigated
by DFT calculations in ref. 131 and 132 in which some of them
show promising device potentials and narrow bandgaps, i.e.,
CaZrSe3 and BaZrS3. The modication of chalcogenide perov-
skites with replacement of alkaline earth metals with MA+

seems promising to form a stable perovskite structure.132 In
these compounds, the main contributions to the density of
states at the VB and CB edges mainly originates in orbitals from
S/Se and the divalent transition metal, respectively.

Table 3 summarises the physical properties of some divalent
metal iodide perovskites for solar cell applications.
5. Lead partial exchange with
monovalent metals

Monovalent metals cannot replace lead in the perovskite
structure without charge compensation according to Gold-
schmidt's rules; they can partly be incorporated into the lattice,
however, as dopants in lattice or interstitial sites. The motiva-
tion for such an incorporation is to modify the material prop-
erties, i.e., to enhance the charge mobility and conduction. The
presence of such additives can change the local distortion of the
nearest PbI6 octahedra and affect the defect density or shi the
bands. Abdi-Jalebi et al. implemented monovalent cation
additives (Cu+, Ag+ and Na+) in the precursor solution of MAPbI3
in order to balance the hole and electron conductivities in the
material. They reported an enhanced voltage and current for AgI
and NaI additives which was attributed to a better crystal growth
and enhancement of the bulk charge transport.129 Related DFT
1438 | Sustainable Energy Fuels, 2018, 2, 1430–1445
calculations further show that the formation energy of the
interstitial incorporation and doping is negative and there are
no new intra-band gap states introduced aer the incorpora-
tion. X-ray Photoelectron Spectroscopy (XPS) data conrm the
presence of additives in the prepared lm and interfaces as well
as a band shi; however, it is not clear yet whether they are
incorporated as dopants or not. Shahbazi et al. reported an
enhanced hole extraction and device efficiency by the addition
of AgI to the precursor solution128 and Yang et al. reported
increased p-type conductivity in MAPbI3 aer the addition of
NaI to the precursor solution.134 Additional monovalent cation
precursors, i.e., CsI, KI and RbI, are implemented in a recently
reported cation cascade mixed perovskite135 with enhanced
stability and performance in which they are supposed to replace
the A-site MA+ or formamidinium (FA+) cations in the perovskite
lattice. Other divalent and trivalent dopant additives have been
implemented136 to modify the material properties although it is
not clear in all the cases if the dopants are accumulated at
interfaces or in the bulk of the perovskite acting as a dopant or
interstitial defect modier. A combination of monovalent and
trivalent cations can replace the lead in a double perovskite
lattice that is described in the next section together with the
situation for trivalent cations.
6. Lead exchange with trivalent
metals

Bi3+ has been the most investigated trivalent metal cation for
lead exchange in halide perovskite solar cell applications so far.
Because of the oxidation state of 3+ and its chemical bonding
preferences it cannot t within the tetragonal structure and
a hexagonal structuring result in A3Bi2I9 (A ¼ Cs or MA; space
group P63/mmc137) with face sharing BiI6 octahedra and lattice
constants a¼ 8.39 angstrom and c¼ 20.98 angstrom (presented
in Fig. 4a). The VB edge states consist of iodine states and the
lowest states in the CB consist of hybridized bismuth–iodine
states and a second CB with a 500 meV gap with respect to the
rst CB which consists mainly of Cs states.38 Bismuth perovskite
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Charge density planes within the hexagonal unit cell of Cs3Bi2I9 perovskite illustrating the continuous density within the ab-plane and
a non-continuous profile along the c-axis. Band structure of the bismuth perovskite calculated by (b) non-SOC DFT and (c) SOC DFT. The bands
show good dispersion within the ab-plane and very flat behaviour in the directions along the c-axis. Reprinted with permission from ref. 38
Copyright 2016 American Chemical Society.

