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In recent years, metal halide perovskites (MHPs) have attracted attention as semiconductors that
achieve desirable properties for optoelectronic devices. However, two challenges—instability and the
regulated nature of Pb —remain to be addressed with commercial applications. The development of Pb-
free halide double perovskite (HDP) materials has gained interest and attention as a result. This family
offers potential in the field of optoelectronic devices through flexible material designs and compo-
sitional adjustments. We highlight recent progress and development in halide double perovskites and
encompass the synthesis, optoelectronic properties, and engineering of the electronic structures of
these materials along with their applications in optoelectronic devices. Computational and data-driven
statistical methods can also be used to explore mechanisms and discover promising candidate double

perovskites.

Introduction

Recently, significant attention has been dedicated to metal
halide perovskite (MHP)-based optoelectronic devices, such as
solar cells, photodetectors, and light-emitting diodes (LEDs),
owing to their impressive optical properties, electrical perfor-
mance, and solution-processability [1-10]. The perovskite family
includes materials with the general formula of ABXj3, as in
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CaTiOs3 [11,12]. The field of perovskite photovoltaics (PVs) has
progressed since the first report of MHP-sensitized solar cells
using 3D methylammonium lead halide (MAPbXj3; where X =1,
Br) in 2009 by Kojima et al. [13], which reported solar power con-
version efficiencies (PCEs) of 3.13 and 3.81% from MAPbBr; and
MAPbI;, respectively. The performance was further improved in
2012 when Kim et al. [14] reported an MHP-sensitized solid-
state solar cell with a PCE exceeding 9%. To date, continuous
efforts on device structure optimizations [15-18], interface
modifications [18-33], tailoring active layer composition
[34-39], morphology control [40-49], and fabrication techniques
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[50-53] have led to a promising PCE of more than 23% [54],
while the predicted theoretical PCE for MHPs is 31.4% [55,56].
This remarkable PCE of MHPs makes them functionally compa-
rable to polycrystalline silicon and CdTe solar cells [57-60] and
as promising candidates for the coming generation of renewable
energy. In addition to the rapid development of MHPs in energy
applications, these materials have been alternatively used in
applications of photodetectors [61-68]| and light emitters [69—
72]. Although MHP-based optoelectronic devices have been
extensively explored for developing real-life applications, they
are still far from commercialization due to two fundamental
obstacles: (1) the poor structural stability to external environ-
ments such as light [73-75], humidity [76-79], oxygen [80,81],
temperature or thermal stress [82,83], and electric fields [84-86]
and (2) the intrinsic toxicity caused by heavy metals such as lead
(Pb) [87,88].

Concerning the stability issue from the device perspective,
encapsulation has been the most common strategy [89,90].
Based on material composition, approaches such as changing
the organic cation with inorganic counterparts [91,92], using
mixed cations and mixed halides [93,94|, using low dimen-
sional MHPs (e.g., 2D, 1D, and 0D) [95-101], and forming
2D/3D heterojunction [102-106] have been examined to
develop optoelectronic devices with better stability. However,
the use of mixed cations or mixed halides induced severe hys-
teresis problems [13,107,108]. Moreover, the overall device per-
formance using low dimensional MHPs was still far below that
of their 3D counterparts. In addition, an attempt to replace
toxic Pb with environmentally-friendly alkaline earth metals
resulted in higher bandgap materials with compromising opti-
cal absorption [109,110]. Substitution with tin (Sn) and germa-
nium (Ge) also led to poor device performance [111-120] in
comparison to Pb-based MHPs, due to their ease in oxidation
(from 2+ to 4+ oxidation state) [118,121-123]. All efforts con-
cerning an isovalent elemental replacement for MAPbI3 can
compromise the desirable optoelectronic properties of conven-
tional 3D MHPs (MAPbI;), which appears impractical for long-
term functional optoelectronic applications. Therefore, it is
essential to identify an alternative class of materials to over-
come the issues of stability and regulation for lead while still
maintaining the desirable optoelectronic properties comparable
to those of the Pb-based MHPs.

An alternative class of materials has been derived by simply
substituting B-site with trivalent metal cations (such as Sb**
and Bi**) as effective candidates, producing Pb-free HPs with a
general formula of A3B,Xg [124,125]. Harikesh et al. [126], Park
et al. [124] and Zhang et al. [127] used Rb3Sb,ly, Cs3Bisly, and
(MA)3Bi,lo, respectively, as light harvesters for building solar
cells, with PCEs of 0.66, 1.0, and 1.64%, respectively. The poor
performance was attributed to their dimensional structures and
large bandgap energies [128]. Consequently, A3B,Xo perovskites
were not considered viable as replacements for Pb-based MHPs.

Heterovalent elemental substitution at the B-site in ABXj3 is
another approach toward Pb-free halide perovskite materials,
which was first suggested by Volonakis et al. [129] in 2016. In
their study, by substituting Pb>* with a pair of non-toxic B*/B%*
cations, they discovered the formation of the “halide double per-

ovskite (HDP).” This perovskite family, based on the elpasolite
mineral K,NaAlF,, has the general formula of A,B'B"X, with var-
ious possible combinations of B*/B3>* and X~ site, such as Cs,-
AgBiXs (X=Br, Cl) [130-133], CspAgInCls [134,135],
Cs,InSbCls (Cs,InBiClg) [136] and Rb,CulnCls (Rb,AgInBrg)
[137]. These combinations have been extensively studied in
recent years. The spectroscopic maximum efficiency (SLME) cal-
culations, based on the integrated optical absorption in the visi-
ble range suggested an efficiency of less than 8% for one of the
widely studied materials of this class (Cs,AgBiBrs) [138]. In con-
trast, higher efficiencies have been predicted for other HDPs with
suitable bandgap energies, making them suitable for optoelec-
tronic devices [137]. In an attempt to stabilize Sn-based per-
ovskites, the derivatives with the general formula A,SnX¢ (such
as Cs,SnXe, where X = Cl, Br, I) were also reported in which Sn
is stable with the 4+ oxidation state. This approach led to air-
and moisture-stable compounds referred to as “vacancy ordered
double perovskites” and represented as Cs,Sn0Xs (where O is
termed a structural vacancy) [139-142].

In this review, starting from their crystal structures, we sum-
marize attractive merits and some demerits of HDPs based on
their structural composition along with the systematic studies
of electronic structures (Fig. 1). We then present recent develop-
ments of this class of materials regarding potential applications
in environmentally-friendly optoelectronic devices with superior
stability, as depicted in Fig. 2. Computational and statistical
approaches are also introduced that provide guidance for the
fundamental research and material discovery. Finally, we sum-
marize the challenges and future prospects of this new class of
materials by assessing their suitability as a potential alternative
to Pb-based perovskites.

Structure of halide double perovskites
The crystal structure of an ideal HDP with the general formula
A,B,Xg is similar to that of the ABX3 cubic perovskite archetype.
While moving from AB"X; to A,B'B™X, each B-site cation is sub-
stituted by a pair of B*/B** cations [143]. HDPs generally consist
of two split B-cations in ABX3 (B'Xs and B"X,) and thus form a
network structure consisting of alternating B'X, and B'X¢ octa-
hedrons with the same A-site cation (e.g., Cs*) occupying the
center of the cuboctahedral cavity [129,132,143,144]. This alter-
nating arrangement of an octahedron of B'X, and B"™X, in a 3D
network is termed rock-salt ordering [145]. The crystallographic
aspects of HDP were investigated using powder X-ray diffraction
(XRD) [146,147] and single-crystal XRD [148]. HDP occupies a
cubic face-centered structure with space group Fm-3m
[129,132,149] with lattice parameters in a range of approxi-
mately 10-12 A [144]. Structurally, HDP is similar to oxide dou-
ble perovskites [150] (SrzFeMoOg), which have been
comprehensively studied for their unique properties, such as
superconductivity, ferromagnetism, and ferroelectricity [151].
In oxide double perovskites, there is clear evidence for order—dis-
order transitions in the distribution of the two B-site cations
depending on the processing conditions [152], and this behavior
has also been predicted [138] and observed [153] for some HDPs.
Giustino et al. [154] in 2016 reported that by simply varying
the candidate elements that can occupy A, B!, B™ and X-site,
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FIGURE 2

Scope of the review toward optoelectronic applications of Pb-free halide
double perovskites (HDPs).

9520 possible combinations could be produced. However, for the
structural stability of these compounds, two basic but critical cri-
teria must be satisfied: Goldschmidt’s tolerance factor (t) and the
octahedral factor (u) [155-158]. The formation of perovskite
materials generally occurs when Goldschmidt’s tolerance factor
and the octahedral factor are in the ranges 0.81 <t<1.0 and
0.44 < <0.9, respectively [159,160]. For (MA),AgBilg, t and p
are 0.86 and 0.5, respectively [156], which are within the range
and are also close to those of MAPbI3. Out of 9520 combinations,
900 compounds were stable after applying the selection rule
[154]. Moreover, out of 900 compounds, more than 600 com-
pounds have not been investigated yet [154]. The computational
screening of these 600 compounds seems demanding; however,
this is accessible with modern computational capabilities
[136,149,156,161-164|. Machine learning (ML) and first-
principle density functional theory (DFT) calculations have also
been used to assess the chemical stability of HDPs including dis-
proportionation into secondary phases [64,165,166]. The stabil-

ity trends predicted by these theoretical approaches are
generally in good agreement with experimental findings.

