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Abstract

Inspired by the fascinating class of hybrid organic-inorganic halide perovskite
materials, halide double perovskites have emerged as non-toxic Pb-free contender
for the application as active layers in optoelectronic devices. Heterovalent
substitution of Pb?* by non-toxic metal cations yield the double perovskite structure
which allows for compositional flexibility. In fact, the compositional space is large
given that multiple cations and halides can be combined resulting in >10°
perovskite combinations. A starkly increasing number of stable halide double
perovskite compositions are theoretically predicted. The synthesis however, lacks
behind and many double perovskites are primarily synthesized as powder samples
instead of thin films. The latter however, are needed for thin film devices such as
solar cells, light-emitting devices, and thin film transistors. When comparing the
synthetic approaches successfully applied to hybrid perovskites to methods used for
the fabrication of double perovskites, the latter is clearly in its very infancy. The
question is whether solution engineering and compositional modification strategies
can be exploited to match the exceptional optoelectronic properties of hybrid
perovskites. This review is motivated by a text mining effort that not only illustrates
the prevalence of powder over thin film synthesis but also the discrepancy between
the number of compositions experimentally realized and studied as compared to the
many predicted compositions. Here we summarize the synthesis aspects of halide
double perovskites, and in particular of thin films, including deposition techniques
and synthetic modifications to alter film properties.
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1. Introduction

Developing materials for renewable energy generation has attracted significant
research effort so as to answer the global climate change caused by combustion of
fossil fuels. Hybrid organic-inorganic Pb-halide perovskites with the protagonist
CHsNHsPbl; (MAPbIs) and general formula ABXs (A is a monovalent cation, B is a
divalent metal cation, and X is a halide anion, CI, Br, |, or a combination thereof, see
Figure 1) have sparked enormous research interest (reflected by the rise in number
of publications/year, illustrated in Figure 2A) due to their intriguing properties.
Within only a decade, the power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has increased from 3.8% in 2009' to 25.5% in 2021 in single-junction
architectures,? and to 29.5% in silicon-based tandem cells,” exceeding the
maximum efficiency achieved in single-junction silicon solar cells. These
achievements are due to their extraordinary optoelectronic properties, including
strong and tunable light absorption/emission, long carrier diffusion lengths, and high
carrier mobilities.>® In addition to inexpensive source materials, halide perovskite
films are typically prepared by inexpensive chemical solution processing including
spin coating and roll-to-roll compatible printing techniques.®!® Despite these
advantages, hybrid halide perovskites are currently limited by poor stability in
ambient conditions and lead toxicity. So far, significant efforts have been made to
address the stability issues in ABXs; perovskites, including compositional
engineering,''** dimensional engineering,'* organic substitution® and device
encapsulation.’® It is believed that stability will meet industry standards upon
further improvements.'” On one hand, the toxicity of Pb is a serious concern for the
health and the environment and needs to be eliminated in a sustainable
technology,!” on the other hand, its electron configuration is part of the success of



ABXs, i.e. its extraordinary optoelectronic properties.” In this regard, a Pb-free
alternative should seek to deploy similar elements with lone-pair s electrons. Thus,
replacement of Pb?* by other divalent cations e.g., germanium (Ge?*)*®!° or tin
(Sn2*)2%21 js an obvious approach but limited by their oxidation to more stable 4+
oxidation states?? and therefore limited PCE of less than 10%.¥232” Consequently,
researchers have focused on derivatives of the perovskite family in their search for
lead-free stable alternatives which may be summarized according to structure and
valence state of the metal cation as illustrated in Figure 1. Layered/dimer
perovskites, AsB3*,X,, with substitution of Pb?* by isoelectronic and non-toxic
bismuth (Bi**) only form 0D or 2D structures that suffer from high exciton binding
energy, short carrier diffusion length, high trap state density, and low charge carrier
mobility, which results in poor device performance.?®3* Another example in the
layered/dimer perovskite category is replacement of Pb?* with Sb3*, e.g. Cs3Sb,lg®
and RbsSbls*®. When the A-site is occupied by a large organic cation, such as
methylammonium (CHsNHs*, MA), the structure can transform into zero-dimensional
dimers of facesharing BXs octahedra, e.g. MAsSb.le®” and MAsBIi,I*1 2328, The
tetravalent-metal vacancy ordered double perovskites (A,B**Xs) are a structural
derivative of the archetypal perovskite (ABXs) structure, where half of the
tetravalent atoms is removed and replaced by a vacancy. A,B**Xs compounds have
a close-packed anionic lattice similar to ABX; perovskites, and exhibit several
similar optoelectronic properties. Cs,Snls, for example, has a direct bandgap as low
as ~1.3 eV and moreover good stability in air and moisture due to the stable +4
oxidation state of Sn.*° Similarly, Cs,Til,Br, and Cs,TiBrs have bandgaps of ~1.38
and ~1.78 eV, which are suitable for single-junction PSCs and tandem photovoltaic
application, respectively.*® Finally, in the mixed double perovskite category
(A:B*B’3**X¢), two Pb?* metals are replaced by a pair of metals with oxidation states
+1 and +3 to maintain charge neutrality.***> One of the pioneer compounds of lead-
free halide double perovskites is Cs,AgBiBrs which exhibits an indirect bandgap of
1.95 eV and a notably long photoluminescence (PL) lifetime of ~660 ns at room
temperature.*®* This lifetime is higher than the lifetime of high-quality pure Br
MAPDbBr; films (170 ns)*e. In addition, unlike Pb-based perovskites that have to be
synthesized in the glovebox, Cs,AgBiBrs shows high stability, which allows it to be
synthesized under ambient conditions.**** Apart from Cs,AgBiBrs, other members of
this perovskite-derived class of materials have been predicted with high stability
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and good optoelectronic properties, including Cs.InSbClg, Cs,AginBrs, Rb.AgInBrs,
and Rb,CulnCle.*’*° In the quest for Pb-free perovskites with multiple cations on the
A and B sites as well as multi halides, there are >10° perovskite combinations.>®
Few of these have been actually synthesized as shown in Figure 2B. This Figure lists
all halide double perovskites that have been synthesized so far and were compiled
by a text mining effort screening materials science literature for “perovskite(s)”
followed by formulae-analysis tools to narrow down on articles concerned with
halide stoichiometry equal to 6, corresponding to A;BB’Xs (more details can be
found in the caption of Figure 2). It is noted that the search term “elpasolite”
returns an additional 284 articles but these are mostly concerned about rare-earth
metals / lanthanide compounds which are not considered here. Three-dimensional
(3D) A,B*B’**Xs can be further broadened to lower dimensional perovskites by
relaxing structural constraints and thereby increasing design flexibility and
tuneability of functional properties. For example, by occupying the A-site with a too
large organic cation, a two-dimensional (2D) structure can be formed.>!

Despite the promise of non-toxic perovskite-derived compounds with enhanced
stability, halide double perovskites are currently not achieving similar performance
as APbXs-based devices and they lack behind significantly when comparing the
dynamics of the field reflected by the number of publications per year (Figure 2A). A
few studies have been undertaken to understand the performance challenges of
different double perovskite compounds that were synthesized so far.?**3 Regardless
of the long carrier lifetime in Cs,AgBiBrs, films were found to suffer from fast
recombination at the surface which likely limits their performance at the current
stage.>

Here, in this review we specifically focus on the synthetic aspects of halide double
perovskites, including techniques and synthetic modifications to improve and tailor
film quality. Given the combinatorial interplay of elements A, B*, B** and X, the
compositional space of Pb-free halide perovskite derivatives is large and phase pure
synthesis of high quality compounds is still in its infancy.?®%5305456 |n this regard
exploration of synthetic strategies can provide a powerful approach to enhance
material properties and thus, device performance. Motivated by a text mining effort
on existing literature, section 2 of this review summarizes and discusses synthesis
strategies divided into crystal and thin film synthesis. This is followed by strategies
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for how to improve film quality in section 3. We compare resulting properties of
double perovskites correlated to synthesis method, and devices. In section 4,
compositional engineering at the B-, B’-, and X-sites as well as dimensional
reduction with a focus on synthetic aspects are summarized. Finally, in section 5,
synthetic challenges are discussed and we provide perspectives for future directions
in the field of double perovskites. It is noted that there are several extensive and
excellent review papers that provide a broader overview and state of the art of the
ﬁEId.49'56'57

