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The influence of metal ions on perovskite properties and resulting device perfor-
mance has been undeniable in progressing the field of inorganic and organic-in-
organic hybrid perovskites. Here we provide a review on the capacity of metal
ions to impart a broad range of effects from controlling crystallization to the
alloying, doping, and passivation of perovskite materials. Although some metal
ions have already proved effective in modulating bandgaps through alloying,
their ability to control crystallization, carrier concentration, and emissive effects
still require significant improvements in fundamental understanding. This pre-
sents enormous opportunities in research that may afford novel properties and
applications through unparalleled control of perovskite materials.

Current Status of Alloying and Doping in Perovskite Devices

Perovskite materials have emerged as a focal point in optoelectronic research, demonstrating ex-
ceptional intrinsic properties including long charge-carrier diffusion length, tunable bandgap, low
mid-gap trap density (see Glossary), high absorption coefficient, and efficient
photoluminescence (PL) [1-8]. The ability to harness all of these desired properties in one material
coupled with the scalable, low-cost solution processability has made them highly attractive for
next-generation electronic devices [9,10]. To date, perovskite materials have afforded detectors
with excellent sensitivity and low noise for photons and X-rays, light-emitting diodes (LEDs) with
internal quantum efficiencies approaching unity in the visible and near-IR regions, lasers with
high quality factors resulting in an ultralow threshold (220 nd cm™2), and most notably perovskite
solar cells (PVSCs) and perovskite-silicon tandem devices recently achieving certified efficiencies
of 23.7% and 28.0%, respectively [10-16].

Such impressive performance has been made possible by the ABXg structure of perovskite
materials, where A is a +1 cation that is typically either organic [methylammonium (MA) or
formamidinium (FA)], inorganic [cesium (Cs™)], or an organic—inorganic hybrid composition
(OIHP), B is a metal cation most commonly comprising lead (Pb®*), and X is a halide or
mixture of halide anions (CI7, Br™, or I"). The ABX3 structure of perovskites allows tremendous
capabilities in compositional engineering to tune the physical properties of perovskite materials.
Box 1 provides an overview of the mechanism and theory for tuning bandgap and mid-gap
trap density. However, depending on the chosen composition, the material is capable of
conforming to various crystal structures — cubic, tetragonal, orthorhombic, or hexagonal — with
differing properties [17]. Box 2 explains further the ability to predict the phase and stability of a
given composition.

Recent research on perovskite defect passivation and compositional engineering for improved
solar-cell performance and stability has accelerated the field [18]. To realize novel optoelectronic
properties for targeted commercial applications, it is necessary to further optimize and tune the
photoelectric performance of halide perovskites. To address these needs and further improve de-
vice efficiency and stability, research has recently taken interest in the incorporation of metal ions
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Box 1. Predicting Perovskite Formation and Stability

First reported by Goldschmidt to describe the predicted structure of oxide perovskites, the Goldschmidt tolerance factor
has been proven equally capable of providing a simple and reliable empirical index for predicting the structure and stability
of both hybrid and inorganic perovskite materials. Using the following expression,

po_Tatix 0l
V2 (rg +rx)’

the tolerance factor (t) is determined by the ionic radii of the A cation (ra), the B cation (rg), and the X anion (ry). For
compositions with a mixture of cations for A or B, or a mixture of halides for X, an effective ionic ratio is estimated by
using the weighted average of the atomic ratio, as described by G. Kieslich and coworkers [94]. Although compositions
with 0.71 <t > 1.0 should all result in a perovskite phase, experimental results reveal that current perovskite materials
are achieved when 0.85 <t>1.0. When considering the tolerance factor only, experimental perovskite materials have been
found to be stable only when 0.9 <t > 1.0. Due to significant tilt in the BXs octahedron, the structure is destabilized if t < 0.9
and the formation of a hexagonal phase occurs if t > 1.0.

Although the tolerance factor provides a simple screen of possible compositions, it is not capable of determining an accu-
rate thermodynamic understanding of resulting stabilities. To more accurately describe stability, Li and colleagues were the
first to use the octahedral factor (1), which is equal to the ratio of rg to ry, in conjunction with the tolerance factor to produce
a (t, 1) map capable of qualitatively displaying the threshold of perovskite stability [95,96]. A qualitative thermodynamic un-
derstanding of the prediction of stability was not thoroughly explored until Sun and Yin considered the decomposition en-
ergies ( Hp) of materials (Figure I) [97]. It was also found that as a stability descriptor, (1 + t)” where n is the atomic packing
fraction provides a linear correlation to calculated Hp and the ability to predict the stability of perovskites with ~90% ac-
curacy. Based on existing stable inorganic halide perovskites, stability can be achieved in the range 0.813 <t < 1.107
and 0.377 <y <0.895 [97]. It should be noted that these works consider fully inorganic perovskites and that when an or-
ganic cation like MA or FA is introduced, it is difficult to provide predictions with such high accuracy due to the heteroge-
neous distribution of charge, nonspherical shape, and rotation within the lattice.