Synthesis protocol for halide double perovskites

The synthetic strategy for preparing stable HDPs as promising PV
absorbers involves experimental validations and computational
studies [162,167]. As depicted in Fig. 3, the synthesis of HDPs
commonly follows: (1) the hydrothermal method [168,169], (2)
recrystallization [130] and (3) the solution deposition approach
[170]. These pioneering approaches were reported almost simul-
taneously in 2016 by Slavney et al. [144], McClure et al. [132]
and Volonakis et al. [129]. Volonakis et al. [129] prepared Cs,-
AgBiXs by mixing halide precursors in a stoichiometric ratio
and subjected them to a ramping temperature for 5 h, followed
by an additional 4 h of heating at 500 °C. McClure et al. [132] fol-
lowed heat treatment at 210 °C for 10 h to prepare polycrys-
talline Cs,AgBi(Cl/Br)s, precipitated from a solution mixture of
Ag(Cl/Br), Bi(Cl/Br)3, and Cs(Cl/Br) in a mixed solvent of hydro-
halic acid (HCI and HBr) and hydrophosphoric acid (HPA). In
contrast, Slavney et al. [144] grew a moisture-stable single crystal
of Cs;AgBiBrs from halide precursors in HBr solvent, followed by
heat treatment at 110 °C.

The hydrothermal approaches proceeded at relatively low
temperature and this favored the formation of an ordered struc-
ture. However, the presence of impurity peaks, additional phases
and a smeared transition at T. was observed in the reported dou-
ble perovskite. Moreover, the possibility of mixing A-site-ordered
and disordered phase cannot be discounted in the perovskite
structure. Thus, many researches have been promoted to further
develop highly crystalline and high quality of double perovskite
materials [171]. Creutz et al. [172] synthesized colloidal
nanocrystals (NCs) of Cs;AgBiXs by rapid injection of
trimethylsilyl halide (TMS-X) into a second hot solution
composed of silver acetate, bismuth acetate, cesium oleate, oley-
lamine, and oleic acid in 1-octadecene. The researchers success-
fully conducted a post-synthesis anion exchange of NCs using
TMS-X to tune the halide compositions. Furthermore, Zhou
et al. [173] and Bekenstein et al. [174] used slightly different pre-
cursors (i.e., BiBr;, AgNO;, and cesium oleate in a 1:1:2 molar
ratio) with small amounts of HBr in a high boiling organic sol-
vent. Cesium oleate was injected at a high temperature of
200 °C to obtain colloidal NCs of Cs,AgBiBrs. Furthermore, the
quality of the resulting NCs was improved by controlling the
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Preparations of Cs,AgBiBre. (a) Solution phase synthesis of Cs,AgBiBrs NCs (hot-injection route). Reproduced with permission [130]. Copyright 2018, Royal
Society of Chemistry. (b) Re-precipitation method to synthesize Cs,AgBiBrs NCs with a representative TEM image. Reproduced with permission [130].
Copyright 2018, Royal Society of Chemistry. (c) Preheating treatment of stock solution and precursor. Reproduced with permission [170]. Copyright 2017,
Royal Society of Chemistry. (d) Effect of anti-solvent on film morphology. Reproduced with permission [189]. Copyright 2018, Wiley-VCH. (e) Sequential vapor
deposition processing. Reproduced with permission [230]. Copyright 2018, Wiley-VCH.

additives (such as HBr, oleylamine, and oleic acid) and the reac- toxic tin-based precursors. Zhou et al. [175] successfully synthe-
tion time. By using a hot injection approach, Wang et al. [169] sized Cs,AgInClg by the hydrothermal method using corre-
synthesized Cs,Snls with phosphine free, inexpensive and non- sponding chloride precursors (Cs, Ag, and In) in a 2:1:1 ratio,
4
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respectively, using HCIl as a solvent. Larger crystal sizes were
obtained with longer reaction times.

In the second approach, Cs;AgBiBrs NCs were obtained using
the recrystallization method [130]. The halide precursors were
dissolved in dimethyl sulfoxide (DMSO, considered as an effec-
tive solvent), followed by the addition of an anti-solvent such
as isopropanol (considered as an ineffective solvent) under vigor-
ous stirring to yield NCs and then separated by centrifugation.
This approach resulted in the formation of quasi-spherical NCs,
in contrast to those obtained from the previous approaches.
The exact reason for the different NC shapes is still unclear, yet
similar phenomena have been observed for CsPbX3; NCs [176—
178]. In general, different types of interaction between different
facets of NCs and organic ligands influences facet energetics and
leads to the formation of NCs with minimum energy [179,180].
Several other nanostructures were also synthesized using the
recrystallization method. As CsPbBr; NWs were synthesized by
employing the growth time during the recrystallization process
[181,182], HDP NWs were synthesized using a similar approach
[183,184]. These results implied the potential applications for
NW lasers and nanophotonic devices based on HDPs [183-185].

The third approach deposits the precursor solution to obtain
high-quality HDP films for device fabrication. Uniform and
high-quality crystalline films along with adequate surface cover-
age are keys to achieving high performance in optoelectronic
devices. As a general approach, a Cs,AgBiBre single crystal was
prepared, followed by re-dissolution in an organic solvent such
as dimethylformamide (DMF) or DMSO [186-188]. In contrast,
Greul et al. [170] directly dissolved halide precursors of Cs,-
AgBiBrs in DMSO at 75 °C followed by spin coating of the solu-
tion to a preheated substrate and subsequent annealing for
greater crystallization. More recently, anti-solvent-assisted crys-
tallization has been reported [189] as an effective approach to
obtain a high-quality film with reduced roughness.

The major challenge with preparing HDP is the high process-
ing temperature [129,132,144,170,187,189], which could be as
high as 500 °C [129] for solid-state reactions and 110 °C for solu-
tion preparation (due to the insolubility of AgCl) [144]. Also, to
obtain high-quality crystalline films, the annealing temperature
could be as high as 285 °C [170].

For synthesized HDPs phase or compositional purity and pre-
ferred orientation was confirmed by XRD pattern [168]. More-
over, phase purity was also assured by temperature dependent
PXRD investigations [173]. Whereas, in case of NPs, morphology
and size distribution were characterized by transmission electron
microscopy (TEM) [169].

Optical and electrical properties of halide double
perovskites

Pb-based halide perovskites have remarkable photophysical
properties that make them ideal candidates for optoelectronic
applications. The optical properties of semiconducting materials
are determined by investigating their light-harvesting capacity—
absorption coefficients and bandgap energies are calculated for
this purpose. Because the absorption threshold is inversely
related to the bandgap energy, semiconducting materials with
larger bandgaps should have narrow absorption in the visible

region. With a bandgap of 1.6 eV at room temperature (RT),
MAPDI; is a direct bandgap semiconductor. Its sharp absorption
onset and high absorption coefficient makes it an excellent light
absorber. Therefore, transition from ABXj; to the HDP family
requires maintaining the electronic band structure.

In typical 3D MHP (MAPbX3; and CsPbX3), the Pb%* cation
(B-site cation) with a valence shell configuration of 6s*6p°
[190,191] and a halide ion (X-site anion) dominate the valence
and conduction band. Filled Pb 6s* and p® orbitals of the halide
anion contribute to the formation of the valence band maxi-
mum (VBM), while vacant Pb 6p states constitute the conduc-
tion band minimum (CBM) [34]. In contrast, MA* or Cs*
cation (A-site cation) affects the tilting and distortion of the
PbXs octahedron, indirectly influencing the band structure
[34]. In an attempt to replace Pb** with B*/B** cation to form
HDP, we can obtain the following classes: [143] (1) those with
a semi-core d-state, (2) those with a lone pair s-state, and (3)
those without an active d-state or s-state. The elements of group
IA (Li, Na, K, Rb) and group IB (Cu, Ag, Au) can occupy the B-
site, and group VA elements (Sb, Bi) can occupy the B"lsite.
Group IIIA elements (Al, Ga, In, TI) can occupy both the B™-
site and B™-site.