2. Lead-free halide double perovskite synthesis

When entering the field of Pb-free halide double perovskites it becomes apparent
that synthesis is more complex given the quaternary nature of the compounds,
lower precursor solubility, and the need for higher annealing temperatures, as
compared to ABX; perovskites, to obtain phase pure and high-quality materials.
Figure 2B illustrates an overview of synthetic approaches to fabricate crystals or
thin films using solution synthesis/solid state synthesis or vapor deposition/solution
deposition, respectively, differentiated by material composition. The text mining
techniques used to compile and sort publications are described in the figure’s
caption. Clearly, Cs,AgBiBrs has by far been the most synthesized material from this
class followed by Cs.,Snls. In the following section, we give details on the most
commonly used deposition techniques divided into their final physical state, that is
crystal versus thin film. In contrast to ABX; perovskites, many synthetic approaches
focus on crystal instead of thin film synthesis which in part can be explained by
material complexity and limited precursor solubility. Here, the focus is on double
perovskite thin films because one of the motivating factors for research on the Pb-
free double perovskites was the replacement of APbXs which attracted significant
interest as active layer in thin film optoelectronics. Table 1 provides an overview of
synthetic approaches and synthesis conditions for different double perovskite
compositions.

Table 1. Preparation and synthesis conditions of halide double perovskite
compounds differentiated by their physical appearance.

Crystal
Compound Synthesis Synthesis Heating Year &




Atmosph - Refere
method ere condition nce
€s2BiAgXs Solid-state Ambient air 210°C for 10 h 2016%
(X=Br or Cl) reaction
Cs,BiAgXs Solid-state Vacuum Heating to 500°C over 5h, 2016%
(X=Br or Cl) reaction (103 Torr) annealing for 4h
Solid-state Evacuated o 62
Cs,AgShbClg reaction ampoules 210°C for 5 days 2017
Solid-state Evacuated o 62
Cs>AgInCle reaction ampoules 400°C for 5 days 2017
Cs,AgShbyln;. Solid-state Evacuated o 62
«Cle reaction ampoules 300°C for 6 days 2017
CSzAg(Bil. .
,M,)Brs (M=In, Solid-state Vacuum 320°C for 20 h 20176
Sb) reaction
Heating to 700°C by
. Solid-state Vacuum 10°C/min, 40
Cs2TilBrex reaction (10° Torr) annealing for 72 h, 2018
cooling to RT by 10°C/min
Solid-state o 64
Cs:NaVCle reaction Vacuum 550°C for 20 h 2019
. Solution . . ° 43
Cs,AgBiBrs processing Ambient air 110°Cfor2 h 2016
Cs;BiAgXs Solution . : o 44
(X=Br or Cl) processing Ambient air 120°C 2016
. Solution . . 110°C for 2 h, 65
Cs2AgBIBre processing Ambient air cooling to 80°C for 6 h 2017
Solution . . 80°C, 66
Cs2AgSbCls processing Ambient air Drying at 150°C for 7 h 2017
Solution , 0 . .
Cs,InAgClg processing Heating at 115°C for 30 min 2017
Solution 120°C for 3 h,
Cs,AgBiBrs rocessin Ambient air  cooling to 100°C by 2°C/h, 2018°%
P 9 cooling to 50°C by 1°C/h
. Solution . . 150°C, 68
Cs-AgBIBrs processing Ambient air cooling to RT by 10°C/h 2018
. Solution . . Evaporated at 60°C and 69
Cs,AgBiBre processing Ambient air 150°C 2020
Solution 120°C for 2 h, 70
Cs2SbAgCle processing Cooling to RT over 2 h 2018
. Solution -
Cs,Ti(BriClix)e processing Ar RT 2020
Cs;MInClg:xSb Solution . o 72
(M = Na, K) processing Heating at 100°C 2020
BP*-Er*/Bi>- Solution
Yb** doped rocessin Heating at 80°C for 20 min 20207
Cs,AgInCle P 9



Mn doped Solution . o 72
Cs,AgInCle processing Heating at 72°C 2018
C Heating at 120°C for 1 h 75
Cs,Snlg Hot injection Vacuum 220°C for injection 2016
. 110°C in vacuum for 45
()C(SiAgF'é?) Hot injection VaCL'j\lum & min, 20187
' 2 140°C in N, for injection
120°C in vacuum for 30
Cs,AgBiBrs Hot injection VaCLIJ\lum & min, 202077
2 145°C in N, for injection
CSZNaaxAgXB' Hot injection N Heating at 140°C 202078
6
i 433 K for 3 days, 79
(MA),AgBIBrs Hydrothermal cooling to RT in 3 h 2017
(MA).KBICls Hydrothermal 423 K 2016%°
180°C, 81
Cs,AgInCle Hydrothermal cooling to RT by 0.5°C/h 2018
Cs,AgxNas. 180°C for 12 h, 82
InCle Hydrothermal cooling to 50°C by 3°c/h 2018
Cs,AgSbBrs Hydrothermal 160°C for 5 days 2019%
. 120°C for 2 h, 84
Cs:NaBils Hydrothermal cooling to RT over 12 h 2018
Cslzr']\'?:i'l- Hydrothermal 453 K for 12 h 2019¢5
o 180 °C for 10 h 86
Cs,SnCle:Bi Hydrothermal cooling to RT over 20 h 2018
Thin film
- Synthesis . Year &
Deposition Heating
Compound method atmosph condition Refere
ere nce
. 2 step post-annealing
. Sequential Vacuum o o 87
Cs,AgBiBre vapor deposition 1x10° Pa 200°C for 5 hh+ 240°C for 5 2018
CoAQBiBT Single source Vacuum Post—anneallrrl]g{nBOO C for 15 Jo10%
2AgBIBTe vapor deposition  5x10* Pa in N
2
. Sequential Vacuum Post-annealing 220°C for 30 89
Cs2AgBIBre vapor deposition ~ 5x10* Pa min 2019
. Sequential 250 °C for 30 min 90
Cs2AgBIBre vapor deposition Vacuum in air 2020
. Sequential In TiBr, vapor 01
Cs2TiBrs vapor deposition Annealing 200°C for 24 h 2018
Cs,Snlg Sequential Cslin Annealing Csl film for 20—40  2016°
vapor deposition Vacuum min at 190°C in Snl, vapor

~5 % 1077



Cs,Snlg

Cs,AgxNai«In
Cls

Cs,AgBiBrs

Cs,AgBiBrg

Cs,AgBiBre

Cs,AgBiBrs

CSzAgBiBre

Cs,AgBiBrs

Cs,AgBiBre

Cs,AgBiBre

Cs,AgBIBre

CSzAgBiBr6

Cs,AgBiBrs

CSzAgBiBre

CSzAgBiBre

Cs,AgBIBre

Cs,AgBIBre

Cs,AgBiBrs.
2><Sx

Aerosol-assisted

chemical

vapor deposition

Sequential

vapor deposition

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Spin-coating

Torr;
Snl4 in N,

Vacuum
6 x 10°°
mTorr

Ambient air
Low-
pressure

assisted, 20
Pa

N>

Vacuum

Glovebox,
Low-
pressure
assisted, 5
Pa

Ambient air

Ambient air

N2

Glovebox

Glovebox

Glovebox

Post-annealing 150°C for 30
min
in ambient air
Post-annealing 150 °C for 5
min
in N,
Preheating at 75°C,
Post-annealing 285°C for 5
min

Post-annealing 250°C for 10
min

Post-annealing 250°C for 5
min
Preheating substrate at
75°C,
Post annealing at 250°C
Preheating solution at 70°C,
Post-annealing 280°C for 5
min

Preheating solution at 80°C,
Post-annealing 285°C for 5
min

Post-annealing 250°C for 20
min
Post-annealing 280°C for 5
min
Preheating solution at 70°C,
Post-annealing 250°C for 10
min
Solution prepared at 150°C,
Post-annealing 250 °C for 10
min.