T
0.7 - :‘ . Stable region I
- | Cy KBiC]
l~ % . 0, CsPhCL /\““ >0
S8 § CsPOBr, Cs AgBIC)
[ Rorderline % . 5/ S/ oseai
S 0.6 1 - Py ° °o.//,( s, NaBiC)
9 A S o B—Cs AgBiBr,
& }“ o % a— CsSnBr
2 0s ROPBL ™ o ‘(_:\'m Oy AgSHCL
£ 02 hSals I ‘:?/\ < ® O nashey
b . %o g o
= L£ALeS) ¢ ‘."" ke
s 04 - . . . ‘h\: . °
2 : . \Srz.rs,’~“”"‘ s R .
= s, * N, o,
AH <() P « o o °
0.3 R a1 * N,
Unstable region |
0.7 0.8 0.9 1.0

Tolerance factor, ¢
Trends in Chemistry

Figure I. Map of (t, u) for a Number of Perovskite Compounds Where Those in Red Have Hp >0
(predicting the structure to be stable) and those in black have Hp < O (predicting the structure to be
spontaneously unstable). Adapted, with permission, from [97].

into perovskites to afford novel alloying and doping capabilities (Figure 1). Doping of semicon-
ductors like silicon has demonstrated precise control over exotic and attractive material proper-
ties, which ultimately has endowed society with most of the essential electronics enjoyed
today. This eludes to the unknown auspicious opportunities of perovskite doping that may
grant novel device architectures for even greater performance and stability. Herein, we provide
an overview of reported advances in the study of the incorporation of metal ions in halide
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Glossary

Aliovalent: ion with an oxidation state
different than that of the ion it is designed
to replace in the crystal lattice.
Considering the B site of halide
perovskites, ions with an oxidation state
of 1+, 3+, or 4+ would all be aliovalent to
the 2+ B site.

Dedoping: the introduction of
impurities resulting in the shift of the
Fermi level towards the center of the
bandgap to provide a more intrinsic
semiconductor.

Defect passivation: the elimination of
defect-induced trap states or reduction
of the depth of those trap states to
mitigate detrimental nonradiative
recombination pathways.

Device hysteresis: when measuring
the current-voltage (I-V) characteristic of
asolar cell, a voltage is applied, scanning
a range across negative and positive
bias, and the generated current is
measured. If the shape of the measured
curve varies when scanning from
negative to positive bias and positive to
negative bias, the device has a hysteretic
effect.

Doping: the controlled addition of
impurities to alter the electrical and
optical properties of semiconductors.
These impurities can change the
conductivity of a material and even alter
conduction processes between
conduction by negative charge carriers
(electrons) or positive charge carriers
(holes).

Fermi level: the highest energy state
occupied by an electron at absolute
zero, or the amount of work done to add
an electron to the system.

Isovalent: ion with the same oxidation
state as the ion it is designed to replace
in the crystal lattice. In the case of halide
perovskites, for an ion to be isovalent
with the A, B, or X site it must have a 1+,
2+, or 1- oxidation state, respectively.
Mid-gap trap density: the density of
trap states that lie in the middle of a
semiconductor’s bandgap. A high trap
density deep within the bandgap of a
semiconductor can result in adverse
nonradiative recombination.

n-Type: a semiconductor material in
which the electrical conductivity is
dominated by the movement of
negatively charged electrons,
traditionally resulting from being doped
with electron donors. As mentioned in
Box 3, the self-doping in halide
perovskite can result in the same effect.
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perovskites and their role in altering fundamental properties to influence device performance.
Throughout the review, the influence of metal ions and their impact on PVSC device performance
are summarized in Table 1 (Key Table). Ultimately, we hope to provide a comprehensive review of
the effects of metal ions in perovskites to update the field and propel future research in a more
informed direction to attain greater fundamental understanding while developing novel perovskite
material properties and devices for next-generation technologies.

Influence of Metal lon Incorporation

On the addition of foreign metal ions to perovskite materials, there are a number of possible out-
comes, including alloying, doping, or exclusion during crystallization. Alloyed perovskites are
formed by the substitution of a portion of the A, B, or X sites with an appropriate analog to
match and maintain the ABX3 perovskite structure. Most commonly, alloying is achieved via sub-
stitution by or the incorporation of an isovalent ion. Alloying has afforded the auspicious capabil-
ity for tuning band structures of perovskites to achieve a range of useful bandgaps, from 1.20 eV
t0 2.30 eV (Box 1) [4,19-21]. Beyond seeking Pb-free alternatives by entirely replacing the B site
with less toxic metals [22] (Figure 1A,B), alloying of isovalent metals like tin (Sn?*) at the B site of
ABX3 materials has proved capable of producing narrow-bandgap materials (attractive for perov-
skite—perovskite tandem solar devices). However, Sn-based perovskites have been proven to be
highly unstable due to their ability to be easily oxidized to Sn** and introduce significant defects
and excess holes [23]. Employing fully inorganic Cs*-based CsPbls_,Br, compositions has
afforded PVSCs with improved stability and the potential for application in switchable electronics
[24,25]. Alloying organic cations like FA at the A site has also provided exquisite control over the
bandgap; however, FA-MA alloyed materials also lack stability due to perovskite systems be-
coming even more intricate and dynamic when introducing the tumbling and vibrational effects
of a FA cation [26,27]. This has led to triple-A-cation (CFM) perovskites comprised of alloying a
small amount of Cs* with MA and FA for highly stable materials while still achieving favorable
band gaps [28,29]. Several studies have established improved stability to be a result of the
triple-cation system, enhancing the entropy of mixing, improving the tolerance factor, reducing
crystal strain, and restricting the tumbling of FA by increasing the hydrogen-bonding interaction
between FA and the I” of the Pblg octahedron [17,27,28,30,31]. The use of alloying has afforded
some of the most efficient PVSCs to date, with the highest certified power-conversion
efficiency (PCE) reaching 23.7% [10].