Cs,B(i5)BlvaXs halide double perovskite family [B{;z = Cu, Ag;
Biua = Sb, Bi; X =1, Br, CI]

Ag*/Bi** based halide double perovskites

Cs,AgBiBrg was the first HDP reported by McClure et al. [132]
and Slavney et al. [144] as a potential candidate for PV applica-
tions in early 2016. However, Cs,AgBiBrs (Cs;AgBiClg) exhibited
an indirect bandgap of 2.19 eV (2.77 eV) [132], as depicted in
Fig. 4(a), (b), (d) and (e). Moreover, mild absorption onset was
observed in HDP compared to MAPbX; perovskites, as depicted
in Fig. 4(b) and (c). This late absorption onset confirms that
HDP is unsuitable for thin-film PV applications. Nevertheless,
such an indirect bandgap favors a long carrier recombination life-
time (~660 ns) [144], as depicted in Fig. 4(f), which is almost two
times larger than the recombination lifetime of high-quality
MAPDBr; films (~170ns) and close to that of MAPDI; films
(~0.736-1 ps) [192]. The electron effective mass and hole effec-
tive mass of Cs,AgBiCls (Cs,AgBiBre) are 0.53 m. (0.37 m.) and
0.15 m,. (0.14 m,), respectively, which are lighter than their cor-
responding values for the Pb-based analogs [129,132]. Further-
more, flexibility in variation in the chemical composition of
HDP implies facile tuning of the bandgap [154,193,194|. How-
ever, the literature includes a wide variation in the calculated
bandgap value of Cs,AgBiXe attributed primarily to the differ-
ence in preparation methods [132,149,195], as depicted in
Table 1. Characterization techniques also influenced the band-
gap value [132,144,196].

Because bandgap energy is largely dependent on the lattice
parameter, various strategies, including controlling temperature
or pressure, doping with other elements, and adjusting the
chemical composition, can be used to alter the bandgap from
indirect to direct [129,197]. Li et al. [198] demonstrated
pressure-dependent bandgap engineering for Cs,AgBiBrs, as
depicted in Fig. 5(a), and claimed an approximately 22.3% reduc-
tion of bandgap by high-pressure treatment, therefore attaining a
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FIGURE 4

Band structure diagrams for (a) Cs,AgBiBrg (left), Cs,AgBiCl (right) and UV-Vis diffuse reflectance spectra for (b) Cs,AgBiCls and MAPbCl; (c) Cs,AgBiBrg and
MAPDBr3. Reproduced with permission [132]. Copyright 2016, American Chemical Society. (d) Absorbance spectrum of Cs,AgBiBrs powder sample with Tauc
plot inset. (e) X-ray structure of the ordered double perovskite Cs,AgBiBrs. Orange, gray, turquoise, and brown spheres represent Bi, Ag, Cs, and Br atoms,
respectively. (f) Time-resolved room-temperature PL and fits for the PL decay time (1) in powder and single-crystal samples. Reproduced with permission

[144]. Copyright 2016, American Chemical Society.

bandgap comparable to that of MAPbI;. However, under ambient
conditions after releasing pressure, the compound only retained
8.2% reduction of its bandgap value.

Doping is also an effective strategy to alter the bandgaps. Slav-
ney et al. [199] successfully incorporated a very low concentra-
tion of thallium (TI) to obtain Cs;Ag;,Bi1pTlBrs and
selectively modified the band edges of Cs,AgBiBrg to engineer a
bandgap. Based on theoretical calculations, they demonstrated
that Tl doping on the Ag*-site (Bi**-site) resulted in a direct (indi-
rect) bandgap with a bandgap reduction of 0.1 eV (0.8 eV), as
depicted in Fig. 5(b). Direct evidence for a bandgap reduction
was found based on the color change from opaque black to
translucent orange, as evident in Fig. 5(d). Moreover, the carrier
lifetimes were comparable to that of MAPbI;, demonstrating the
potential of this alloyed compound in solar cells. However, Tl is
10 times more toxic than Pb, which restricts the commercial
application of this alloyed compound for sustainable optoelec-
tronic devices. Du et al. [200] incorporated In®* and Sb3* in Cs,-
AgBiBrg to obtain substituted HDPs of Cs,AgBi;In,Brs and
Cs,AgBi; ,Sb,Brs, demonstrating a bandgap modulation of
~0.41 eV to address the Tl toxicity issue. However, these com-
pounds were unstable and exhibited a narrow phase diagram
region. In contrast, Zhang et al. [197] demonstrated that the
bandgap of Cs;AgBiBrs could be adjusted from indirect to direct
by altering the atomic arrangement of the Ag-Bi lattice, resulting
in band hybridization and reduced crystal symmetry leading to a
shift in the VBM.

Ag*/sb>*-based halide double perovskites

Tran et al. [201] synthesized single crystals of Cs,AgSbCls and
Cs,AgInCls with indirect and direct bandgaps, respectively.
Moreover, as depicted in Fig. 5(c), the bandgap of the alloyed
compound Cs,AgSb,In;_,Cls changes from direct to indirect with
an increase in Sb content. A single crystal of Cs,AgSbCls has an
indirect bandgap, which is temperature-dependent. Recently,
Zhou et al. [175] suggested with computational studies that the
bandgap can be varied by introducing atomic disorder in the B-
cation distribution of Cs,AgSbCls.

Volonakis et al. [129] and Zhao et al. [137] proposed Cu-based
perovskites as an alternative to Ag-based HDPs. However, no Cu-
based three-dimensional HDPs have been synthesized so far. This
was explained by Xiao et al. [202] who considered the 3d'° elec-
tronic configuration of Cu*. The valence orbitals readily hybri-
dize with either the 4s or 4p to lower the energy. Therefore,
Cu™ is more covalent and tends to favor four-fold coordination
environments over the 6-fold octahedral environment found at
the perovskite B-site.

Cs,Bs)BliaXs halide double perovskite family [B(;s = Cu, Ag;
By = Ga, In, Tl; X =1, Br, Cl]

Group-IIIA elements were considered, especially indium (In), to
overcome the limitations caused by the indirect bandgap of
bismuth-based HDPs. The reason for the growing interest in
In** was its direct bandgap formation in combination with Ag*
[134]. Tran et al. [201] successfully synthesized a single crystal
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TABLE 1
Summary of categories of halide double perovskites (HDPs).
Material Method of preparation Optical transitions Bandgap (eV) References.
Cs,Blis)BivaXs halide double perovskite family
Cs,AgBiBrg Solution process Direct/indirect 2.21/1.95 [144]
Direct/indirect 2.2/24 [228]
Solution process and solid-state reaction Direct/indirect 2.51/1.83, 1.97 [149]
Indirect 2.19, 2.06 [132]
Solution process and precipitation Indirect 2.0 [265]
Vacuum sublimation Indirect 2.02 [230]
Two-step spin coating of precursor solution Indirect 2.02 [196]
Cs,AgBiClg Solid-state reaction and solution process Indirect 2.77, 2.62 [132]
Direct/indirect 2.96/2.42, 2.48 [149]
Solution process and precipitation Indirect 25 [265]
Cs,AgSbClg Hydrothermal method Direct/indirect 3.33,2.36/2.35,1.4 [173]
Hydrothermal method and solid-state reaction Indirect 2.54 [201]
Cs4CuSb,Cl,, Precipitation reaction Direct 0.9,1.02 [266]
Cs2B(is)BlilaXs halide double perovskite family
Cs,AgInClg Hydrothermal method Direct 3.2 [203]
Hydrothermal method and solid-state reaction Direct 3.53 [201]
Cs,CuInClg Solid-state synthesis Direct 1.01 [200]
Vacancy ordered halide double perovskites
Cs,Snlg Solution Process Direct 1.26 [140]
Chemical bath deposition Direct 1.49 [267]
Two-step vapor deposition and solid-state reaction Direct 1.48 [268]
Cs,SnClg Hydrothermal method Direct 3.9 [244]
Cs,SnlzBrs Solid-state reaction Direct 143 [142]
Cs,TiBrg Two-step vapor deposition method Direct 1.82 [233]
Rb,Snlg Solution precipitation Direct 1.32 [269]
Layered halide double perovskites
(BA),AgBiBrg Solution process and crystallization Direct 1.72 [209]
(BA),AgBiBr;, Solution process and crystallization Direct 1.60 [209]

Hybrid halide double perovskites

(MA),AgBiBrg Hydrothermal method
(MA),AgBiIlg Solid-state reaction
(MA),AgSblg Solid-state reaction
(MA),KBiClg Hydrothermal method
(MA),TIBiBrg Hydrothermal method

Indirect 2.02 [224]
Indirect 1.25, 1.96, 1.02, 1.89 [224]
Direct 1.93 [222]
Direct/indirect 3.37, 3.15/3.04, 3.02 [227]
Direct 2.16 [270]

of Cs,AgInCls with a direct bandgap. Subsequently, Volonakis
et al. [134] reported that Cs;InAgCls, with an altered atomic
arrangement, has a direct bandgap of 3.3 eV. Unfortunately,
the absorption coefficient was much smaller throughout the vis-
ible region. A single crystal of Cs;AgInCls exhibits both parity-
allowed and parity-forbidden transitions [203], as depicted in
Fig. 6(a). The room temperature time-resolved photolumines-
cence (PL) spectra demonstrated that the PL-lifetime of parity-
allowed transitions was shorter than that of parity-forbidden
transitions. The absorption coefficient was weak because of
parity-forbidden transitions, making them unsuitable for thin-
film PV applications. Recently, Nag et al. [204] introduced lattice
doping as an attempt to improve the optical functionality of
Cs,AgInClg. Through the manganese ion (Mn?*) doping, visible
PL-intensity was enhanced, as depicted in Fig. 6(b), because
Cs,AgInClg absorbs ultraviolet (UV) light and transfers the exci-
tation energy to d-electrons of Mn>*.