Preheating solution at 50°C,
Post-annealing 280°C for 5
min
Preheating solution at 80°C,
Post-annealing 280°C for 5
min
Preheating solution at 80°C,
Post-annealing 285°C for 5
min
Post-annealing 320°C for 5
min

Post-annealing 210°C

Preheating at 70°C for 10
min,

2018%

2018%

2017

2018%

2018

2018%

2018%

2018%

20180

2019%

2019

20192

2019'%

2020

2020

2020%°¢

20207
20201°¢



Post-annealing 280°C for 10

min
low
(Csa. . ; pressure Post-annealing 250 °C for 10 109
«Rby),AgBiBrs Spin-coating assisted, 20 min 2019
Pa
Preheating at 200°C,
Cs,AgSbBrs Spin-coating Post-annealing 150°C for 30 201983
min
. Dissolving at 180°C,
Cs2AQSb,Bix. Dip-coating Ar Post annealing at 250°C for ~ 2019'?°
xBrs 0.5h
Preheating substrate at
70°C,
Cs,Ptls Doctor blade Ambient air  Post-annealing at -15°C in 20201
Hg and 100°C in vacuum for
1h
Electro-spraying Post-annealing, Csl film
Cs,Snle.xBry Csl + Ambient air  300°C for 30 min; Snl, film 20172

Drop coating Snl, 110°C for 20 min in air

2.1 Crystal synthesis

Crystal synthesis is a starting step for some approaches targeting thin film
fabrication and therefore, is briefly discussed in the following. The crystal synthesis
described includes macroscopic single crystals, polycrystalline powders and
nanocrystals and is classified into two routes, i.e. solid-state reaction and solution-
based processing (compare Figure 3). With solution-based processing we refer to
any synthesis that involves a starting chemical precursor solution where some or all
elements of the final compound are dissolved or dispersed in a solvent. As these
synthesis routes apply to many compositions of the perovskite-derived material

class, we describe examples limited to A,B*B’3*Xs compounds.
2.1.1 Solid-state route

One of the pioneers, Volonakis et al. synthesized Cs,AgBiCls crystals via solid-state
reaction in sealed ampoules.*! The sequence of this reaction is described in Figure
3A where CsCl, BiCl; and AgCl are mixed first in a molar ratio of 2:1:1, and then the
mixture is loaded to a fused silica ampoule that is flame sealed under vacuum.
Next, the sealed ampoule is gradually heated to 500°C over the course of 5 hours
and annealed for another 4 hours. After cooling to room temperature, yellow
polycrystalline Cs,AgBiCls powder forms consisting of octahedrally shaped single
crystals with ~0.1 mm length. McClure et al. reported a different solid-state reaction



method for the synthesis of polycrystalline Cs,AgBiXe (X=Cl or Br) powder, which is
processed in air and at a relatively low temperature.** As summarized in Figure 3B,
the starting materials CsX, BiX; and AgX were firstly ground together for 20 min and
then transferred into an alumina crucible. Then the mixture was heated in a box
furnace in air at 210°C for 10 h. After at least two cycles of grinding-heating, nearly
phase pure polycrystalline Cs,AgBiXs was obtained. It was found that the Cs,AgBiBrs
phase only appeared after heating to 150 °C. In stark contrast, Cs,AgBiCls phase
was detected upon room temperature grinding of the reactants. The authors
attributed the reason to the hygroscopicity of BiCls facilitating the reaction of the

reagents.
2.1.2 Solution-based routes

Slavney et al. and McClure et al. were the first to prepare Cs.AgBiBrs and Cs,AgBiXs
(X = ClI, Br) crystals, respectively, via a solution-based method.**** Slavney et al.
used CsBr, BiBr; and AgBr in a ratio of 2:1:1 as starting materials dissolved in HBr
solution heated to 110 °C for 2 hours (compare Figure 3C).** After cooling to room
temperature with a cooling rate of 2 °C/hr, an orange powder identified as
Cs,AgBiBrs precipitated from the solution which was subsequently filtered and dried.
By reducing the cooling rate to 1 °C/hr, larger single crystals (shown in Figure 3C)
were obtained. It was stated by the authors that this solution-based approach is
challenging due to the insolubility of AgBr.*3

McClure et al. used a precipitation approach from mixed solvents (hydrohalic and
hypophosphorous acid) heated to 120 °C and compared samples made via solid-
state and solution routes.** The results showed that only the solution synthesis
approach yielded phase pure material. In addition, it can be performed at lower
temperature than the solid-state synthesis which is possibly linked to the fact that
dissolved molecular building blocks require a lower thermal activation compared to

mechanically ground powders.

Zhang et al. reported a one-step hydrothermal process for synthesis of Cs,NaBils
crystals (Figure 3D).3* As starting materials, Csl, Nal and Bil; were dissolved at a
stoichiometric molar ration of 2:1:1 in HI acid. After the solution was transferred to
an autoclave it was heated to 120°C for 2 h. Dark cerise Cs;NaBils crystals were
obtained after cooling to room temperature over 12 h. Excess reactants were
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removed by washing with deionized water, followed by drying in a vacuum

chamber.

As a last example, Figure 3E shows the sequence of a synthesis route for Cs,AgBiXs
nanocrystals via hot injection, as reported by Creutz et al.”® In this approach,
Cs(OAc), Ag(OAc) and Bi(OAc)s were dissolved in a mixture of octadecene, oleic acid
and oleylamine, followed by heating to 110°C under vacuum for 45 min. Then the
obtained solution was heated to 140 °C under a nitrogen atmosphere and TMSX
(TMS = trimethylsilyl, X = CI or Br) was injected. After centrifugation of the solution
and extraction of the precipitate using a small amount of toluene, homogenous and
cube-shaped Cs,AgBiXs nanocrystals were obtained (compare TEM image of
Cs,AgBiBrs nanocrystals in Figure 3D). Interestingly, thermodynamically driven
postsynthetic anion-exchange reactions were performed at room temperature to
convert Cs,AgBiBrs nanocrystals to Cs,AgBils nanocrystals, and Cs,AgBiCls to
Cs,AgBiBre.’®

Very similar methods with little or without modifications from aforementioned
routes used have been reported for the synthesis of broad class of lead-free halide
dOUb|e perovskites_62,65,82,94.96.108,113—119

2.2 Thin film synthesis

Now, we focus our attention on thin film synthesis. From a technological standpoint
many optoelectronic devices rely on the integration of active thin films such as in
solar cells, transistors, and light-emitting devices. To date, vapor and solution
deposition are the two most popular routes that have been successfully used to

prepare halide double perovskite thin films.
2.2.1 Solution deposition

Chemical solution deposition is a low-cost fabrication method that is extensively
used for the fabrication of ABX; thin films.? It allows for large area scale up, for
example by printing precursor inks. Another advantage is the facile control of the
final stoichiometry and the possibility of compositional alloying by directly adding
desired elements to the precursor solution. Limitations of solution deposition

11



include dependence on precursor solubility, purity, and incomplete removal of
organic and other residues.

In analogy to the widely used one-step solution synthesis of halide perovskites® a
typical one-step process for the fabrication of Cs;AgBiXs (X = Br or Cl) thin films is
illustrated in Figure 4A. The starting precursor is prepared by either dissolving pre-
synthesized Cs,AgBiXs crystals*9>:96:100102103.107.115 or Ky dissolving binary metal
halide precursors CsX, AgX and BiXs (typically in a molar ratio of 2:1:1)%4°799104 The
low precursor solubility has hampered the one-step solution deposition of Cs,AgBiXe.
The solubility of the double perovskite precursors can be ~one order of magnitude
lower than typical concentrations used for the synthesis of ABX; via solution
synthesis.®* Greul et al. screened several solvents for their solubility of AgBr, CsBr,
BiBrs, and Cs,AgBiBrs crystals, and found that dimethyl sulfoxide (DMSO) shows the
highest solubility of ~0.6 M compared to ~0.1 M in N,N-Dimethylformamide (DMF)
and N-Methyl-2-pyrrolidone (NMP).°* The DMSO-based BiBrs+AgBr+CsBr precursor
solution was spin-coated onto the substrate followed by annealing at temperatures
= 250 °C to form phase pure Cs,AgBiBrs without the secondary phases AgBr and
Cs3Bi,Bro.°* Note that density functional theory (DFT) calculations show that the
stable chemical potential region for phase pure Cs,AgBiBrs is narrow.'?' Synthetic
modifications of solution synthesis to enhance film quality are summarized in
section 3.