The ability of metal ions to alter bandgaps and stability via alloying has allowed excellent progress,
but not all metal ions are adequate for alloying. While halide perovskites have been determined to
possess unique self-doping capabilities (Box 1), it has been calculated that the incorporation of
various aliovalent metals into halide perovskites could allow either p-type or n-type materials
through extrinsic doping [32]. It is important to note that, considering the reported studies thus
far, the experimental achievement of such doping has proved to return mixed results. In the
case of substituting Bi®* for Pb?* at the B site of intrinsically p-type MAPbBr3 single crystals,
the additional electrons donated by the 3+ metal upshifts the Fermi level and flips the sign of ma-
jority charge carriers from p- to n-type while also improving the conductivity [33]. Although the
ability to alter carrier concentration is particularly opportune for many electronic devices, the sub-
stitution of A, B, or X by an aliovalent ion inevitably introduces undesirable defects into the crystal
structure due to the formation of vacancies or altered bonding environments. These defects can
introduce electronic trap states deep within the bandgap of perovskites capable of hindering the
stability and performance PVSCs. Assuming ideal crystallization of Bi-doped MAPbBr3, the sub-
stitution by Bi®* at the B site results in one excess e~ and 0.5 Pb vacancies (Vpy) for every Bi atom
to give a composition of CHzNH3zPb4_,Bisy/sVepy/als + €7 [34]. The detrimental effect of these
defects on material properties is evident in Bi®*-doped MAPbBTr3, resulting in significant strain-
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Power-conversion efficiency (PCE):
the percentage of incident power from
ilumination by light that is effectively
converted and extracted as electricity.
p-Type: a semiconductor material
which the electrical conductivity is
dominated by the movement of
positively charged holes. This is
traditionally achieved by doping with
electron acceptors; however, in halide
perovskite it can also be due to the
self-doping discussed in Box 3.
Radiative recombination: the
annihilation of an electron-hole pair
resulting in the emission of a photon.
Trap states: energetic states that lie
within the bandgap of semiconductors
that can trap either electrons or holes
and facilitate detrimental nonradiative
recombination processes. These traps
are attributed to the presence of defects.
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Box 2. Perovskite Bandgap Formation
The electronic structure of the A, B, and X components and their resulting interactions give rise to the properties that have caused perovskite materials to gain so much
attention in the past decade. Particularly of interest is the formation and control of bandgaps with low trap density.

The generation of perovskite bandgaps is directly dependent on both the B and the X ion, with mild indirect effects from the A-site cation [5]. For example, in MAPbI; the
formal valence electron structure of Pb?* is 6s26p° and I is 5p°. As illustrated in Figure I, the majority of the valence band (VB) is formed by bonding (o) interactions
between I(5p) and Pb(6p) [5,98]. It is critical to note that the VB maximum (VBM) is primarily dictated by the I(5p) orbitals with only minor contributions from the antibond-
ing (0% I(5p)—-Pb(6s) due to the stereochemically inactive Pb(6s) cationic lone-pair electrons [5,99,100]. This makes the VBM position highly sensitive to various halides.
From Clto Brto |, with respective orbitals of 3p, 4p, and 5p, the ionization potential decreases to upshift the VBM [5]. By contrast, the conduction band (CB) is generated
from the o* orbitals of Pb(6p)-I(5p) interactions. In the case of Pb (6s%6p?), the CB minimum (CBM) is formed by the empty 6p orbitals. This unique band structure pro-

vides deep-trap tolerance due to 0" orbitals in the VB that raise the VBM energy and the relativistic effects of the B-site cation lowering the CBM energy to make defect-
induced trap states either of shallow energy or resonant within the bands (Figure |).

Studies on the replacement of Pb with Sn or Ge [4,5,19,70,72,101] (all group 14 elements with similar electron structures) and studies of Sb- and Bi-alloyed materials
[33,35,50,102] highlight the effects of alloying on the CBM and VBM. Elements with lower atomic weights relative to Pb (Sn, Ge, and Sb) provide greater ns? contribution
to the o* characteristic of the VBM, raising its energy. By contrast, Bi has a higher atomic weight than Pb and results in increased spin-orbital coupling to favorably lower
the CBM. Thus, achieving a balance of low trap density and stability has proved to be quite troublesome. This effect is evident from the instability of Sn and Ge in a 2+

oxidation state and the high defect density resulting from the incorporation of Bi®

Increased spin orbit couping
Shallow defects near CB c8
Sb (p)

. f \) o Sb (p)
f {_ {__ —
! ] Pb(6p) Mid-gap Qa j — L1
'l IEG states Shallow

I
I
I states

x o X
1
'y 1N 3&0
iy I N e 1(p) J——

| ( 5 ) O | — ) % 1(p)
\ Sb (s
\ 4 4 — _() Reduced ns* contribution Sb [S)
\ g VB Deeper defects near VB VB
\— — N— Bi(s)
Trends in Chemistry

Figure |. The Formation of Valence and Conduction Bands in MAPbI; from Bonding (o) and Antibonding (c*) Orbitals Shown Relative to the Isolated
s and p Atomic Orbital Energies of Halide and Metal. The resulting effect of electronic structure on mid-bandgap defects. Adapted, with permission, from [98,102].

induced instability and recombination centers capable of facilitating adverse recombination
pathways [33,35-37].

Although undesirable for PVSC application, the incorporation of metal ions resulting in recombi-
nation centers has been effectively utilized to tune the emissive properties [e.g., PL quantum
yield (PLQY)] of perovskite nanocrystals (NCs) for LEDs [8,38]. A wide array of lanthanide and
transition metals have been reported to incorporate into inorganic-based perovskite NCs [30,
39-43]. In these perovskite-host structures, excitons generated in inorganic frameworks exhibit
fast and efficient exciton energy transfer to the incorporated metal ion to facilitate radiative
recombination (Figure 1C) [38]. Tuning the metal ion has then been able to control the wave-
length of emitted light to produce a remarkable color gamut while also improving the PLQY
(Figure 1D), making metal ion incorporation an attractive avenue for the development of next-

generation LEDs.