As previously described, defects influence material properties
such as carrier mobility, diffusion length, and non-radiative
recombination rates. Based on DFT calculations, Xu et al. [205]
suggested that growing n-type Cs,AgInBrs without unwanted

phases requires conditions that are Ag*-rich and Br™-poor. In con-
trast, Li et al. [206] proposed In**-poor and Cl~-rich conditions to
obtain shallow defects in Cs,AgInCls. Unfortunately, Cs,AgInBrg
preparation is not energetically favored.

In another attempt to achieve a direct, narrow bandgap with
In®**-based HDPs, Ag* was replaced with Cu* (e.g., Cs,CuInCly),
and many theoretical studies were supported
[137,163,164,175]. The superior electronic band structure in Cs,-
CulnClg can be attributed to Cu d'° states, which form antibond-
ing hybridization with the halide p-state. However, DFT
calculations reveal that Cu*-based HDPs are energetically unfa-
vorable compared to Ag" analogs [202]. Not surprisingly, this
compound has not been synthesized experimentally so far.

CsZB'(,A/B’(’(/A)XG halide double perovskite family [B{;4) = Li, Na, K,
Rb; Bl = Sb, Bi: X =1, Br, Cl]

In contrast to several members in AZB{IB)B}I\EA)X@ this CSZB{IA)-
BV Xs HDP family is thermodynamically stable but possesses
indirect and large bandgaps, which make them unsuitable for
thin-film PV applications. Sodium-based perovskites, such as Cs,-
NaSbls and Cs,NaBils, possess optical bandgaps of 2.03 and
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(a) Bandgap evolution of the Cs,AgBiBrs crystal at high pressure and representative optical micrographs of piezo-chromic transitions. Reproduced with
permission [198]. Copyright 2017, Wiley-VCH. (b) Band structures of Cs,(Ag;_,Bi;_p)Tl,Brs for (top) substitution of TI* for Ag™ and (bottom) substitution of TI>*
for Bi**. Metal orbital characters of the bands are depicted in color. Reproduced with permission [199]. Copyright 2017, American Chemical Society. (c) A
change in the character of the CBM from s-orbital-derived to p-orbital. (d) Single crystals of double perovskites Cs,AgSbClg (top) and Cs,AgInClg (bottom),
respectively. Reproduced with permission [201]. Copyright 2017, Royal Society of Chemistry.

2.43 eV, respectively [164]. As depicted in Fig. 6(c), both iodide
compounds and Cs;NaSbBrs exhibit absorption in the visible
region, attributed to p-p valence to conduction band transitions.
Zhao et al. [164] predicted a bandgap dependence of Cs,NaB™Xg
on the B".site cation and X-site halide ion. The bandgap would
be narrower with (1) a large size anion and (2) Sb** (B''site)
cation. Zhang et al. [207] also demonstrated the empirical infor-
mation of Cs;NaBils with a bandgap energy of 1.66 eV, which is
comparable to that of MAPbI3; however, the low film quality pro-
duced poor device performance.

Recently, in an attempt to alter the electronic properties based
on the degree of cation order, the band structure of Cs,NaSbClg
was studied with different Na*/Sb>* cation distributions [197]. As
depicted in Fig. 6(d), six different distributions of Na*/Sb** were
considered; only Configuration 6 (C6) corresponded to the
ordered (with only nearest Na-Sb bond) Cs,NaSbCls compound
with an indirect bandgap, whereas the other 5 configurations
corresponded to a disordered (with some Sb-Sb bonds) Cs,-

NaSbClg structure with direct bandgaps. Moreover, bandgaps
decreased monotonously from C6 to C1 owing to greater Sb**
cation density (more Sb-Sb bonds). The calculated optical absorp-
tion coefficient also improved for disordered compounds as their
absorption onset moved toward lower energies, which was con-
sistent with the calculated band structure.

Layered halide double perovskites

High electronic dimensionality is another important criterion for
promising solar-absorbing candidates [206]. Accordingly, Tang
et al. [208] designed a layered HDP with the general formula Css,.
nBnSb2Xo.3n (B =Sb, Ge) by incorporating an octahedral layer of
[Bl¢] into Cs3Sb,ly, as depicted in Fig. 7(a). The resulting layered
perovskite exhibited a suitable bandgap, large dielectric constant,
smaller carrier effective mass (m.), high optical absorption, and
low exciton binding energies. Moreover, the bandgap of the
compound was easily tuned by controlling the number of layers.
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(a) Schematic illustration of the parity-forbidden transitions of Cs,AgInCls. Reproduced with permission [203]. Copyright 2018, American Chemical Society. (b)
PL spectra of Mn-doped Cs,AgInClg with different Mn content after excitation with 340 nm light. Insets illustrate photographs of luminescence from the
powder samples under UV light. Reproduced with permission [204]. Copyright 2018, Royal Society of Chemistry. (c) Calculated optical absorption spectrum
for the double perovskites of the form Cs,NaBX compared with CsPbls. (d) Scalar relativistic (solid blue lines) and fully relativistic (dashed orange lines) band
structures and fully relativistic partial density of states (DOS) for the double perovskites. The highest occupied state is set to 0 eV. Reproduced with

permission [252]. Copyright 2018, Elsevier Ltd.

In 2018, Connor et al. [209] demonstrated the effect of
dimensional confinement on 3D Cs,AgBiBre HDP by synthesiz-
ing 2D derivatives using long-chain aliphatic cations (butylam-
monium cations) such as (BA)4AgBiBrg (n=1) and
(BA),CsAgBiBr; (n=2). The long-chain cation spacer separated
the inorganic sheets while the Cs* cation occupied the cavities
of inorganic layers, as depicted in Fig. 7(b). Due to the dimen-
sional reduction, the bandgap of the material changed from
the indirect to the direct configuration, as depicted by the DFT
results in Fig. 7(c). Although electronic structure calculations
exhibited direct gap transitions in (BA)4AgBiBrg, its powder
exhibited lower energy-absorption onset than corresponding
films.

Summary and outlook

Overall, despite the attractive semiconductor features of HDPs,
there are limitations including the indirect bandgap and late
absorption onset. Although the optical performance of HDPs
has lagged behind Pb-based halide perovskites, HDPs still have
potential for the development and more extensive research on
fundamental properties of HDPs is required. Further studies on
the quantum confinement effect of HDP NCs should also be con-
ducted, as the photophysical properties of NCs are expected to be
different from their bulk counterparts. Several researchers have
reported blue-shifted excitonic absorption peak, size-dependent
spectral shifts and enlarged bandgap as evidence of quantum
confinement in HDP NCs [172,210]. However, it remains contro-
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Cs,, M(Il), Sb.|

(a) Nustration of the general design principle for the layered HDPs Css,,M(ll),Sb>Xo,3, (M = Sn, Ge). Cs and | atoms are depicted with green and orange
spheres, respectively; Sb and Sn(Ge) atoms displayed in purple and cyan, respectively. Reproduced with permission [208]. Copyright 2018, American Chemical
Society. (b) Single-crystal X-ray structures (298 K) of the (001) layered double perovskites (BA)4AgBiBrg (n = 1) (BA),CsAgBiBr; (n = 2), and the 3D double
perovskite Cs,AgBiBre. Insets illustrate the Ag coordination sphere with select bond distances in Angstroms. (c) Atomic geometries and band structures of
Cs,AgBiBrg (3D) and model n =4, n =3, and n = 2 perovskites. Gray, orange, brown, and teal spheres represent Ag, Bi, Br, and Cs atoms, respectively. The
dominant metal orbital character of the bands is depicted in color. Red arrows indicate the lowest-energy transitions. Reproduced with permission [209].
Copyright 2018, American Chemical Society.

versial whether these results are inconsistent due to the differ-
ences in measurement techniques [174,211].

It is also noteworthy that structural dimensionality does not
necessarily indicate the electronic dimensionality [206]. While
the electronic properties of the Pb-based perovskites are primarily
determined by the BXs octahedra, the electronic landscape of
HDPs rely on the lone pair states of two B-site cations. In this
regard, three-dimensional (3D) HDPs can exhibit low electronic
dimensionality due to the nature of alternating arrangement of
B'Xs and B"X, octahedrons in 3D network. Therefore, not only
the structural dimension but also the electronic dimension of the
absorbing material should be considered for improved PV prop-
erties [212].