Fig. 5 Schematic of the lattice for the layered AgBiI4 double perov-
skite with (a) trigonal and (b) monoclinic symmetries. Purple and grey
octahedral layers correspond to bismuth and silver iodide octahedra,
respectively. Reprinted with permission from ref. 148 2017 Wiley.
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materials also show very high Born effective charges138 and can
be produced by both solution processed139 and vapour deposi-
tion techniques.140 There is a phase transition at 160 K to
a monoclinic crystal structure with the space group C2/c.137

So far, different monovalent cations such as potassium,138

caesium,139 rubidium,138 methylammonium139 and guani-
dium141 have been implemented in bismuth halide perovskite
materials. The chemical bonding in the unit cell is formed in
a way that there is a good continuity in the charge density
planes within the ab-plane and on the other hand, there is no
bonding between the Bi–I networks in the direction of the c-axis
resulting in a layered perovskite with directional charge trans-
port38 (Fig. 4a). The layered structure with a bandgap of 2.2 eV
(ref. 38) is considered to have less toxicity and enhanced
stability140 compared to the 3D lead perovskite. The rather large
bandgap value, however, limits the highest obtainable PCE
from single bandgap devices and instead makes the material
more suitable for tandem applications. The band dispersion
shows directional transport where the at bands correspond to
high intrinsic effective masses in the out of plane directions
(Fig. 4b).

SOC effects are pronounced in the electronic structure for
bismuth compounds, although the amount of SOC split is lower
than that in the lead compound counterpart. In addition to the
limited directional transport, a lower dielectric constant, higher
exciton binding energy, and lower absorption coefficient are
found compared to MAPbI3 and would limit the expected PCEs
where the highest reported efficiency so far is about 1%.142 A high
exciton binding energy has been suggested from ab initio calcu-
lations due to the low dielectric constant,38 and exciton binding
energy values of 300–400 meV have been reported,143,144 from
experiment and theory. Apart from solar cell applications, light
emitting applications can also be considered in which a higher
exciton binding energy is benecial as, i.e., in MA3Bi2Br9.145

Johansson and co-workers could modify the material by
adding excess iodide in the precursors; the new material with
the expected formula Cs3Bi2I10 has a bandgap of 1.77 and
a signicantly higher absorption coefficient than Cs3Bi2I9.146
This journal is © The Royal Society of Chemistry 2018
Further modications with other cations leads to extended light
absorption and higher efficiencies based on AgBiI4 (ref. 147)
and Ag3BiI6 (ref. 148) with the highest efficiency of 4.3%.148

Fabian and Ardo et al. implemented a one dimensional
structure of hexadecylamine (HDA) bismuth iodide perovskite
with the formula HDABiI5 in a device application with 0.02%
efficiency, a bandgap of 2.05 eV and good thermal stability up to
200 �C.149 A series of bismuth based one dimensional layered
structures have been investigated in ref. 150.

These new materials implement a combination of a mono-
valent and a trivalent cation in a double perovskite structure
with edge sharing octahedra as a consequenceof i.e. silver and
Sustainable Energy Fuels, 2018, 2, 1430–1445 | 1439
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Table 4 Properties of trivalent double perovskites Cs2Bi3I9, MA2Bi3I9 and Cs3Sb2I9. Electronegativity and cation radius reported from ref. 57 and
58a

Cs2Bi3I9 MA2Bi3I9 Cs3Sb2I9

Crystal structure Hexagonal38 Hexagonal38 P63/mmc (hexagonal)46

Band gap 2.0 eV (ref. 38) 2.1 eV (ref. 38) 1.96 eV (ref. 46)
Electron effective mass 1me (ref. 38) 0.54me (ref. 38) 0.62me (ref. 46)
Hole effective mass 1.1me (ref. 38) 0.95me (ref. 38) 0.68me (ref. 46)
Static dielectric constant 9.1 (ref. 38) 9.6 (ref. 38) —
Absorption coefficient 7 � 104 cm�1 (ref. 38) 9 � 104 cm�1 (ref. 38) 2 � 105 cm�1 (ref. 46)
Exciton binding energy — 300–400 meV (ref. 143 and 144) —

a Bismuth: cation (Bi3+) radius: 110 pm, electronegativity: 2.02; antimony: cation (Sb3+) radius: 90 pm, electronegativity: 2.05.
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bismuth iodide layers (Fig. 5a and b). Turkevych et al. investi-
gated several members in the family with the general formula
MxM