Although some metals have shown essentially no capability to incorporate into perovskite
structures, their effect on perovskite properties is far from inert. From even some of the earliest
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Box 3. Self-Doping in Perovskites

Self-doping in hybrid perovskites was first observed and described for MAPbI; films by Q. Wang and colleagues [103]. It was determined that MAPbI; films prepared
from a precursor with perfect stoichiometry of 1 MAI to 1 Pbl, showed heavily n-doped properties with an electron carrier concentration of 2.8 x 10'” cm™2. However, a
lightly p-doped film with a hole carrier concentration of 4.0 x 10" cm= was formed when a stoichiometry of 1 MAI to 0.3 Pbl, was used. The ability to shift between n-
and p-type materials purely by adjusting the precursor ratio demonstrated the composition dependence of the self-doping effect in OIHPs where Pb?*-rich films result in
n-doped materials and p-doped materials result from MA-rich films. It is suspected that a precursor with excess MAI induces a significant number of Pb (V) and | (V)
vacancies, but the p-type nature is expected to be primarily due to Ve, due to a much lower formation energy from previous calculations [104]. The n-type nature of films
with a 1-to-1 stoichiometry is then attributable to the formation of V, and MA vacancies (Vya) due to evaporation during the thermal annealing process that is standard for
OIHP thin films. Calculations show that V, has a lower activation energy relative to Via, suggesting that V; also contributes significantly to the n-type nature of flms with 1-
to-1 stoichiometry [103,104]. Ultimately, these experimental results match well with the computational work of W. Yin and colleagues suggesting n-doping in Pblx-rich
films and p-doping in those with Pbl, deficiency [104]. Interestingly, it was found that additional annealing of the p-doped films was able to revert them to n-doped, while
surface treatment with a solution of MAI was able to convert the n-doped films to p-type (Figure I) [103]. This demonstrates a materials processing dependence of self-
doping in OIHPs and may be a source of some discrepancies between reports of attempts to incorporate the same metal into the same composition.
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Be Formed in Fiims) and the Resulting Shift in Fermi Level Due to Composition and Annealing. Adapted, with permission, from [103].
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Figure 1. The Alloying and Doping of Halide Perovskites via Incorporation of Metal lons. (A) The absorption
spectra and calculated Urbach energies for a range of Sn”*-alloyed halide perovskites. (B) The resulting bandgap
modulation using Sn®* alloying. (C) Schematic of the fast transfer of exciton energy to metal ion-induced recombination
centers to provide tunable emission in a wide color gamut. (d) The emission spectra of CsPbClg nanocrystals (NCs) doped
with various lanthanide ions demonstrating tunable emission. (E) The Fermi level shift in MAPDbI3 with the incorporation of
Cu* and Ag*. Adapted, with permission, from [4,39,59].
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Key Table

Table 1. Influence of Metal lon Incorporation on the Performance of PVSC Devices and Proposed
Origin of Effects®

Metal added Composition mol% Device/sample ~ PCE Cause Refs
Metal
AP [Allacac)s] MAPbI5 0.15 PVSC (p-i-n) 171 - 19.1 Improved V. and Jg. due to higher-quality [49]

films with reduced microstrain

Sb®* (Sblg) MAPbI5 1 PVSC (n-i-p) 131 —-15.5 n-Doping resulting in greater built-in [50]
potential, improved electron transport with
long diffusion lengths

Bi?* (Blil,) FAPDI3 5 PVSC (n-i-p) 13.02 — Lower resistance as well, improved stability [51]
17.78 of alpha-phase
In®* (INCls) MAPbI3 3 PVSC (p-i-n) 12.29 — Induces multiple preferential growth [563]
17.34 orientations beneficial to charge transport
Eu®* [Eu(acac)s] (Cs0.14FA0.43MAg 43)P0(l2.6 Bry 4)(Cl) 0.15 PVSC (n-i-p) 18.5 — 20.7 Lower defect density and improved stability [56]
due to redox shuttle of
Eu®/Eu?t
Ag* (Agl) MAPbI3 3-8 PVSC (n-i-p) 16.7 — 20.0 Dedoping from n-type to intrinsic, reduced [59]

disorder, reduced nonradiative
recombination rate, passivation

Cu *(Cul) MAPDI4 3-8 PVSC (n-i-p) 16.7 - 19.2 Dedoping from n-type to intrinsic, reduced [59]
disorder, reduced nonradiative
recombination rate, passivation

a* (Nal) MAPbI3 3.0 PVSC (n-i-p) 16.7 — 20.5 Reduced disorder, reduced nonradiative [59]
recombination rate, passivation

1.0 PVSC (n-i-p) 15.56 — Larger grain sizes reducing grain [62]
18.16 boundaries and trap states, enhancing
built-in potential
0.25 PVSC (p-i-n) 12.8 —» 14.54 Improved grain sized and crystallinity [91]
K* (K1) MAPbI5 N/R PVSC (n-i-p) 156.56 — Larger grain sizes reducing grain [62]
17.81 boundaries and trap states, enhancing
built-in potential
0.5 PVSC (p-i-n) 12.8 —» 15.31 Improved grain sized and crystallinity. [91]
Hg?* (Hgly) MAPbI3 10 PVSC (p-i-n) 8.6 —>11.9 Increased grain size [67]
Co?* [Co(OAC) MAPbI3 1.6 PVSC (p-i-n) 16.6 —» 17.2 Improved Vo due to shift in Fermi level [75]
2
Fe®* (Fely) MAPbI5 10.0 PVSC (p-i-n) 10.3 - 0.9 Half-metallic behavior shorting the device [77]
Cd?* (Cdly) Cs0.0sMA.15FA0 8Pbl2 55Brg.45 N/R PVSC (n-i-p) ~21.5 Dramatically increased stability due to [78]
—~21.5 suppression of defects
Ca?* (Caly) MAPDI3 0.5 PVSC (p-i-n) 16.1 — 19.3 Improved crystallinity and effective defect [83]
passivation
Ba?* (Bal,) MAPbI4 3 PVSC (n-i-p) 11.8—-14.0 Improved crystallinity and grain [85]
morphology
Sr?* (Srly) MAPbBCl3 1.0, PVSC (n-i-p) 13.7 - 10.3 Poor morphology and likely large defect [85]
10.0 — 0.05 density
Sr?* (SrCly) MAPbI3 10 PVSC (n-i-p) 13.0 - 15.9 Control of crystallization for lower defect [92]
density
Mn?* (MnCly) CsPbl,Br 2 PVSC (p-i-n) 11.88—13.47 Large-aspect-ratio grain sizes, passivation [90]
of grain boundaries
Rb* (Rbl) MA7FAgsPbls 1 PVSC (n-i-p) 17.5 — 20.3 Passivation of grain boundaries by Rb-rich [93]
phase