Liu et al. fabricated Sb alloyed Cs,AgBiBre films using a dip-coating method (Figure
4B).° In this process, CsBr, AgBr, SbBr; and BiBr; powders were dissolved first in
DMSO under heating at 180 °C. Then a frosted quartz slide substrate was dipped
into the precursor solution for ~5 s, then taken out slowly, followed by holding it
above a hot plate set to 250 °C to gently remove the DMSO solvent before it was
placed on the hotplate to form the Cs,AgSb,Bi,.xBres thin film.

In analogy to ABXs synthesis via a two-step process which employs formation of a
solid Pbl, film that is converted by reaction with MAI,° Lee et al. reported a two-step
solution deposition for Cs,Snlg thin films, where the first step is the Csl deposition
followed by a Snl, treatment in step two (Figure 4C).'*? Csl was dissolved in a
mixture of water and 2-isopropyl alcohol (IPA) and deposited by three different
processes (spin-coating, drop-coating and electro-spraying). Interestingly, each
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coating process resulted in different microstructures, i.e. Csl clusters for spin-
coating, dendrites for drop-coating, and Csl thin film morphology for electro-
spraying. In step two, a solution of Snl, in EtOH was used to react with the Csl layer
to form Cs,Snls. The results showed that, Cs,Snlg films are more compact and have a
smoother surface when Csl is deposited via electro-spraying. This study amplifies
that it is necessary to optimize and control starting morphology in the first step
because it can affect the second step significantly.

2.2.2 Vapor deposition

Vapor deposition is widely used for the fabrication of thin film semiconductors, and
has also been successfully used for ABXs perovskites.'?? It offers the opportunity to
overcome some of the limitations of solution deposition including limited precursor
solubility and closely related, achievable film thickness.®” Figure 5A illustrates a
sequential vapor deposition process for Cs,AgBiBrs films, reported by Wang et al.?’
The deposition was carried out by first evaporating AgBr onto the substrate, then
BiBr; and CsBr sequentially on top of the film using a rotating substrate holder in
vacuum. A crystalline Cs,AgBiBrs film was obtained by a two-step post annealing
process in air, first at 200°C for 5 hours, which resulted in the formation of the
double perovskite phase, and second at 240°C for 5 hours to increase crystallinity. It
was found that a stoichiometric molar ratio of binary halide precursors (2:1:1 of
CsBr:AgBr:BiBrs) results in impurity phases while an excess of BiBrs; results in close
to phase pure Cs,AgBiBrs films. This method resulted in 380 nm thick films and a
PCE of 1.37%. The devices demonstrated high stability under ambient conditions,
where the PCE was maintained at 90% after 240 h of air-storage. As an alternative
method, single-source evaporation, using a pre-prepared Cs,AgBiBrs crystal powder
as the evaporation source, was carried out by Fan et al. (Figure 5B).2 The best post
deposition annealing condition was found at 300°C for 15 min resulting in phase
pure (i.e. no co-presence of e.g. CsAgBr,, Cs;Bi,Bros, and AgBr), uniform, and smooth
films with grain sizes up to a few hundred nanometers. As a result, an optimal PCE
of 0.7% was obtained from the solar cell devices based on the synthesized
Cs,AgBiBrs films. In a vapor-based method that makes use of diffusion control, Chen
et al. carried out a two-step deposition starting with a thermally evaporated CsBr
film followed by annealing at 200°C in TiBr, vapor at ambient pressure for up to 24
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hours to prepare Cs,TiBrs thin films (Figure 5C).°* In this method, a washing step in
toluene was used to remove possible TiBr, excess at the surface. The Cs,TiBrg films
exhibited balanced photogenerated carrier-diffusion lengths of ~ 121 nm and ~ 103
nm for electrons and holes, respectively. The solar cell devices based on the
Cs,TiBrs thin films reached a PCE of up to 3.3% while the devices exhibit high
stability under heat, moisture, and light.

Igbari et al. carried out a comparison between Cs,AgBiBre films prepared via
evaporation deposition (similar to the process shown in Figure 5A) and solution
deposition with precursors made from Cs,AgBiBres crystals (Figure 4A) at optimized
annealing temperatures of 220 °C and 280 °C, respectively.'*®* Grazing incidence X-
ray diffraction (GIXRD) and Atomic Force Microscope (AFM) results look similar
(Figure 6), including similar domain grain sizes of 206 and 232 nm, at optimized
annealing conditions for vapor and solution deposited films, respectively.
Photovoltaic devices from solution deposited films however, showed a higher PCE
(2.5 versus 1.4 %). It was mentioned that evaporated films suffered from a larger
loss of Br, resulting in a deviation from the theoretical 2:1:1:6 ratio of Cs:Ag:Bi:Br. A
stoichiometric ratio of Br is necessary where Br~ octahedrally coordinates with Ag™*
to form a high quality and stable compound.**®

2.2.3 Post deposition annealing

A post annealing process is an essential step involved in most if not all reported
synthesis routes for halide double perovskites. Especially for solution-based routes,
the post-annealing step is important because it removes the residual solvent and
other volatile components.® In addition, the annealing process promotes the
conversion of the precursor and precursor phases into the desired phase-pure
double perovskite.®® On the other hand, the morphology and the crystallinity of the
as-deposited film can be optimized by the annealing process triggering grain growth
and coarsening.

Gao et al. investigated the effect of annealing temperature on morphology and
crystallinity of Cs,AgBiBrs thin films synthesized by antisolvent-assisted solution
deposition.’® An increase in crystallinity with increasing post-annealing temperature
was found accompanied by a gradual increase of grain size from ~38 nm in as-
deposited films up to an average ~410 nm when annealed at 300°C. Igbari et al.
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compared the effect of the annealing temperature on the crystallinity of Cs,AgBiBrs
thin films synthesized by solution versus vacuum processing.'* In this work,
vacuum processing was performed by five deposition cycles of CsBr/AgBr/BiBr3
stacks, each with a 2:1:1 molar ratio. The XRD patterns show that the highest
diffraction peak intensities were obtained at annealing temperatures of 280 °C for 5
min versus 220 °C for 30 min for thin films synthesized by solution versus vacuum
processing, respectively. The temperature difference was attributed to the nature of
the as-deposited films. For the vacuum deposited film, the stacking sequence of
halide films was suspected to facilitate thermal interdiffusion reactions required to
form a phase pure Cs,AgBIiBrs film. While for the solution deposited films, higher film
guality requires a fast removal of the residual solvent,®11>123124 thys, a higher
annealing temperature combined with short annealing time is beneficial. The
solution-processed Cs,AgBiBrs films exhibited higher crystallinity, smaller bandgap,
longer photoexcitation lifetime, and higher mobility, resulting in a PCE of 2.5% (in
comparison to 1.4% for the vacuum-deposited films). These superior properties
were attributed to a better film stoichiometry.