0
yIz having a rudorffite structure (x + 3y ¼ z if M is mono-

valent and M0 is trivalent) in which by changing x and y one can
change the sequence of edge sharing octahedra.148

Another series of A3B2X9 double perovskites includes gold
and toxic thallium based perovskites in which themetal has two
oxidation states and can occupy monovalent and trivalent
oxidation states simultaneously and replace lead in two conse-
quent octahedra with mono- and trivalent metals in a layered
double perovskite lattice.151

Antimony is a neighbour of Bi in the periodic table with
oxidation state 3+ and a smaller cationic radius. In similarity to
bismuth, the antimony cation tends to form layered perovskites
with the formula A2Sb3X9. By choosing different monovalent
cations (A) the dimensionality of the antimony perovskite can
be controlled to be zero-, one- and two-dimensional structures.
Different monovalent cations of Cs+,46 Rb+,152 MA+153,154 and
N(CH3)4 (ref. 155) have been employed and depending on the
growth method result in 3D, 2D, 1D, and 0D perovskite struc-
tures respectively. For photovoltaic applications mainly
Cs3Sb2I9, Rb3Sb2I9 and MA3Sb2I9 (corresponding space groups
of P63/mmc46,143 and P1c1 (ref. 152)) have been investi-
gated46,152,153 and efficiencies of up to 0.66%, Voc of up to 0.89 V
and current densities of around 2 mA cm�2 have been obtained.
The bandgap is close to 2 eV or slightly more than 2 eV
depending on the monovalent cation and the absorption
coefficient can be as high as 105 cm�1.46,152,153

Another important family of double perovskites includes
A2BB0X6 (ref. 156) in which A ¼ MA/FA/CS, B ¼ Sb3+/Sn3+, B0 ¼
Cu+/Ag+/Au+ and X ¼ Cl/Br/I. And it is possible to modify the
structure by replacing B0 with a vacancy to form an A2BI6
structure.157 Cs2AgBiBr6 (ref. 158), Cs2Pb2Br6 (ref. 158) and
Cs2PdBr6 (ref. 157) are examples showing interesting photo-
voltaic characteristics for device applications. Here, the main
contributions to the VB and CB edges are from halide and metal
orbitals, respectively. For example, Cs2PdBr6 has a promising
1.6 eV bandgap with rather low hole and electron effective
masses and shows water resistance properties. A series of
double perovskites have been explored in ref. 130, 158 and 159
by DFT calculations. There are a wide variety of double perov-
skite compounds with a combination of mono- and trivalent
cations with interesting properties such as suitable band gaps
1440 | Sustainable Energy Fuels, 2018, 2, 1430–1445
and potentials for photovoltaic applications; so far, however,
there has been no double perovskite material found that can
compete or replace lead in MAPbI3. We refer the reader to ref.
151 for further information about double perovskite structures.
Other routes utilize cation addition by cation doping where
Snaith and co-workers implemented Al3+ doping for MAPbI3
based devices and have reached a PCE of 19.1% with a high PL
quantum yield.120 In another study, by Abdelhady et al., Bi3+,
In3+ and Au3+ incorporation in the MAPbI3 perovskite structure
has been shown to tune the band gap and enhance the
conductivity of charge carriers.160

A summary of selective physical properties of Bi and Sb
based perovskite solar cell materials is presented in Table 4.