Moreover, various studies have shown that the refractive
index plays a vital role in determining optical response proper-
ties of halide perovskites [213] and the relationship between
energy gap and refractive index is continuously gaining interest
[213-215]. Recently, an elaborative study [216] of Cs,AgCrXs
(X =Cl, I) suggested that halogen substitution at the X-site leads
to refractive indices (n) value of 2.1, 2.5, and 3.0 for Cs,AgCrCls,
Cs,AgCrBrg, and Cs,AgCrlg, respectively, while A-site engineer-
ing A,AgCrBre (A =K, Rb, Cs) leads to refractive index (n) around
2.5, 2.3, and 2.4 for Cs,AgCrBrs, Rb,AgCrBrg, and K,AgCrBrs,
respectively. The n values were found to increase with increase
of photon energy in the region 0.0-3.0 eV. On the other hand,
refractive indices of CH3;NH;3Pbl;_,Cl, perovskite thin films were
reported approximately to be 2.4 and 2.6 in the visible to near-

infrared wavelength region. Crystal orientation of organic-inor-
ganic hybrid perovskites has also been well studied for fine tun-
ing of optoelectronic properties [217]. However, this window
needs to be still explored for Pb-free HDPs.

Stability of halide double perovskites

As discussed previously, the most critical drawbacks associated
with typical MAPbI; perovskites are their instability to light,
moisture, oxygen, and heat, leading to severe degradation to
Pbl,. Additionally, toxic lead is still necessary to achieve high
performance, even though it causes serious harm to human
health such as fatigue, muscle weakness and clumsiness. Thus,
extensive efforts have been paid to design new non-/low-toxic
and stable halide perovskites for the optoelectronic applications.
Sn** and Ge** could be expected as alternative candidates to
replace with Pb?* jons in the perovskites [218,219]. These non-
toxic materials are subject to oxidize due to high-energy-lying
5s orbitals. Afterwards, bivalent metal ions such as Sr>* [218],
Co** [220] and Zn?** [221] were adopted to partially replace the
lead to enhance both efficiency and stability. However, the dop-
ing method cannot thoroughly solve the issues of stability or
toxicity. Recently, HDP have been proposed as stable and green
alternatives to lead halide perovskites, and these novel family
of perovskite structure may overcome these problems and
demonstrate significantly high stability to these weather ele-
ments. In this section, the stability were improved by substitut-
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ing different elements. The photo- and moisture stability could
be improved by investigating of Cs,Ag'B"Xs (B =Bi, In, Sb),
(X =Cl, Br) and the thermal stability were investigated with the
structure of Cs2B'B"X® (B! = Cu, Ag, Au; B = Bi, Sb; X =Cl, Br,
I). These different substitution in the HDP structure exhibited
much higher photo, moisture and thermal stability.

Photo- and moisture-stability

Many studies have demonstrated the ambient stability of HDPs.
McClure et al. [132] investigated the stability of Cs,AgBiXs
(X =Cl, Br) in ambient atmosphere. Samples were stable under
dark conditions for two weeks, yet darkening was observed when
exposed to visible light. As shown in Fig. 8(a) and (b), Cs,AgBiCls
undergoes minimum degradation over 28 days which is con-
firmed by the slight change in total reflectance, while Cs,AgBiBr,
illustrates severe degradation. Superior stability of chloride-based
HDPs was also observed by Volonakis et al. [134]. Cs,AgInCl was
structurally stable for more than three months when exposed to
light and moisture. Zhou et al. [175] also demonstrated the crys-
tallographic stability of Cs,AgInCls to light and moisture for
more than 28 days.

For Cs;AgBiBrg NCs, Zhou et al. [168] demonstrated phase
uniformity for 90 days under 55% relative humidity; the material
could withstand a light soaking of 70 mWcm ™2 for 500 h. Slav-
ney et al. [144,199] also investigated the stability of freshly-
prepared Cs;AgBiBrs powder by exposing it to light and mois-
ture. As depicted by the XRD pattern in Fig. 8(c), the material
exhibited stability in dark ambient conditions even after 30 days.
However, severe discoloration was observed within 15 days of
exposure to light, which was attributed to the photosensitivity
of Ag salts. Similar phenomena have been reported for other
Ag-based HDPs, such as Cs,AgInBrg, Cs,AgBiCls, and Cs,AgSbClg
[132,173]. In the case of hybrid HDPs, (MA),AgBils did not
decompose even after four months of storage under dark humid
conditions, and (MA),AgSbls was stable under ambient condi-
tions for 370 days [222].

Thermal stability

Assessment of the inherent stability of HDDPs is critical for their
commercialization. Filip et al. [34,149,163] theoretically demon-
strated thermodynamic stabilities of Cs,B'B™ X, (B' = Cu, Ag, Au;
B! = Bi, Sb; X =Cl, Br, I) and suggested that only 3 were stable
among 18 hypothetical compounds. Dong et al. [223] and Wei
et al. [224] also conducted a study on the thermal stability of Cs,-
AgBiBrs and (MA),AgBiBrs in comparison to CsPbBr; and
MAPDI;, respectively. Based on the experimental values, it was
found that Cs,AgBiBrs possessed superior stability which was
attributed to the strong metal-halide bonding and the absence
of organic components. Cs,AgBiBrs maintained its phase purity
for several months [196,225]. However, thermodynamic stability
decreased as X-site halide ion changed from ClI° to I”
[136,161,163,165]. Cs,AgInCls also exhibited thermal stability
up to 400 °C with any change in phase and mass [175]. In
another study, the same compound was stable for three months
[226]. However, Xu et al. [226] demonstrated that point defects
of Cs,AgInClg have low formation energy. These defects can be
suppressed by altering the growth conditions (Bi/In poor and

halogen rich), but their presence affects the electronic band
structure and thus leads to poor photophysical properties.

For hybrid HDPs (MA* or FA* as A-site cation), thermal stabil-
ity is lower than that of all-inorganic HDPs due to the presence of
organic cations, as shown in Fig. 8(d). However, these com-
pounds are significantly more stable than Pb-based hybrid per-
ovskites such as MAPbX3 [227]. A thermal gravimetric analysis
(TGA) of (MA),AgBiBrs confirmed thermal stability of up to
~550K with a heating rate of 10 Kmin~!. Antimony-based
hybrid double halide perovskites (MA),AgSbls [222] were also
stable for 370 days under ambient conditions.

Optoelectronic applications of halide double

perovskites

Difficulties in dissolving the precursors and fabricating uniform
and high-quality films have hampered the applications of HDPs
for optoelectronic devices. However, this class of compounds is
still in its emerging stages, and much effort has been made to
apply these materials to PVs (Table 2), photodetectors (Table 3),
and light-emitting devices (Table 4).

Solar cells
In 2017, Greul et al. [170] incorporated Cs,AgBiBrs into a solar
cell for the first time. A device with an optimized Cs,AgBiBr,
morphology exhibited a PCE of 2.43% with a V.. exceeding
1V, as depicted in Fig. 9(a). A planar heterojunction solar cell
with a high-quality Cs,AgBiBr¢ film was developed by Wu et al.
[186] They employed low-pressure-assisted solution processing
approach which involved the spin-coating of a precursor solu-
tion followed by transferring the films to low-pressure pumping
chamber (~20 Pa). Through careful optimization of Cs,AgBiBr,
films, 1.44% PCE was obtained, yet a hysteresis phenomenon
was still observed. Ning et al. [187] also fabricated a planar
heterojunction solar cell based on Cs,AgBiBre films. Although a
long diffusion length of ~110 nm was observed for photoexcited
carriers, the highest PCE was only 1.22%. This low efficiency was
attributed to a unsuccessful charge transfer from Cs,AgBiBrg to
the extraction layers. However, as depicted in Fig. 9(b), the J-V
curves in forward and reverse scans exhibited almost no hystere-
sis. Pantaler et al. [228] also reported hysteresis-free solar cells
using CsAgBiBrs. They employed an anti-solvent strategy prior
to the annealing step with two types of hole-transporting mate-
rials and achieved PCEs of 0.96% and 0.68%, respectively. The
absence of hysteresis was ascribed to the reduced trapping and
de-trapping of charge carriers and suppressed ion migration.
Very recently, Liu et al. [229] suggested a bandgap engineering
strategy to enhance the PCE of Cs,AgBiBrs-based solar cells. They
introduced Sb3* to substitute up to 75% of Bi** and reduced the
optical bandgap by 0.25 eV. The resultant device exhibited an
increase in the Voc and PCE by 64 and 31%, respectively, com-
pared to those obtained from the solar cells based on pristine Cs,-
AgBiBrs, as depicted in Fig. 9(c). On the other hand, Zhang et al.
[225] introduced Rb* to substitute the variant fraction of Cs*
cation in Cs,AgBiBrs-based solar cells. (Cs;_,Rby),AgBiBrs double
perovskite exhibited increased absorption at a longer wavelength
and decreased defect density. The device performance also
increased, as presented in Fig. 9(d), and achieved PCE of
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(a), (b) UV — Vis diffuse spectra of the light instability of Cs,AgBiBrs and Cs,AgBiCls after two and four weeks of light exposure, respectively. Reproduced with
permission [132]. Copyright 2016, American Chemical Society. (c) PXRD patterns of 1 after exposure to humidity (55% RH) or light (0.75 Sun). Asterisks denote
signals from the sample holder. (d) PXRD patterns of before (orange) and after (red) 72 h at 100 °C, (MA)PbBr3 before (turquoise) and after (blue) 72 h at 60 °C,
and (MA)Pbl; before (light green) and after (dark green) 72 h at 60 °C. Vertical bars denote reflections from PbBr; or Pbl,. Reproduced with permission [144].