2Note that the table is not exhaustive but contains recent reports with the most significant change attributable to similar effects in earlier reports of the same metal.
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studies of crystallization, it has been evident that the presence of metal ions can influence the
crystallization of materials [44]. It is now understood that impurity ions can either impede or fa-
cilitate the growth of crystals in the direction of selective planes by adsorbing to a growing
surface and inducing steric hindrance or lowering the surface energy to catalyze growth
[45-48]. J. Wang and colleagues have reported preferential growth of the (110) direction on
the addition of small amounts of aluminum (AI®*) (Figure 2A). While AI** is nearly entirely ex-
pelled to surfaces and grain boundaries during crystallization, the resulting perovskite films ex-
hibit improved crystallinity by a ~0.5% contraction in lattice spacing and reduced electronic
disorder and strain in the bulk (Figure 2B) [49]. Improved crystallinity is thought to be indicative
of AI®* inducing more ordered coordination of halides to Pb?* to effectively reduced iodide va-
cancies (V)) in the bulk [49], which we suspect may also influence the self-doping process. The
ability to suppress defects in the bulk through controlled crystallization while AI** localized at
grain boundaries can provide additional passivation of surface defects (similar to the effects re-
ported for other additives and metals) demonstrates the potential benefit of multifunctional
metal ions.

Influence of Aliovalent High-Valency Metals

The ability to alter the Fermi level of semiconductors using higher-valency aliovalent ions, like Bi®*
discussed above, is particularly enticing for the potential doping of ABX5 perovskite materials. In
addition to Bi**, Zhang and coworkers confirmed the incorporation of antimony (Sb®*) to provide
direct n-doping in MAPbls [50]. The substitution of Pb?* by aliovalent Sb®* was confirmed to gen-
erate vacancies that could act as deep charge traps. The generation of defects by aliovalent
metals introduces significant local strain that hinders the stability of perovskite materials [35,37].
To maximize the charge-carrier density without reaching a detrimental trap density, the concen-
tration of incorporated antimony (Sb>*) was tuned to provide a 30% increase in carrier density
(Figure 2D). Improved carrier density and upward shift of the Fermi level resulted in a 0.095-V in-
crease of open-circuit voltage (V,c) and a PCE of 15.6%, compared with the 13.1% of their pris-
tine MAPDlI3 devices [50]. Interestingly, contrary to the high defect density generated by the
incorporation of Bi®* in MAPbBY3, it is reported to improve the stability of CsPbls and FAPbl; ma-
terials, demonstrating that the influence of Bi®* is dependent on composition [51,52]. Gold (Au®*)
and indium (In®*) have also been reported to be capable of incorporation [33], but their doping ef-
fects have yet to be fully characterized and warrant additional research.

Besides doping effects, metals like AI** can provide tremendous morphological control to im-
prove further the PCE of PVSCs from 17.1% to 19.1% [49]. The incorporation of indium (In%*)
has also been reported by Wang and colleagues to influence morphology by facilitating preferen-
tial growth of grains in several orientations [53]. While exhibiting small grains with a variety of pre-
ferred growth orientations, incorporation of In®* was still reported to reduce defect density by
improving the ordering of MA within the perovskite structure and PVSCs, with improved PCE
[49,53].

The incorporation of aliovalent rare earth (RE) metals (i.e., Ce®*, Sm®*, Eu®*, Tb®*, Dy®*, Er®*, and
Yb®*) has afforded control over the emissive properties of CsPbBrs_,Cly NCs [30,39-43]. As de-
termined from X-ray diffraction experiments, NCs with RE metals exhibit smaller lattice spacing
while maintaining the same tetragonal phase of pristine NCs, representative of successful substi-
tution of Pb?* with smaller RE metal cations [39]. However, few RE metals have been reported in
perovskite thin films or single crystals, making it an attractive direction as europium (Eu®*) is re-
ported to stabilize CsPbls thin films as well as producing highly efficient CsPblBr, solar cells
[54,55]. Most recently, L. Wang and colleagues reported the capability of Eu®* to be used as a
tool to impart high operational stability [56]. It was determined that Eu®* is able to act as a

Cell

REVIEWS

Trends in Chemistry, July 2019, Vol. 1, No. 4 401




Cell

REVIEWS
(A) e 0 Mol% " (B) T T T T T T
0.075 mol%
10°F 015 mol% (110) 0.014 - 7
03 mot% | (2':’0)
0.75 mol% b
[——1S5mol% ¢
5 - 2 0.012 -
c
- ]
S £
E g 0.010 -
(7]
5 8
-f» .S 0.008 |- -
3 -
0.006 |- iﬁ -
0.004 Il A L 1 L A1 1
4 00 03 06 059 1.2 15
(C) 200) (D) Doping concentration (mol%)
14 0014
1 (@]
m PCE 500 |- "X
124 average @9 i
R o O i O PCEmaximum - ' oo
104 8 i i l‘n 400 |- 40010
< 8: 8 8 N 40008 7
< ) Suof | e
W K Jooos 2
8 1 g ‘O_ 0 9 C
44 :2 O o 4 0.004
Q o
2" 100 | ° —_— - 0.002
] g o
0 Y @ {0000
0.00 0.05 0.10 0.15 0.20 0.25 0.30 2 4 o s 0