The post-deposition annealing time reported for halide double perovskite thin films
synthesized via solution deposition is typically in the minutes range.?*%94-97.99.100.102-
104107115 This annealing time is shorter than required for vapor deposited films from
elemental precursors, which is typically varied from minutes up to several
hours®’11>125 " pPossibly, the latter requires longer annealing times to ensure a
complete nanoscale solid state reaction of the precursors.!'®> For example, Wang et
al. optimized a two-step annealing process on sequential-vapor-deposited
Cs,AgBiBrs thin films, in which the as-deposited films were annealed at each
temperature for 5 h (200 °C first, then 240 °C).%’

In general, the maximum annealing temperatures that hybrid ABX; and all-inorganic
perovskites can tolerate are ~150-160 °C and ~300 °C, respectively.® The hybrid
organic-inorganic ABXs; perovskites are prone to decomposition at higher
temperatures. Although most ABX; perovskites require an annealing step there exist
room-temperature additive-assisted synthesis routes demonstrating high solar
conversion efficiency (> 18 %) and improved current-voltage hysteresis.'*®* Room-
temperature processing can be beneficial in limiting interlayer reactions with
adjacent layers in a device configuration, and when it comes to upscaling and high
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throughput. Another strategy to enhance crystallinity and grain size is via a so
called “solvent annealing” as demonstrated for hybrid MAPbIs; and all-inorganic
CsPbX3.1?7128 |In the process reported by Xiao et al. stacked Pbl, and MAI were
annealed at 100 °C for 1 hour with and without DMF vapor.'?” Grain growth was
promoted by enhanced precursor ion and molecule diffusion if exposed to DMF
vapor. The application of these methods is yet to be explored in the double
perovskite field.

3. Modifications in solution deposition

Thin film quality, including crystallinity, grain size, presence of impurity phases, and
defects, can affect the optoelectronic properties to a great extent. This section
focuses on how modifications of the solution deposition route influence the resulting
properties of halide double perovskite films.

3.1 Preheating

Greul et al. carried out a “preheating step” (also called hot-casting) prior to the
spin-coating/post annealing, where the substrate and precursor solution were pre-
heated to different temperatures including 65 °C, 75 °C, 100 °C, 125 °C, as
illustrated in Figure 7A.%* It was found that the quality and in particular the substrate
coverage of the Cs,AgBiBrs films was improved leading to an increase in optical
absorption. As a consequence, in optimized photovoltaic devices this not only led to
a higher short circuit current density but also increased fill factor and open circuit
voltage. A PCE close to 2.5% with V,. exceeding 1 V was obtained for devices
prepared with pre-heating at 75 °C, while the devices featured a high stability under
constant illumination at ambient conditions. Deterioration of devices performance
was observed for devices prepared with preheating at higher temperatures (=100
°C), which was attributed to the formation of large crystals at the top layer of the
double perovskites. An increased surface coverage when preheating the substrate
and precursor solution was attributed to the faster solvent evaporation. An increase
in precursor concentration (BiBrs, AgBr, and CsBr) was not effective due to the
limited precursor solubility at ~0.6 M in DMSO. A similar preheating step for the
same material was also reported by Hoye et al.”’
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This strategy was employed for both, hybrid and all-inorganic perovskites typically
resulting in up to mm-scale grain size and improved performance due to a reduction
in bulk defects and increased carrier mobility. 29130

3.2 Low-pressure assisted deposition

In a different strategy to circumvent poor sample coverage, Wu et al. fabricated
Cs,AgBiBrs films by a low-pressure assisted (LPA) solution desposition approach,®®
which was modified from similar methods reported for ABX; perovskites.'3"133 As
presented in Figure 7B, the Cs,AgBiBrs precursor solution was first spin-coated onto
the substrate, and then transferred to a low-pressure chamber (20 Pa), followed by
an annealing step at 200 °C.*® Comparing the LPA film to a film prepared with
conventional thermal annealing, the former exhibited a denser and smoother
morphology. As a result, the solar cell based on this Cs,AgBiBrs film resulted in a
PCE of 1.44%. For the synthesis of ABX; perovskites the low pressure was explained
to triggers rapid crystallization of the perovskite intermediate phase by a fast
solvent removal and circumvent spatially inhomogeneous nucleation.*?® It was
further explained that post annealing of the wet film at temperatures above its
glass transition, results in dewetting and uncontrolled morphologies with large grain
size distribution due to the precursors’ increased mobility. During the LPA step,
dewetting was prevented due to an increase in viscosity as well as glass transition
temperature of the wet thin film.'?® Although this explanation was used for the
fabrication of ABXs perovskites, a similar reasoning probably applies to the study
conducted by Wu et al.

3.3 Solvent Engineering

Another modification of the solution deposition process is the application of an
antisolvent during the spin coating step often referred to as solvent engineering
method. The nature of an antisolvent is its non solubility of the target phase.
Consequently, dripping an antisolvent leads to an accelerated crystallization
process, induces homogeneous nucleation with high nucleation density, and
therefore promotes uniform grain growth.!**!*® The antisolvent process is very
successfully used for the preparation of conventional ABXs; perovskite films.13%140
The most commonly used antisolvents include toluene,** chlorobenzene,**® and
diethyl ether.*** To enhance surface coverage, film roughness and morphology, Gao
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et al. deployed IPA as an antisolvent during the spin coating process of Cs,AgBiBrs
films (Figure 7C) and reported extremely smooth surfaces with root-mean-square
(RMS) roughness of <10 nm.!® Other antisolvents tested including toluene,
chlorobenzene, methanol, and ethanol were found to induce fast crystallization and
lead to improved film quality but did not lead to pinhole-free films.' It has been
reported that IPA is a suitable antisolvent for inorganic compounds as it efficiently
removes surface states in Cs,AgBiBr.%®

Finally, to increase the grain size and crystallinity or orientation, Yang et al. used a
solvent mixture of DMF and DMSO to dissolve Cs,AgBiBrs single crystals and
fabricate thin films (Figure 7D).'°> The largest grains with size > 1 um were
observed in the Cs,AgBiBr¢ films made with a DMF ratio of 10%. In the absence of
DMF, the average grain size was about 250 nm. It is assumed that presence of DMF
results in fewer nucleation sites and facilitates the Ostwald ripening during the
formation process. Cs,AgBiBrs films made with 10% DMF exhibited higher PL
intensity and increased lifetime indicating reduced trap densities. A higher ratio of
DMF resulted in the formation and co-presence of CssBi,Bro phase. This was
explained by a reduced solubility of AgBr in DMF/DMSO mixtures with high DMF
content possibly resulting in a change of the original stoichiometric molar precursor
ratio and consequently, impurity phase formation. Films prepared with 10% DMF
exhibited larger grain sizes, lower trap densities, and longer charge carrier lifetimes,
compared to films prepared with pure DMSO. Moreover, the fabricated
photodetectors demonstrated superior operational, thermal, and environmental
stability of the resulting devices, making Cs,AgBiBrs a promising candidate for
photodetector applications under harsh conditions. Notably, due to the low solubility
of precursors used for double perovskites synthesis, only a limited number of
solvents were employed for solvent engineering strategies, compared to Pb-based
perovskites.

4. Compositional engineering and dimensional reduction of double
perovskites

Application of halide double perovskites as functional layer in optoelectronic devices
is to date in its infancy and requires a better understanding of structural formation,
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photophysical properties, and importantly, tuneability of optoelectronic properties.
Given their rich compositional space, compositional engineering methods can be
employed to tune and explore their optoelectronic properties such as magnitude
and nature of the bandgap. The compositional selection of A,B*B’3**Xs compounds
can be guided for example by models to predict electronic structure,!** high-
throughput and machine-learning approaches,**'** as well as the stability design
rule of the perovskite structure. The latter can be expressed via the tolerance factor
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where n, is the oxidation state of the cation A, ra, s, rx are the ionic radii of ions A,
B, X, respectively, with rg representing the arithmetic mean radius of the B and B’
ions, and ra > rg by definition. [] < 4.18 indicates perovskite structure.'** This new
tolerance factor shows higher accuracy than the Goldschmidt tolerance factor t in
particular for compounds containing halides which are heavier than oxides and
fluorides.***

The key contributing factors that determine the success of APbX; perovskites might
be related to the high symmetry of the perovskite and the electronic configuration
of Pb being 6s%6p°.”'*> Desirably, the double perovskite structure mimics these
properties. In this section, we discuss cation and halide substitution in double
perovskites starting briefly with powders and crystals followed by elemental
substitutions in thin films and finally, dimensional reduction of double perovskites.
This part will not contain detailed implications on defect physics nor details on
electronic states and band structure which can be found in recent reviews on this

subject matter such as in references.*>4°°

Compositional engineering in the broader context of the successful hybrid ABXs;
perovskites, has drawn enormous research interest and is well summarized by
Dunlap-Shohl et al. in Ref. °. Especially A-site substitution with alkali metals (e.g. Cs)
or addition of alkali iodides (Nal, KI) to the precursor solution do not only influence
grain growth but also improve PCE, lifetime, and photoluminescence quantum yield.
Addition of K during synthesis of CsPbl,Br led to similar improvements. In general,
the beneficial presence of alkali metals was linked to defect passivation. Br
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substitution on the X-site in hybrid ABXs perovskites leads to wider bandgaps with
increasing Br content. It was also reported to enhance moisture tolerance but, on
the downside, addition of Br between 20-60% leads to light induced halide
segregation which can limit performance and in particular the open circuit voltage.