Copyright 2016, American Chemical Society.

1.52%, which was 15% higher than that of Cs,AgBiBrs-based
solar cells.

As previously described, high film quality is crucial for the fab-
rication of high performance perovskite solar cells. Therefore, sig-
nificant effort has been made to adjust the morphological
features of Cs,AgBiBr¢ films [196]. Gao et al. [189] demonstrated
an anti-solvent dropping and post-annealing strategy to obtain a
high-quality, ultra-smooth Cs;AgBiBrs film with high crys-
tallinity. The resulting planar heterojunction solar cell exhibited
a PCE of up to 2.23% with no hysteresis. Wang et al. [230] used a
sequential vapor deposition approach to fabricate Cs,AgBiBrs
films. The planar solar cell exhibited an optimized PCE of
1.37% and retained 90% of its PCE value after storage under
ambient conditions for 240 h. Igbari et al. [231] compared
vacuum-sublimated and solution-processed Cs,AgBiBrs and con-
cluded that the solution-processed Cs,AgBiBrs exhibited a higher

crystallinity, longer photoexcitation lifetime, and higher mobil-
ity. With precise control of the composition stoichiometry of
solution-processed Cs,AgBiBrg, they achieved a PCE of 2.51%,
as shown in Fig. 9(e), which is the highest value for HDP-based
solar cells so far.

In addition to the commonly used Cs,AgBiBrs, many
vacancy-ordered HDPs have also been explored for PV applica-
tions due to the direct bandgap. However, poor carrier transport
ability and the presence of deep mid-gap defects limited the
device performance. Qiu et al. [232] used Cs,Snls with a bandgap
of 1.48 eV as an absorber layer in mesoscopic perovskite solar
cells. However, the PCE was around 1%, and low level of PCE
was reported in the mixed halide system using Cs,Snls ,Bry.
The low PCE was attributed to dipole-forbidden transitions from
VBM to CBM, resulting in an optical bandgap larger than the
fundamental bandgap [139]. As an alternative, Cs,Snls has been
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TABLE 2

Summary of halide double perovskite-based solar cells.

Device structure PCE Stability = References
% (days)

As hole transport layer

FTO/c-TiO,/m-TiO,/dye with 3D PhC/ 78 - [140]
Cs,Snle/Pt/FTO

FTO/mutilayered TiO2/2907 dye/ 423 - [141]
Cs,Snlg/Pt

FTO/c-TiO,/m-TiO,/Z907 dye/ 363 - [142]
Cs,Snl;Brs/Pt

As active layer

ITO/Sn0O,/Cs,AgBiBrs/Au 144 31 [186]

ITO/SnO,/Cs,AgBiBre/P3HT/Au 086 31

ITO/Cu-NiO/Cs,AgBiBre/Cso/BCP/Ag  2.23  10. [189]

ITO/TiO,/Cs,AgBiBrs/SpiroOMeTAD/ 1.22 - [187]
Au

FTO/c-TiO,/mTiO,/Cs,AgBiBre/ 126 - [228]
PTAA/Au

FTO/c-TiO,/m-TiO,/Cs,AgBiBre/ 0.9
SpiroOMeTAD/Au

FTO/c-TiO,/m-TiO,/Cs,AgBiBre/ 0.68
PCPDTBT/Au

FTO/c-TiO,/mpTiO,/Cs,AgBiBrs/ 25 25 [170]
SpiroOMeTAD/Au

FTO/c-TiO,/Cs,AgBiBre/P3HT/Au 137 - [230]

FTO/c-TiO,/m-TiO,/Cs,NaBile/ 042 14 [207]
SpiroOMeTAD/Au

FTO/TiO,/Cs,TiBre/P3HT/Au 226 - [233]

FTO/TiO2/C60/Cs2TiBr6/P3HT/Au 328 14

FTO/c-ZnO/mp-ZnO/Cs,Snlg/P3HT/  0.86 - [232]
Ag

FTO/TiO,/Cs,Snle/P3HT/Ag 096 8 [268]

FTO/TiO,/Cs,Snlg/PsHT/Ag 047 - [267]

FTO/c-TiO,/Sn-TiO,/Cs,Snlg_,Br,/ 2.03 50 [271]

Cs,Snlg HTM/LPAH/FTO

applied as a hole injection layer (HIL) in dye-sensitized solar PV
devices due to its lower charge transport resistance than conven-
tional HIL materials. Cs,Tile thin-films prepared using the low-
temperature vapor based method were incorporated into planar
heterojunction solar cells by Chen et al. [233], who reported a
PCE of 3.3% and superior intrinsic environmental stability.

TABLE 3

Photodetector
Visible-UV photodetector
HDPs have been successfully explored for light-detection applica-
tions due to their long carrier diffusion lengths, high carrier
mobility and more importantly high resistivity. Luo et al. [203]
successfully prepared a high-quality single crystal of Cs,AgInCls,
as depicted in Fig. 10(a). A low dark current (0.01nA), high detec-
tivity (~10'? Jones), and short response time (0.97 ms) were
demonstrated while operating in the UV range. Lei et al. [234]
fabricated a Cs,AgBiBrs thin-film photodetector using a one-
step spin coating process. As depicted in Fig. 10(b), the device
exhibited remarkable performance with high responsivity
(7.01 AW 1), detectivity (~10'! Jones), and an external quantum
efficiency (EQE) of 2146% along with outstanding operation sta-
bility. Yang et al. [235] also fabricated a Cs,AgBiBrs-based pho-
todetector using an optimized solution process. The optimized
solution process exhibited a fast response (17 ns) and high detec-
tivity (3.29 x 10'? Jones). Furthermore, the device retained 94%
of its initial photoresponsivity after aged at 150 C for 2300 h.
In contrast, Wu et al. [236] demonstrated a self-powered,
highly efficient UV (320-400 nm) and deep blue (435 nm) detec-
tor based on Cs;AgBiBrs/SnO, heterojunction, as depicted in
Fig. 10(c). Photogenerated carriers in the absorber layer were sep-
arated at the interface of Cs,AgBiBrs/SnO, using a built-in field.
At 350 nm, high responsivity of 0.1 A W~ and fast response time
of 3 ms were reported. A self-powered photodetector based on
Cs,AgBiBrg films was also reported by Xu et al. [226]. A high
detectivity (~10'% Jones) and responsivity (1.4 AW™1) were
obtained owing to efficient charge extraction. More importantly,
the device was stable in open air even after three months and
could withstand a high temperature of 373 K for 10 h.

X-ray photodetector

Recently, extensive attention has emerged on X-ray detection
imaging for medical diagnosis, security screening, and industrial
product inspections. HDPs are suitable candidates for X-ray
detection due to their desirable properties such as high X-ray
attenuation coefficient, defect tolerance, large mobility-lifetime
product (pt) and high resistivity. One of the challenges with X-
ray photodetectors is the large noise and baseline lift from ionic

Summary of categories of halide double perovskite-based photodetectors.

Uv-Vis Photo detector.

Material Responsitivity (AW Detectivity (Jones) Response Time (ns) References
Cs,AgInClg - ~10" 0.97 [203]
Cs,AgBiBr 7.01 ~10" - [234]
329 x 10" 17 [235]
1.46 ~10" - [226]
Cs,AgBiBre/Sn0O,, 0.11 - 3 [236]
X-ray Photo detector
Materials Approaches Conditions Sensitivity (uC Gy, ' cm 2 References
Cs,AgBiBrg lonic Migration Introduction of BiOBr 250 [237]
Thermal annealing & Surface Treatment. 105 [238]
Film Modification Introduction of Polymer matrix 40 [239]
Temperature dependent RT to LN2T 316 at RT. 988 at LN2T [240]
(BA),CsAgBiBr; Material Insertion Introduction of (BA), 4.2 [226]
13
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TABLE 4

Summary of halide double perovskite-based light-emitting materials.