X value in MAPb,_ Hg, |, Sb concentration (%)

(E)

~
=0

1
-~ = -~ Ca 0%
Z 10p aey - B €a 0.25%
& : —Ca 0.25% & ] b
0.8} o, 2 L 4 e 70
%' . —Ca0.5% =z Cal%
£ 0.6F —Cal% s ] Ca2%
2 - Ca2% £ 0.1 =
= 04 SR
g 02 g ]
= g ]
E 0.0 N N 1 1 % e
S 650 700 750 800 850 900 001 ——e— T i—

0 100 300

Wavelength (nm) Time 2(‘:)s)
Trends in Chemistry

Figure 2. Tuning Metal lon Concentration to Improve a Variety of Material Properties and Device Characteristics. (A) X-ray diffraction patterns showing
preferential growth orientations with improved crystallinity on AI®* incorporation. (B) The microstrain resulting from the addition of A%+ calculated from (A), with a
minimum occurring at 0.15 mol%. (C) Power-conversion efficiency (PCE) of perovskite solar cells (PVSCs) showing Hg®*. (D) Influence of n-type doping by Sb* on the
diffusion coefficient (D) and electron lifetime (1), suggesting an optimum concentration of 1 mol% Sb®*. (E) The ability of calcium to improve steady-state
photoluminescence (PL) intensity, which is maximized with 0.5 mol% Ca2"*. (F) Maximizing the PL lifetime with the incorporation of 0.5 mol% Ca?*. Adapted, with
permission, from [49,50,67,83].
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redox shuttle between Eu®* and Eu* to limit the Pb® and I° resulting from degradation. This un-
covers another highly attractive application for metal ions in perovskite materials that should be
further explored.

Influence of Aliovalent Low-Valency Metals

Outside Cs™ and rubidium (Rb™), discussed below, the ability to incorporate other alkali metals
[sodium (Na™) and potassium (K*)] into the perovskite lattice and their resulting effect have pro-
vided mixed results over time. In the first work reporting the effect of Na*, C. Bi and colleagues
found that Na* originating from the substrate was capable of diffusing into grain boundaries of pe-
rovskite films [57]. Thermal admittance spectroscopy was used to determine that these Na*-
enriched grain boundaries significantly lower the defect density of the film, suggesting efficient
passivation of defect-induced trap states. Most notably, passivation of mixed halide composi-
tions by K* has afforded near-unity internal PLQY by stabilizing bromide (Br~) ions to mitigate
phase segregation and instability [58]. Although Na™ and K* are seemingly capable of penetrating
into the perovskite bulk [59,60], they are still thought to be concentrated at the surface and grain
boundaries of perovskite to provide efficient defect passivation [58]. In addition to passivation, the
incorporation of alkali metals is also able to stabilize CsPbBrg compositions [61]. The doping ca-
pability of Na™ in MAPbls was first calculated by Shi and colleagues [32] and later experimentally
demonstrated by Y. Yang and coworkers, reporting Na* capable of switchable doping of MAPbls
films from n-type to p-type [60]. The concentration of holes was determined to increase with Na*
concentration, but mobility dropped due to Na* acting as scattering centers. In addition to this
doping effect, there is a blue shift in the PL of samples containing Na™, which was assumed to
be indicative of bandgap widening due to the small Na™ cation distorting and shrinking the
MAPbDI5 crystal lattice [60]. However, we believe that because the shift is <10 nm, it is likely to
be due to the reported passivation effect of Na* and not lattice constriction. However, M. Abdi-
Jalebi and coworkers later showed an expansion of the lattice with incorporation of Na* but de-
termined no doping effect on the Fermi level due to the complete overlap of orbitals with band
structures [59]. Here Na* is also measured to be incorporated into the bulk, although it was
found to primarily reside at grain boundaries, demonstrating inability to significantly penetrate
the crystal lattice [59], consistent with earlier works [62,63]. Although numerous studies have
used XPS to show that Na* and K* seem to exist to some extent in the bulk, XPS probes only
the top 10 nm of the samples, making their definite location up for debate.

One possibility proposed by D. Son and colleagues is that these alkali metals are incorporated
into the interstitial sites of perovskite and reported that device hysteresis decreased to negligi-
ble levels from Li — Na — K before reappearing and increasing from K — Cs — Rb [64]. It was
calculated that K* is the most energetically favored to occupy interstitial sites and suppress the
migration of Frenkel defects. This was reported to effectively eliminate hysteresis in PVSCs, re-
duce the defect density of both the surface and the bulk, and improve stability [64]. The size of
K*is thought to make it compatible with any composition of perovskite, while imparting no doping
effects. The passivation of mixed halide compositions by K* has been particularly effective by sta-
bilizing bromide (Br~) ions, which can easily migrate to result in phase segregation and instability
[58]. To further complicate our state of understanding, D. Kubicki and colleagues used solid-state
3¢, TN, and %K NMR to show K* is not incorporated into the lattice [65]. The *°K spectrum
shows potassium to exist only in the form of unreacted Kl and no substantial shift of peaks in ei-
ther the "3C or the "N spectrum suggests no interaction between the organic cations and K*
[65].