4.1 B*- and B3*-site substitution

The choice of the cations at the B* and B’** sites in A,B*B’3**Xs has attracted
attention because it can tune the bandgap size, shift the electronic bands to form
direct bandgap materials, and increase the carrier lifetime.®385110.146-148 |t g
emphasized that it is generally not straight forward in semiconductors to
independently tune the valence and conduction bands. It is however possible in the
A,B*B’3*Xe structure because one B can form the valence band via d*° states while
the other B forms the conduction band via s/p states.®

With an emphasis on synthesis, the majority of cation substitutions in double
perovskites had been performed on crystals and not thin films (Figure 2B). For
example, Du et al. substituted part of Bi** with Sb3* to form Cs,Ag(Bi1xSb«)Brs Vvia
solid state powder synthesis using mixtures of CsBr, AgBr, BiBr; and SbBr; as
starting materials.®® A smallest bandgap of 1.86 eV was obtained for x = 0.375 as
compared to 2.12 eV for x = 0. Interestingly, Slavney et al. synthesized Cs,AgTICle
and Cs,AgTIBrs powders using solution processing and found direct bandgaps that
are ~1 eV smaller as compared to their halide analogues Cs,AgBiXe.2*® It should be
noted that Tl is much more toxic than Pb but it provides mechanistic insights into
the tuneability of optoelectronic properties of double perovskites. Similarly, Tran et
al. demonstrated that a transition from an indirect (Cs,AgSbCls) to a direct bandgap
(Cs2AgInClg) is possible in Cs,AgSbyini«Cls for x = 0.4 synthesized via solid state
reaction in sealed quartz ampoules.®® Using hydrothermal synthesis for a vacancy-
ordered double perovskite A,B**Xs, Tan et al. prepared Bi-doped Cs,SnCls by adding
BiCl; to the precursor and obtained a significantly reduced bandgap of 3 eV as
compared to 3.9 eV of the undoped material.?® The smaller bandgap was attributed
to defect bands created by the Bi** dopant which boosted the photoluminescence
quantum yield from < 1% to 78.9%.

Turning our attention now to thin films, Liu et al. demonstrated bandgap
engineering of Cs,AgSb.Bii«Bre by replacing up to 75% of Bi with Sb.!° The
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synthesis route follows a solution-based method under Ar atmosphere, and the
precursor was prepared by mixing CsBr, AgBr, SbBrs, and BiBr; powders in a ratio of
2:1:x:(1-x) in DMSO solution. Subsequently, phase pure Cs,AgSb.«Bii«Brs films were
obtained from dip coating followed by a post-annealing process. The optical
appearance of the thin films exhibits a gradual color shift from yellow-orange to red
as the portion of Sb is increased from 0 to 0.75 (Figure 8A), which is in agreement
with the transmittance spectra and corresponding to a decrease in bandgap from
2.22 to 1.97 eV (Figure 8B). The microstructures shown in Figure 8C revealed that
Bi-rich samples (left-hand side) exhibit a higher crystal quality than the Sb-rich ones
(right-hand side). Comparing with reference Cs,AgBiBrs film, the average PCE of the
fabricated solar cell devices with Cs;AgSbo2sBio7sBrs film increased from 0.19% to
0.25% but decreased significantly with more Sb. Additionally, the authors noted that
it was impossible to obtain phase pure Cs,AgSbBrs films with 100% Sb as had been
found previously by Mitzi and co-workers using a solid state sintering method.®3

Luo et al. synthesized Bi-doped and Na-alloyed Cs,AgxNa:.«InCls crystals and thin
films via hydrothermal synthesis and sequential thermal evaporation
(CsCl/InCl5/BiCls/NaCl/AgCl) followed by annealing at 150°C in N, for 5 min,
respectively.®? A drastic increase in photoluminescence quantum yield by three
orders of magnitude was found when alloying Cs,AgInClg with Na cations which was
attributed to the breaking of the dark (parity-forbidden) transition. In addition to Na
alloying of Cs,AgxNai:_«xInCls, doping with Bi provides a passivation for the deep
defects caused by In®*, which enhances crystal perfection and thus reduces the sub-
bandgap absorption (Figure 9A) and increases photoluminescence lifetime (Figure
9B). Both, incorporation of Bi plus slow cooling yielded a highest quantum yield of
86+5% (Figure 9C). Both Bi doping and Na alloying have allowed highly efficient
and stable warm-white light emission which can be used for next-generation lighting
and display technologies.

4.2 X-site substitution

Although a widely adapted strategy in the ABX; perovskite community,'***3° halide
substitution has not been deployed extensively for halide double perovskites. For
example, according to computational research, variation of X in Cs,AgBiXs can alter
the bandgap from 2.7 eV > 2.3 eV > 1.6 eV for X = Cl, Br, |, respectively.*' Cs,AgBils

21



however, is not thermodynamically stable!? with even small amounts of iodine
incorporation resulting in the formation of low dimensional Cs;Bixly phase.®!51152 As
an alternative, the sulphide anion can induce a bandgap reduction by upshifting the
valence band which was demonstrated in the silver bismuth sulfoiodide material
with formula AgaBiblat3p-2xSx.2*3 Inspired by this, Pai et al. fabricated Cs,AgBiBre.2«S«
thin films by substitution of Br with S via sulphide modification.'°® The synthesis
strategy follows a typical solution-based route as discussed below in section 2.2.1
(Figure 4A), in which the DMSO-based precursor was modified by adding bismuth(lll)
tris(4-methylbenzothiolate) (Bi(S.CAr)s). During the post-annealing step at 280 °C,
Bi(S.CAr); decomposes to S* and volatile co-products to form Cs,AgBiBrs,Sx. Small
amounts of sulfur (x = 0.1) incorporation retained the pinhole free, homogeneous
morphology (Figure 10A). The introduction of higher amounts of sulfur (x = 0.2)
induced significant deterioration of the morphology as revealed by the presence of
a substantial amount of pin-holes and poorly conducting impurities on the surface of
the films (Figure 10A). With x = 0.2, minor XRD peak shifts were observed but the
cubic crystal geometry was preserved while larger fraction of S* led to emergence
of new diffraction peaks from impurity phases. A slight bandgap reduction from 2.37
eV (for Cs,AgBiBrs) to 2.30 eV (for Cs,AgBiBrs;S0.15) was found due to a valence band
upwards shift (Figure 10B). Due to the notable enhancements in the intrinsic light
absorption with the introduction of sulfur, improvements by up to 50% in the
photocurrent density were obtained from the corresponding thin-film solar cells.
These enhancements have resulted in improved PCE of ~1.9% for solar cells based
on Cs;AgBiBrsgSe: , compared to PCE of ~1.3% for the unmodified Cs,AgBiBrs.
Moreover, the solar cell devices based on Cs,AgBiBrssSo:1 demonstrated excellent
stability against all common environmental stimuli, including heat, light, and

humidity.