Material PLQY Aem References
(%) (nm)
Cs,AgBiClg (8% OA) NCs 6.7 395 [241]
Cs,5NnClg:2.75% Bi NCs 789 455 [244]
Cs,AgBiBrg NCs 0.7 465 [197]
Cs,(Ado.60Nao.40)INClg:0.04% Bi 86.2 ~550 [246]
film +5.0
Cs,AgIng oBio Cls (8% OA) NCs 366 570 [242]
Cs,AgBilg NCs <0.1 575 [197]
Cs,AgInClg:1% Bi NCs 114 580 [245]
Cs,Ag0.4NagInClg:Bi NCs 22 620 [243]

migration, which limits detection and imaging performance.
Yang et al. [237] reported a novel approach to eliminate ionic
migration in Cs,AgBiBrs perovskites by introducing BiOBr for
heteroepitaxial passivation layers, as depicted in Fig. 11(a). The
devices achieved outstanding performance with low noise (1/f
noise-free), high sensitivity of 250 pnC Gys: cm™2, and a spatial
resolution of 4.9 Ip mm™" for imaging application.

Pan et al. [238] exhibited another approach to eliminate ionic
migration through thermal annealing and surface treatment, as
depicted in Fig. 11(b). By eliminating the disordering of cations
(Ag*/Bi*"), they reduced the surface trap density and enhanced
carrier transport in Cs,AgBiBr, single crystals. Employing a sim-
ple metal/HDP/metal device configuration, this optimized device
exhibited a high sensitivity of 105 pC Gy cm™2 and a low
detection limit of 59.7n Gyp s~', suggesting its competitive
application for X-ray detection. Li et al. [239] demonstrated Cs,-
AgBiBrs embedded in a polymer matrix using a spin-casting tech-
nique. The polymer with hydroxyl functional groups exhibited
uniform and large dense films with a sensitivity of 40uC Gy
cm 2. Moreover, the addition of polymer matrix led to unique
flexible properties exhibiting a 5% tensile/compressive strain
without performance degradation, as depicted in Fig. 11(c).
Steele et al. [240] provided another photophysical pathway in
single-crystal Cs,AgBiBrg at both RT and liquid-nitrogen (LN2T)
temperatures. This study demonstrated carrier dynamics that
influence X-ray sensitivity depending on temperature. The tem-
perature dependence of a single crystal Cs,AgBiBrs-based device
upon cooling ranged from 316 uC Gyy: cm ™2 at RT to 988 nC Gy
~! cm~2 at LN2T. Moreover, long carrier lifetime of greater than
1.5 us was demonstrated at 77 K. In contrast, Xu et al. [226]
obtained high-quality bulk crystals of (BA),CsAgBiBr; with
unique 2D multilayered motifs, which are depicted in Fig. 11
(d). The device exhibited a high bulk resistivity and a low density
of defects and traps with a decent sensitivity of 4.2 nC Gyai cm_

Light-emitting materials

Pb-free HDPs with suitable bandgaps also could be used for light-
emitting applications. A family of Pb-free silver-bismuth HDPs
was intensively studied for use as a light-emitting material owing
to its intrinsic chemical stability [211]. Yang et al. [241] synthe-
sized Cs;AgBiXs (X =Cl, Br, I) NCs using the recrystallization
method, as depicted in Fig. 12(a). Ligand-passivated NCs pre-
sented 100 and 10 times enhanced photoluminescence quantum
yields (PLQY) of 6.7% (emission peak: 395 nm) for Cs,AgBiCls

2

and 0.7% (emission peak: 465 nm) for Cs,AgBiBrs compared to
their ligand-free counterparts. Another silver-bismuth chloride
double perovskite with bright orange emission (emission peak:
570 nm) was reported [242], as depicted in Fig. 12(b). By replac-
ing Bi** with In®* at 75 and 90% (Cs,AgIn,Bi;_,Cls NCs, x = 0.75
and 0.9), the maximum PLQY value of 36.6% could be achieved.

Incorporation of Bi** into HDPs is believed to improve crys-
tallinity and promote exciton localization. Recently, Locardi
et al. [243] reported Bi**-doped NCs with a composition of Cs,-
Ag; sNa,InCls as a candidate for warm white emission, as
depicted in Fig. 12(c). A high PLQY up to 22% was achieved from
the trapped emission between newly localized states. A Bi®*-
doping strategy was also adopted in tin-based and silver-
indium-based Pb-free HDPs. Tan et al. [244]| synthesized Bi®*-
doped Cs,SnClg for blue emissive phosphors. Consequently, a
significant enhancement in the photoluminescence (emission
peak: 455 nm, PLQY: 78.9%) was achieved. This is the highest
PLQY value ever reported for all-inorganic Pb-free perovskites
and is even comparable to the highest value of Pb-based per-
ovskites that emit blue photons. In contrast, Liu et al. [245] opti-
mized the synthetic protocol for Bi3*-doped Cs,AgInCls NCs and
achieved a high PLQY of 11.4% (emission peak: 580 nm), largely
due to the high crystallinity. More impressively, Luo et al. [246]
reported that Cs;Ago soNag 40InClg perovskites doped with 0.04%
Bi** emit warm white light with a PLQY of 86 (+5)%, the highest
value ever reported for white-emissive phosphors. Na alloy
reduced the electronic dimensionality and broke the parity-
forbidden transition, and doping of trace amount of Bi** sup-
pressed recombination centers, hence simultaneously enhancing
the radiative recombination and suppressing the non-radiative
recombination, leading to the record PLQY for white phosphors.
These materials also exhibited outstanding thermal and working
stability, owing to the large exciton binding energy and all-
inorganic components. A working electroluminescence device
was further built using thermally evaporated Cs;AgosoNag 40~
InCl¢ film, which suggested the potential application of double
halide perovskites for electroluminescence devices.

There are several strategies for tuning the optical bandgap of
Pb-free HDPs as shown in Fig. 12(d). For NCs, in particular,
halide composition engineering can be utilized as was applied
to Pb-based perovskite NCs [241]. However, the limitations of
halide segregation under illuminations and external voltage
stress of HDP NCs with mixed halide composition need to be
explored. Most of HDP light-emitting materials reported to date
only contain Cl~ for halide component for the high quantum
efficiency and stability [236,242-245]. In addition, Chini et al
[247] reported that HDP thin films with mixed halide composi-
tion are not only difficult to fabricate, but also their bandgaps
do not follow the relative halide composition ratios.

It is also noteworthy that, unlike Pb-based halide perovskites,
the bandgap of Pb-free HDP can be modulated by control over
the B-site cations through indirect to direct bandgap transition
[242]. Moreover, the light-emitting properties of Pb-free HDPs
could be tuned by controlling temperature and pressure. Ning
et al. [248] modulated the bandgap of Cs,AgBiBrs double per-
ovskites using exotic reversible thermochromism. Fang et al.
[249] reported 2D HDPs (BA);AgBiBrg that exhibit pressure-
induced emission (PIE).
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Wiley-VCH.

Machine learning, simulation, and theoretical studies
First-principles calculations

As the interest in Pb-free HDPs has grown, the number of studies
pursuing a fundamental understanding of the structure of opto-
electronic properties has increased accordingly
[129,132,134,149,166,247,250-256|. Quantum mechanical DFT
modeling has been used extensively with various levels of theory
to investigate the band structure, thermodynamic stabilities, and
mechanical properties of candidate double perovskites as a func-
tion of compositional variation. However, the bandgap is nor-
mally underestimated from DFT modeling, especially for
systems with strong electron correlations [257,258]. Neverthe-
less, the bandgaps of Pb-based perovskites have been described
accurately [190,252,253,259,260], which has been attributed to
an error cancellation due to the exclusion of spin orbital cou-
pling effects, which result in an overestimation, and the concur-
rent underestimation associated with standard DFT
[253,254,258,259]. For instance, as reported by Umari and his
coworkers [258] for MAPDI;, the bandgap of 1.68 eV calculated
using standard DFT agrees closely with the experimental value
(1.60 eV). They found that the inclusion of relativistic effects

by SOC reduces the bandgap to 0.60 eV, and the addition of
many-body perturbation theory based on the single-particle
Green function and screened Coulomb interaction (GW) calcula-
tion increases the bandgap by ~1 eV [258]. Accordingly, relativis-
tic many-body theory (GW + SOC) can lead to a highly accurate
prediction for the bandgap which is good agreement with stan-
dard DFT (1.67 eV) [258]. In contrast, the bandgap of MASnI;
was severely underestimated as 0.61 eV using standard DFT while
GW + SOC delivered a more accurate bandgap of 1.10 eV [258].
Unfortunately, such calculations are computationally resource-
demanding and are not practical for high-throughput
investigations.

Another noteworthy study was performed by Volonakis et al.
[129], using the PBEO hybrid functional for a class of pnictogen
noble-metal halide perovskites, Cs,B'B"Xs (B'=Cu, Ag, Au,
B =Sb, Bi, and X =Cl, Br, and I), they predicted indirect band-
gaps below 2.7 eV as depicted in Fig. 13(a) and (b. Based on this
study, the bandgaps are dependent on the size of the halogen
and pnictogen rather than the noble metal [129], which is pre-
sented in the density of states (DOS) analysis (Fig. 13(c)), in
which the VBM and the CBM consist of halogen-p states and
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Device structure and performance data of HDP-based X-ray photodetector devices. (a) Reproduced with permission [237]. Copyright 2019, American
Chemical Society. (b) Reproduced with permission [238]. Copyright 2019, Royal Society of Chemistry. (c) Reproduced with permission [239]. Copyright 2019,
Advanced Optical Materials. (d) Reproduced with permission [226]. Copyright 2019, Wiley-VCH.

pnictogen-p states, respectively [129]. From Fig. 13(d), the SOC
has a minimal effect on VBM but a more significant effect on
the CBM, indicating that the SOC affects the lower conduction
bands of heavy-metal-based systems and, consequently, the
bandgap of pnictogen noble-metal halide perovskites.