Beyond alkali metals, M. Abdi-Jalebi and colleagues later reported the partial aliovalent incorpo-
ration of the monovalent transition metals copper (Cu*) and silver (Ag®) [59]. As shown in
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Figure 1E, both Cu* and Ag* experimentally exhibit the ability to reduce the n-type character of
control perovskite flms via downshifting the Fermi level. Such a shift in the Fermi level is likely to
be due to the compensation for halide vacancies by substitutional doping of the B site by
aliovalent metals. This is further validated by an order-of-magnitude drop in conductivity com-
pared with control films. Measurement of samples containing Cu™ and Ag™ showed that this
so-called dedoping effect also manifested in cleaner bandgaps and lower energetic disorder.
It was again observed that the incorporation of these metals was capable of influencing the crys-
tallization process, producing a preferred growth orientation and a surface rich with I~ that may
also influence doping. Although the ionic radii of both Cu™ (91 pm) and Ag™ (129 pm) are smaller
than that of Pb?* (133 pm), their incorporation expanded the unit cell of both doped Pbl, and
MAPDI3, contrary to the expected lattice contraction when substituting in smaller ions [59,66]. It
was proposed the expansion may release strain attributed to the lattice rearrangement or defects
caused by the combination of substitutional and interstitial doping by aliovalent metals [59]. Al-
though additional strain is induced, Cu™ and Ag™ have been demonstrated to have little impact
on device performance [67].

Influence of Isovalent Metals

To date, the substitution of the A- and B-site cations via alloying with their respective isovalent
metals has been a central focus in the field of compositional engineering, with the thrust to further
improve stability and electronic properties as well as develop Pb-free materials. Like Cs,
which has proved effective in providing highly stable materials through A-site alloying [24], alloying
by the slightly larger Rb™ has recently been demonstrated by M. Zhang and coworkers to stabilize
FA- and FA/MA-based compositions. Rb* was initially reported to incorporate into other single-,
double, and triple-cation compositions, but rapid phase segregation results in RobPbls, Rbl; _Bry,
and Csq sRbg sPblg at the surface and grain boundaries of films [68]. These inorganic Rb-rich
layers have been proposed to passivate the perovskite surface and grain boundaries and improve
moisture stability [65]. The use of other wide-bandgap materials to passivate the surface and
grain boundaries of perovskite has been proved to improve stability and effectively suppress
trap-induced charge recombination to afford improved device performance [18]. It is also evident
that this may affect the resulting carrier concentration of fims [69]; whether that is through
passivation of surface defects, controlling composition, or true direct doping should be further
elucidated.

As for exploring the influence of metals isovalent to the 2+ B site, in addition to the work on Sn-
alloyed narrow-bandgap materials, germanium (Ge**) was also initially suggested as an attractive
candidate for developing Pb-free organic—inorganic hybrid perovskites [70,71]. However, these
perovskites exhibit extremely poor efficiencies of <1% in pure Ge-based PVSCs and state-of-
the-art Pb-free Ge—-Sn-alloyed devices attain only 4.48% (6.90% after storage for 72 h) [72,73].
Interestingly, an entirely inorganic Ge-alloyed perovskite (CsPb,_,Ge,l-Br) material processed in
ambient atmosphere was recently reported with lower trap density and improved recombination
lifetimes, despite a reduction in the average grain size [74]. These Ge-alloyed perovskites pro-
duced devices with high V. of up to 1.34 eV and PCE of 10.8%, stable in atmosphere with
high humidity and no encapsulation for 7 h. Although Sn and Ge were predicted to be easily in-
corporated via substitution of Pb?*, their resulting instability and relatively low performance led
to work on a wide variety of other isovalent metals.

M. Klug and colleagues were the first to provide a systematic experimental characterization of the
partial substitution of Pb?* at the B site by Mg?*, Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*, Sr**, and
Sn2* [75]. For devices with metal added in low concentrations (1.5 % substitution of Pb*), all
but Fe?* maintained or improved device performance. However, with the exception of Sn®*
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and Cu®*, substituting ~6% of Pb®* proved to be the threshold before significant lowering of Jsg
[75]. We believe this tolerance level can account for the detrimental effects reported when adding
metals at concentrations up to 10 mol% [67]. It should be noted that Fe* proved to be detrimen-
tal to device performance at even the most minute concentrations [76], consistent with the work
done at roughly the same time using DFT to attribute diminished device performance to a half-
metallic behavior induced by Fe?* [77]. MAPbl; films and devices with incorporated Co®* were
studied in more thorough detail, showing the ability to tune the Fermi level and valence band
edge without altering the bandgap to improve the band alignment between MAPbI; and the
hole-transport layer (PEDOT:PSS) [75]. The incorporation of the smaller Co?* cation also induced
a change in crystal structure from cubic to tetragonal at room temperature, demonstrating lattice
contraction. Further increasing the Co?* content continues to reduce lattice spacing [75], indica-
tive of Co* incorporation effectively reducing strain [36].

Cd?* has also shown successful incorporation into the perovskite lattice via substitution of Pb®*
[78-80]. Given the reduction in lattice strain by substitution of Pb?* by smaller Cd*, it is calcu-
lated to also raise the formation energy for I~ vacancies to effectively suppress defect formation
and improve stability [78]. The suppression of defects may be further supported by Z. Aimutawah
and colleagues reporting the use of Cd®* and Zn?*, both with similar electron configurations, to
influence the grain growth and crystallinity with small amounts added to the precursor solution
[76]. Incorporation of Zn?* showed promising stability but the PCE of fresh devices was slightly
decreased [76,78]. The addition of mercury (Hg>*) has exhibited comparable or improved time-
zero PCE but unexpectedly degraded over only a few days (Figure 2C) [67,78]. Rapid Hg-induced
degradation can be attributed to the reduction of Hg?* to Hg*, which is likely to generate addi-
tional I~ vacancies [81]. Although Zn®*, Cd®*, and Hg®* have similar electron configurations, we
believe that their strength of bonding with I~ and thus greater suppression of defects and struc-
tural stability should follow the same trend as their polarization power, Cd > Zn > Hg, which is con-
sistent with reported data. The ability to control crystallinity and improve performance and stability
has also been reported for low concentrations of barium (Ba®*) (<3.0 mol%) and calcium (Ca®*)
(0.5 mol%) [82,83]. Although the position of Ca®* is unclear, it is presumed to be primarily lo-
cated at grain boundaries due to the exceptional passivation of defects [83], similar to K. The in-
fluence of Ca®* on crystallization coupled with its effective passivation and improved built-in
potential has resulted in devices with improved performance and long-term stability (Figure 3).