By both, first-principle computations and experimental measurements on
synthesized bulk material using the melt crystallization process, Ju et al.
demonstrated that the bandgap of the mixed-halide double perovskite Cs,Tilg«Brx
can be tailored from 1.02 to 1.78 eV.*° In particular, Cs,Til.Br, exhibits a bandgap of
1.38 eV, which is ideal for application in single-junction PSC. Lee et al. synthesized
Cs.SblexBry thin films by a two-step solution synthesis method with starting binary
precursors including Csl, CsBr, Snls, and SnBr,.!'? Solutions of Sn-halide were
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reacted with electro-sprayed Cs-halide films followed by air annealing at 110°C for
20 min. The reaction was described as follows:

(1-x)Csl + xCsBr + SnXs (X =1, Br) = Cs,SnlgBry

With increasing Br, the diffraction peaks are shifting towards higher diffraction
angles (Figure 10D). Visual appearance of the thin films changes from dark brown to
light yellow when substituting | with Br in accordance with a gradual bandgap
increase from 1.3 to 2.9 eV (Figure 10E). The fabricated solar cell devices based on
the mixed halides Cs,Snl4Br, exhibited not only improved performance (with PCE ~
2%) compared to Cs,;Snls (with PCE ~ 1.5%) but also higher stability in air. This
behavior of solar cell performance was attributed to the compromise of decreased
short-circuit current (Jsc) and increased open-circuit voltage (V) with increasing Br
content, corresponding to decreased absorption and increased energy gap,
respectively. The subset of examples discussed above illustrate many variations of
substitutional modifications at cation and anion sites to not only tune but also
optimize optoelectronic properties of lead-free double perovskites.

4.3 Dimensional reduction of double perovskites

While the 3D double perovskites offer considerable opportunities for compositional
design, the expansion to lower-dimensional double perovskites can further enhance
tunability of optoelectronic properties. For instance, reducing the dimensionality of
double perovskites can be used as a strategy to tailor direct bandgap materials (see
Figure 11A).>' Moreover, 2D double perovskite films offer the opportunity to create
strong anisotropy along in-plane and out-of-plane directions (Figure 11B) which can
be used for novel electronic and optoelectronic applications.** The 2D derivatives of
hybrid double perovskites can be formed when the A site is occupied by too large
organic cations.'® In this case, the structural design rules are not limited by the
tolerance factor making the 2D double perovskite structure more flexible. Through
the choice of cation spacers, two distinct types of hybrid 2D layered double
perovskites can be obtained, including the Ruddlesden-Popper (RP) and the Dion-
Jacobson (D)) structures.***
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The deposition of layered 2D double perovskite thin films commonly relies on
preparing solutions by dissolving pre-synthesized crystals in DMSO or DMF followed
by spin coating and thermal annealing procedure.****®1>” These crystals are mostly
fabricated by hydrothermal synthesis based on precursors containing metal
bromides or metal oxides (or a mixture of both) combined with an organic
compound (i.e., spacer).>*13>138-161 By replacing Cs with the organic ligand BA (BA =
CHs(CH32)sNHs*) in Cs,AgBiBrs, Connor et al. synthesized the 2D single crystal
analogues (BA)4AgBiBrs (n=1) and (BA).CsAgBiBr; (n=2).>! The former exhibit a
direct bandgap, whereas the latter showed an indirect bandgap similar to the 3D
double perovskite Cs,AgBiBrs (n= «). (BA)sAgBiBrs single crystals were made by
hydrothermal synthesis where mixtures of butylamine (CHs(CH;);NH.) and metal
bromides (AgBr and BiBrs;) were dissolved in concentrated HBr at 100°C, then slowly
cooled to room temperature to form flat rectangular crystals. The according thin
films were then prepared by spin coating dissolved crystals in DMF followed by air
annealing at 100 °C for 4 minutes. The layered 2D (BA),AgBiBrs has been shown to
exhibit pressure-induced emission (Figure 11C) and change in bandgap as a
function of pressure, making the material a potential candidate for applications in
the fields of pressure sensing and information storage.>®

Large-size plate-like crystals of (BA),CsAgBiBr; (with size up to 10x10x3 mm?3) were
obtained by dissolving stoichiometric quantities of Ag,O (1.5 mmol), Bi,Os; (1.5
mmol), and Cs,COs (1.5 mmol) with 10 equivalents of butylamine (15 mmol) in HBr
solution at 373 K.'*® The solution was slowly cooled at a rate of 0.5 K /day in a
closed heating oven where the large-size crystals were harvested after several
days. The harvested crystals were cleaned and dried in a N-filled glovebox
overnight, and then heated at 70 °C for 2 h to release lattice stress and remove
moisture. This material has shown large mobility-lifetime product, high bulk
resistivity, low density of defects and traps, and strong X-ray attenuation, offering
the opportunity for efficient X-ray detection. Novel ferroelectric 2D double
perovskites based on (CPA),AgBiBrs (CPA=chloropropylammonium) were
synthesized using hydrothermal method, and show X-ray sensitivity (Figure 11D).*!

As a last example, thin films of (NH3CsH1oNH3*2),AgBilg:H,O and
(CeH16N2),CuBilg:0.5H,0  with  NH.CsHi0NH. = 1,4-cyclohexanediamine were
fabricated through spin-coating solutions of their pre-synthesized crystals in DMF,
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followed by annealing in air at 70 °C.**® The films exhibited optical band gaps of
1.93 and 1.68 eV, respectively, and both showed obvious photoconductivity under
illumination, see Figure 11E. Furthermore, both materials exhibited high stability
against moisture and heat when either stored at 55% relative humidity for 30 days
or heated at 100 °C in air for 72 h. Notably, the annealing for 2D hybrid organic-
inorganic double perovskites is often performed at relatively lower temperatures as
compared to all-inorganic 3D double perovskites. To conclude, through the selection
of organic spacing cations, the halide, and metal alloying, these low dimensional
compounds have shown structural diversity and tunable optoelectronic

properties. !>
5. Conclusions and Outlook

Thermally more stable all-inorganic perovskites, CsPb(l,Br);, are a promising
perovskite sub-field which can be used here to discuss similarities and differences
with halide double perovskites. In both cases, solution processing methods are
complicated due to the challenges related to the limited solubility of Cs halides.
Both, vapor deposition methods and sequential solution deposition can help to
manage solubility challenges. As an example, large grained CsPbBrs; films were
obtained by spin-casting PbBr; followed by dipping in a heated CsBr solution.'®
Taking inspiration from the ABXs; perovskite field, there are many synthetic
variations yet to be applied to double perovskites to manipulate and control film
growth. These include two step deposition approaches, use of antisolvents,
additives, post-treatments, solvent engineering, non-stoichiometric precursor ratios,
and non-halide ‘spectator’ precursors.® Further research efforts are required to
systematically investigate the role of these variables on crystallization pathways
and kinetics. As an example, in situ synchrotron diffraction measurements can
provide valuable insights and unveil precursor transformation kinetics and
secondary phase evolution.'®® The independent control of nucleation and growth
during processing of ABXs perovskites was identified as a major step towards high
quality films including fast initial nucleation to promote uniform coverage but omit
microstructural defects.® In-depth studies are needed to deconvolve these
processes and provide a mechanistic understanding of how nucleation can be
promoted and controlled. Possibly, in situ microscopy or PL'*® can provide viable

means for such investigations.
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Moreover, defect passivation strategies are indispensable to limit detrimental non-
radiative recombination, ion migration, charge trapping, and current density-voltage
hysteresis.'®> A recent study on Cs,AgBiBrs and Cs,AgTIBrs single crystals found very
high surface trap densities which were likely linked to halogen degassing.>? Possibly,
as successfully demonstrated for all-inorganic perovskites, film growth under CsBr-
rich versus equimolar solutions can be beneficial and reduce surface trap states.!®
Several defect passivation strategies proved to be very effective in boosting the
open-circuit voltage and therefore enhanced the radiative recombination in
inorganic perovskites. For example, Mn?* doping in CsPbl,Br was found to retard the
growth rate enabling micro-crystalline films and at the same time passivated
defects along grain boundaries and at the surface.!®” By adding a small amount of
CaCl, to the precursor solution a record open circuit voltage of 1.32 V has been
demonstrated recently for CsPbl.Br solar cells with improved crystallinity and
reduced trap density.'®® Dedicated efforts to develop defect passivation strategies in
double perovskites are still lacking but can provide a very promising route to control
film quality and enhance device performance.