7. Concluding remarks

The eld of lead based perovskite solar cell materials is devel-
oping fast and recently, highly efficient devices with improved
stability have been presented. On the other hand, lead free
materials can be environmentally friendly alternatives with the
added benet of an increased span of available bandgaps and
charge carrier anisotropies also opening for a wider set of
applications such as utilization as charge selective layers and
standalone or tandem conguration light absorbers as well as
utilization in light emitting applications. Lead based perov-
skites are still the champions for highly efficient devices (>22%),
where lead-free perovskite materials still show lower PCEs
(<10%). Tin, germanium and bismuth are the most investigated
lead free perovskites with interesting properties. Important
parameters for device applications such as a suitable bandgap,
high absorption coefficient, high dielectric constant, high
charge carrier mobility, low defect density, and device stability
have so far not been all been fullled by lead free perovskite
materials. With the emerging knowledge of the inter-depen-
dencies of the constituent elements and their bonding effects
on their crystal structure, exciton binding energy, bandgap and
light absorption partly understood, progress in further
improvement of material properties and their application in
different elds is expected. Gathering the theoretical and
experimental knowledge of these new systems, considerations
of different steric effects coming from ionic radii and atomic
orbital overlaps, and attention to the electronegativity and work
function of the metal and different chemical bond lengths to
This journal is © The Royal Society of Chemistry 2018
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different halogens, the density of available states at VB and CB
edges and the band energy dispersion can be understood and
controlled. The band dispersion together with the number
density and nature of the polarizable electrons are responsible
for the absorption coefficient and the intrinsic charge carrier
mobility. Mixed cation/anion lead perovskites so far show the
best efficiencies (>22%)161 and reported stabilities (stable for
1000 hours at 85 �C and 85% humidity under illumination)162

and a wide range of band gaps and tuneable properties can be
obtained with different mixtures of Br/I and MA/FA constitu-
ents.27 However, as mentioned in Section 1, there is still a need
to explore lead free perovskite solar cell materials. For lead free
compounds, further bandgap tuning is feasible based on
different monovalent cations or anions implemented in the
structure rather than the properties of the metal cation such as
electronegativity and the radius (see Section 4). The reported
bandgaps for different lead free perovskite compounds can be
further tuned by monovalent cation engineering as previously
implemented for lead based compounds. Although the mono-
valent cation has no contribution in the VB and CB edge elec-
tronic states, the steric effects from different A-site cations
change the tilting of the metal–halogen octahedra and conse-
quently affect the bandgap.35

In 2D layered perovskites with a lower number density of
available metal–halogen octahedra per unit volume, light
absorption cross-section is smaller than that of 3D materials
and they show a natural charge carrier anisotropy due to their
lower dimensionality. Lanthanide perovskites have a local
interatomic near band edge light absorption arising from
lanthanide d and f states which results in strong lumines-
cence. In the 2D structures there are also combinations of
electronic and structural effects, where e.g. d-orbital domi-
nated CB edges and layered structures with less connectivity
between the metal halogen octahedra result in lower disper-
sion in the electronic band structure and higher effective mass
and lower mobilities.

Lanthanide based halide perovskites have special lumi-
nescence; metal halide perovskites based on alkaline earth
metals have a relatively high bandgap making them less suit-
able as a photoabsorber but can instead be used as charger
selective layers with benets of a similar lattice structure to the
light absorber in an all-perovskite solar cell device. Mono-
valent and trivalent metals are adopted in double perovskite
structures or as additives to perovskite precursors to modify
the growth and enhance the desired physical properties of
MAPbI3. Progress is made by strategies to further improve the
photovoltaic characteristics of lead free materials by
enhancing the light absorption and stability together with
a combination of 2D and 3D structures to improve the charge
mobility through structural modication with a better orbital
overlap between the octahedra. The perspective presented in
this work surveys the most recent work of new lead free
perovskite materials and their physical properties by which
a better understanding of the relationships between the
different constituent elements and the resulting optoelec-
tronic properties is conjectured to be valuable for the perov-
skite solar cell eld.
This journal is © The Royal Society of Chemistry 2018
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