Although all isovalent metals reviewed to this point have been suspected of incorporating into pe-
rovskites, being classified as isovalent does not immediately qualify a specific metal to be incor-
porated (Box 1). Pérez-del-Rey and coworkers reported that the addition of strontium (Sr%*) to
MAPbDI; results in films with small grains that XPS suggests to be wrapped in wide bandgap
SrO (5.7 eV), SrCO;3 (4.3 eV), and Sr(CoH305)e with probably no Sr2* incorporated into the bulk
[84]. The resulting Sr-based interlayers prove capable of defect passivation and altering the sur-
face dipole to improve electron extraction, resulting in devices with extremely high FF 84.7% com-
pared with the 77% of pristine MAPDI3. Due to the insulating nature of the interlayers, there is a
drastic drop in performance as the feed concentration of Sr** and resulting interlayer thickness
increase [84,85]. E. Yao and colleagues also elucidated an increase in recombination rates with
the incorporation of Sr?*, possibly indicative of defects or recombination centers generated by
Sr* [86).

Similar to the rare earth metals discussed above, Mn?*, Zn°*, and Cd®* have also proved to be
highly effective in improving the optical properties of CsPbXz NCs, allowing tunable emission in
a wide color gamut, showing great potential in LEDs [38,87-89]. Additionally, Bai and colleagues
reported Mn?* to incorporate at the interstitial sites of CsPbl.Br thin films to provide grains with
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Figure 3. Influence of Calcium on Grain Size and Perovskite Solar Cell (PVSC) Performance. (A) Scanning
electron microscopy images showing the influence of increasing Ca2* content on the grain size of thin film. (B) Mott—
Schottky plots presenting the greater built-in potential of MAPbIz(Caly)o 005 films compared with pristine MAPbIs and
MAPDI3(Pbls)g 0s. (C) Long-term stability of inverted PVSCs based on the pristine MAPbIs, MAPDbIs(Pbls)o.0s, and MAPDI
(Calo)o 005 films, respectively, measured in an No-filled glovebox under continuous light soaking and maximum power point
tracking. Adapted, with permission, from [83].

extremely large aspect ratios of up to 8 on the addition of 2 mol% Mn?*, resulting in good stability
and a record efficiency for CsPbl.Br solar cells of 13.47% [90].

Z.Yong and colleagues were able to demonstrate not only the incorporation of nickel (Ni°*) into
CsPbClz NCs but also vastly improved short-range ordering in the NCs [8]. Measuring the ex-
tended X-ray absorption fine structure (EXAFS) showed that Ni** has octahedral coordination in-
dicative of incorporation into the lattice while also inducing improved coordination around both
Pb?* and Cs*. Through density functional theory (DFT) calculations, the improved coordination
has been attributed to a Ni°* imparting a large increase in defect formation energies, particularly
CI™ vacancies known to be a source of deep traps, culminating in a remarkable improvement in
the PLQY of CsPbCl; NCs from 2.4% to 96.5% (8].

Concluding Remarks

The incorporation of metal ions has undoubtedly exhibited the ability to drastically influence the
optoelectronic and physical properties of perovskite materials. Some metal ions have already
proved to be highly effective in alloying as well as passivation to afford PVSCs with record efficien-
cies and stability. Additionally, the initial doping effects of metal ion incorporation reveal a world of
potential for novel control of electronic properties allowing state-of-the-art device architectures
and even additional applications that may have yet to be realized. Although our understanding
of whether metals are successfully incorporated into the perovskite structure as well as their
mechanism for governing properties remains in its infancy, these reviewed works foretell the
use of added metal ions being critical in further improvement and commercialization of
perovskite-based devices.

406 Trendsin Chemistry, July 2019, Vol. 1, No. 4

Cell

REVIEWS

Outstanding Questions

If incorporated into the bulk of halide pe-
rovskite materials, what is the true posi-
tion of metal ions?

Can controlled preferential growth of ha-
lide perovskites be designed by careful
selection of metal ions?

How does altering perovskite composi-
tion influence the alloying, doping, or
passivation capabilities of a given metal
ion?

Is the doping of halide perovskites by
metal ions primarily attributable to the di-
rect contribution of charge carriers by the
metal or a compositional self-doping ef-
fect from altered crystallization?

What types of strain are metal ions capa-
ble of either inducing or relieving in halide
perovskite materials?
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Moving forward, to fully exploit the potential that metal ion incorporation presents, research must
be done to clarify and improve fundamental understanding on the role of metal ions in crystalliza-
tion, their doping capability, the true position of metal ions, and how these differ with altered pe-
rovskite compositions (see Outstanding Questions). Although computational methods are
improving and would be attractive for predicting such effects, they cannot always be reliable
due to the well-accepted dependence of perovskite properties on material processing and the
general complexity of such systems. Thus, to develop our understanding, we believe that future
research must be heavily experimental and rely on calculations to assist in understanding out-
comes. Furthermore, as all ions reported so far have demonstrated some capacity to change ma-
terial properties, performance, and particularly the crystallization process, it seems that there is no
reason to limit research efforts to only particular groups of the periodic table. Future studies on
different metals and various compositions will be critical to clearly elucidate the mechanism for al-
tering perovskite properties and ultimately facilitate improvements in the performance and stability
of PVSCs, LEDs, and X-ray or gamma-ray detectors.
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