The calculated bandgaps for Cs,AgBiCls and Cs,AgBiBrg exhi-
bit discrepancies in literature [129,132,166,247]. As such, Filip
et al. [149] used GW + SOC to obtain indirect gaps of 2.4 and
1.8 eV for Cs,AgBiCls and Cs,AgBiBrg, respectively. These results
are in great agreement with experimental band gaps of 2.2 eV for

Cs,AgBiClg and 1.9 eV for Cs,AgBiBrg. Since the allowed direct
transitions in this class of material can be over 0.6 eV higher than
indirect transitions, this is likely to yield a weaker optical absorp-
tion in the visible range. [138,261]. Because the indirect bandgap
of the Cs,AgBiX, perovskite family can be attributed to a funda-
mental mismatch between the symmetry of the s orbitals of Bi
and d orbitals of Ag at the band edge, Savory et al. [138] studied
the replacement of silver with atoms that contain valence s
states, such as In* and TI*. The inclusions of In* and TI* result
in direct bandgap transitions. Although the bandgap of Cs,-
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InBiX, is significantly narrowed (E; < 0.5 eV) [138], Cs,TIBiCls
has a direct bandgap of 1.28 eV based on DFT modeling. Thus,
if Cs,TIBiCls is thermodynamically stable, it could be highly
promising for PV applications.

After the report for Cs,TIBiCls and Cs,TIBiBrg [138], Nair et al.
[262] predicted that Cs,TIBils has a bandgap of 1.37 eV. This
result is surprising given that the general trend of the bandgap
is to decrease progressing down the halide group. The reason
for this unexpected success could be attributed to the different
computational methods the researchers used: Savory et al. used
HSEO06 + SOC for the band structure, whereas Nair et al. used
PBE + SOC. Given that band gap can be sensitive to even differ-
ences in the amount of exact electron exchange incorporated
in HSEO6, it is not inconceivable that the discrepancy is due to
the different computational schemes. Thus further theoretical
investigation is required, potentially using GW methods for this
family of compounds.

More recently, Chini et al. [247] investigated the effect of the
halide composition in double perovskites on stability and opto-
electronic properties. The calculated bandgap of Cs,AgBiCL,Br -
» (x=0-6) increases linearly as a function of Cl content when
the BiXgs octahedra contains both Cl™ and Br~ [247], which is
expected due to the increased ionicity (electronegativity) of the
anion. Interestingly, when the BiX, octahedra are composed of
only one halide (CI™ or Br™), the bandgap is nearly unchanged
if the Cl composition remains under 50% [247]. Chini et al.
[247] revealed that such structures can benefit from increased
ambient stability due to the presence of chloride yet retain the
favorable bandgap of Cs,AgBiBre.

Pb-based halide perovskites have a key advantage: direct p-p
optical transitions [263]. This is due to the lower part of the con-
duction bands being primarily derived from unoccupied p orbi-
tals of Pb and the upper part of the valence bands being
comprised mostly of p orbitals of halide [263]. Thus, in the
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search for Pb-free perovskites, it is reasonable to investigate
isoelectronic cations to Pb®* to retain the desirable electronic
structure of Pb-based perovskites [251]. Moreover, the bandgap
must be within an appropriate range for single-junction solar
cells. One method to control the bandgap is to choose the halide
constituent [129]. So far, most experimentally-synthesized
double perovskites use CI” and Br~, which yield bandgaps
typically too high for singlejunction solar cells
[129,132,134,149,224,247].

Machine learning

In recent years, experimental and computational advancements
have produced a burst of high-throughput studies, which has
led to the emergence of a multitude of material databases in
diverse fields. In this context, the ML approach has gained signif-
icant attention due to its capability for an efficient prediction of
various material properties. Consequently, the processes for the

discovery and development of new materials with desirable prop-
erties are significantly accelerated.

In 2016, Pilania et al. [145] trained a kernel ridge regression
(KRR) learning model using DFT-calculated bandgaps of 1306
double perovskites. The original descriptors were composed of
simple atomic features such as electronegativities, ionization
potentials, electronic energy levels, and valence orbital radii of
the constituent atoms. While developing the KRR model, the
researchers found that the lowest occupied energy levels of the
A-site elements and electronegativities of the B-site elements
are the most critical factors determining the bandgap [145],
which is somewhat unexpected given that the choice of A-site
element has been thought to have a minimal effect on double
perovskites [138].

More recently, a data set was built based on all known double
perovskites from the literature containing Ca, Sr, and Ba [264]. A
random-forest regression (RFR) model was then trained to per-
form pattern recognition for the developed data set, which pre-
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dicted 33 stable double perovskites out of 412 candidates with 3d
and 4d/5d transition metal composition [264].

Another ML study [165] was implemented to investigate the
thermodynamic stability of double perovskites using the KRR
model with the DFT-calculated decomposition energies of 354
candidates (Fig. 13(e)). The descriptors for the KRR model were
the ionic radii of the A-, BL, B!, and X-sites in an A,B'B"X¢ dou-
ble perovskite [165]. After training the KRR model, the research-
ers were able to assess the stability of 246 perovskites that were
not present in the training set for the model. That study confirms
that the predictive capability of the ML model exceeded that of
conventional descriptors such as the Goldschmidt tolerance fac-
tor [165].

This summary of the first-principles and ML approaches in the
double perovskite field confirms that computational methods
can be used to explain fundamental mechanisms and discover
promising candidates with targeted optoelectronic and stable
thermodynamic properties. Just as computations can comple-
ment and explain observed experimental phenomena, it should
be stressed to acquire the experimental validation of theoretical
findings and techniques. Considering that computational meth-
ods provide a useful toolset to guide the design of new double
perovskite systems with desirable performance, more effort
should be coordinated using experiments to progress toward
the successful development of double perovskite-based optoelec-
tronic devices.

Conclusions and outlook

In this study, we presented the most recent developments and
possible approaches for the replacement of Pb-based perovskites
with halide double perovskite (HDP) materials for related opto-
electronic applications. We focused on the motivation behind
the demonstrations conducted so far on these compounds. Var-
ious material synthetic approaches, smooth film preparation
methods, and material characterization techniques are likely sig-
nificant factors that influence the properties of the resulting
materials and the performance of corresponding devices.

A survey of the literature reveals the merits and shortcomings
of Pb-free HDPs. However, their photophysical properties and PV
performance have not matched the unique properties attained
for Pb-based perovskite materials. For a material to illustrate
potential as a functional layer in various optoelectronic devices,
it must concurrently exhibit all properties that meet the require-
ments of corresponding applications. A full understanding of
these requirements can guide how the materials properties are
tailored to meet specific applications.

With their inherent stability and tunable properties, HDPs are
promising candidates for practical applications, leading to high-
performing, stable, and sustainable optoelectronic devices. X-ray
detection is probably one of the most attractive competitive
applications for HDPs considering its often large band gap and
high crystal quality (enabling low dark current) and indirect tran-
sition (harmless to X-ray absorption yet enabling large carrier dif-
fusion length which is imperative for X-ray detection). Although
considerable progress has been achieved, many challenges
remain including the development of stable compositions with
direct bandgaps across the visible range, the improvement of

electronic dimensionality and carrier mobility, and the growth
of perfect crystals and thin films. Large bandgap (>2 eV) and indi-
rect bandgap are the two key limitations common to HDPs that
must be addressed for viable applications. These problems need
to be tackled by atomic composition engineering and disordered
distribution of B*/B** cations. The successful realization of halide
perovskite compounds that combine the promising photophysi-
cal properties of Pb-based perovskites with the unique ambient
stability and non-toxicity of HDPs may contribute to a major
breakthrough in the field of optoelectronic devices.

From our standpoint, although the new class of HDPs have
drawn considerable interest in the past few years for expanding
their applications in eco-friendly photovoltaics and optoelec-
tronic devices, still the development of this class of HDPs mate-
rials is at its early stages. It is noted that only few members of this
family have been studied nd applied so far in optoelectronic
applications with a claim of eco-friendly optoelectronic devices,
thus paving the route for their commercialization. In addition,
the device performance based on this class of HDPs is still far
behind than that of conventional Pb-based perovskites, which
is currently the major hinderance in their commercialization.
New findings for their structural features, morphology control,
fundamental photo-physics, tuning of optoelectronic properties,
preferred orientation and device optimization are still to be
explored to fully exploit the potential of these materials in order
to use them as a best possible alternative to Pb-based perovskites.
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