This review was inspired by a text mining effort that summarized the halide double
perovskite field based on deployed synthesis techniques and differentiated by their
elemental composition. The number of halide double perovskite compounds
experimentally realized lags far behind the increasing number of stable
compositions with suitable optoelectronic properties that are theoretically
predicted. In comparison with ABXs; perovskites, research and optimization of
synthetic approaches is still in its infancy including the fabrication of high quality
functional thin films. A large portion of the review was dedicated to Cs,AgBiBrs since
this is the most investigated representative halide double perovskite. Both, vapor
deposition and solution-based methods have been successfully used for the
preparation of thin films of different halide double perovskite compositions. The
reported properties for the same composition such as phase purity, bandgap and PL
lifetime, however, vary with synthesis method. Generally, the processing
temperatures for double perovskite thin films are varied and mostly > 200 °C i.e.
higher than typical processing temperatures employed for the synthesis of ABX;
perovskites (~100-150 °C), but still comparatively low or moderate if contrasted
with chalcogenides (e.g. CIGS, CdTe) or traditional lll-Vs (GaAs, InP).
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Besides higher stability towards heat, moisture, oxygen, and light, as compared to
CHsNHsPbls (with highly hygroscopic MA*) halide double perovskites feature
independent tunability of valence and conduction band. In this regard, quaternary
halide double perovskites have high compositional dimensionality which can be
exploited by A, B/B’, and X-site alloying. Especially, given the fact that ABX;
perovskites show better performance and stability with higher elemental
complexity,'®® the research field of substitutional modifications of double halide
perovskite compositions presents a future avenue to be explored. Dimensional
reduction of the 3D A,BB’Xs structure might provide another layer of control for the
rational design of emergent halide double perovskites.*® Ultimately, a combination
of perfectly finetuned chemistry and synthetic approach that can yield a superior
halide double perovskite material yet needs to be demonstrated. Given this
potential we expect the field to grow continually in the future but compared to ABX;
perovskites it still lacks successful device implementation beyond rather scattered
proof of concept studies which might inhibit exponential growth of this field. As a
next step, computational and high throughput synthesis efforts need to reduce the
>10° possible Pb-free perovskite combinations to a few, maybe hundred, that are
predicted to resemble the outstanding optoelectronic properties of ABXs. This effort
should be closely connected to tailoring the synthesis methods and application of

dedicated defect passivation strategies to produce high quality thin films.
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Figure 1. Schematic relation between the crystal structure of Pb halide
perovskites with general formula ABX; and Pb-free perovskite derivatives falling
into the categories of vacancy ordered double perovskites, layered/dimer
perovskites, and double perovskites. Modified and reproduced with permission from
Giustino et al.?® and Chakraborty et al.>® Copyright 2017, American Chemical Society.
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Figure 2. Text mining results from perovskite and double perovskite publications
(A) Number of publications on halide perovskites and halide double perovskites per year
including experimental, theoretical, and review papers. The article extraction methodology
is described in (B).

(B) Publication statistics for halide double perovskites synthesized by different methods. To
mine for literature containing the synthesis of halide double perovskites, we used text
mining techniques on full-text and abstracts from the materials science literature. We
leveraged article data from a collection of full-text papers mined by the Ceder Group (with
years ranging from 2000-2017)%® and abstracts from MatScholar (with years ranging from
1900-2018)%°. Articles from these databases were first filtered by a keyword search for
“perovskite(s)”. We then used Materials Entity Recognition®® and formulae-analysis tools
from Pymatgen (an open-source Python library for materials analysis)® to determine which
of the article abstracts in these collections contained material entities with a character
length greater than or equal to 7 and with a halide element whose stoichiometry was equal
to 6, corresponding to the A2BB’X6 double perovskite structure. The articles from this subset
were then inspected manually to ensure that they are indeed related to halide double
perovskites. Then, we inspected these to confirm if halide double perovskites were
synthesized and to determine which synthesis method was used. Articles from 2019-2020
were collected manually and from existing review literature*® in this field. Finally, we
supplemented our search with results from Clarivate Analytics’ Web of Science literature
search tool to account for any articles missing from the databases.
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Figure 3. Flow schemes for the synthesis of halide double perovskite crystals via
solid-state reaction (A-B) and via solution processing (C-E)
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(A) Single crystal Cs,AgBiCls***?°, Reproduced with permissions from Volonakis et al.*! and
Filip et al.*° Copyright 2016, American Chemical Society.

(B) Polycrystalline Cs,AgBiBrs powder. Reproduced with permission from McClure et al.*
Copyright 2016, American Chemical Society.

(C) Single crystal Cs,AgBiBrs. Reproduced with permission from Slavney et al.** Copyright
2016, American Chemical Society.

(D) Csz:NaBilg crystals (hydrothermal process). Reproduced with permission from Zhang et
al.®* Copyright 2018, Royal Society of Chemistry.

(E) Cs,AgBiXs (X = Br or Cl) nanocrystals. Reproduced with permission from Creutz et al.”®
Copyright 2018, American Chemical Society.
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Figure 4. Double perovskite thin films synthesized via solution deposition

(A) Single step spin-coating deposition. Reproduced with permission from Igbari et al.'*
Copyright 2019, American Chemical Society.

(B) Cs,AgSb,Bii1«Bre film prepared via dip-coating. Reproduced with permission from Liu et
al.!'® Copyright 2019, Elsevier.

(C) Cs,Snlg thin film prepared via a two-step solution synthesis method. Reproduced with
permission from Lee et al.'*? Copyright 2017, Royal Society of Chemistry.
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Annealed in nitrogen

C

Figure 5. Double perovskite thin films synthesized via vacuum-based vapor deposition.

(A) Cs;AgBiBrs thin film synthesized via a sequential vapor deposition started with AgBr,
BiBr; and CsBr solids. Reproduced with permission from Wang et al.?” Copyright 2018, John
Wiley & Sons, Inc.
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(B) Single-source vacuum vapor deposition from Cs,AgBiBrs crystals. Reproduced from Fan
et al.®® Copyright 2019, MDPI.

(C) Two-step vapor deposition of Cs,TiBrs starting with a thermally evaporated CsBr film
followed by annealing in TiBr, vapor. Reproduced with permission from Chen et al.*!
Copyright 2018, Elsevier.

A Solution deposition Vacuum vapor deposition

Figure 6. Film quality comparison between solution and vacuum deposited films
by (A) GIXRD and (B) AFM. Reproduced with permission from Igbari et al.'*> Copyright
2019, American Chemical Society.
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Figure 7. Modifications of the solution deposition process
(A) Substrate and precursor preheating. Reproduced with permission from Greul et al.®
Copyright 2017, Royal Society of Chemistry.
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(B) Low-pressure assisted solution deposition. Reproduced from Wu et al.?> Copyright 2018,
John Wiley & Sons, Inc.

(C) Antisolvent (IPA) dropping during spin-coating. Reproduced with permission from Gao et
al.’® Copyright 2018, John Wiley & Sons, Inc.

(D) SEM images of Cs,AgBiBrs films fabricated from mixed DMF/DMSO solutions. Reproduced
with permission from Yang et al.1°2 Copyright 2019, John Wiley & Sons, Inc.
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Figure 8. (A) Optical images, (B) Optical properties and (C) SEM images of
Cs,AgSh,Bi,.«Brs (x = 0, 0.25, 0.50, 0.75) thin films. Reproduced with permission from
Liu et al.**® Copyright 2019, Elsevier.

50



—— Cs;AginCl,

Bi doped Cs,AginCl,
= C;Ag, o Nay ,InCly 4
—— C8,A 4Nl 1IC1, with Bi doping|

700
Wavelength (nm)

800 900

PL intensity (a.u.)

CsAginCl,

WWWM

10°

5 10 15 20
Time (us)

5 C 100~ v : 1,400
C8AG000N0.InCle b oy - (86.2 £ 5.0/% 1
" 11,200
80F N e |
’ N :
/ T ’ 11,000
P AN
£ DL L . 1 800
6 . @ =\ {
S 4 S A/ Q 1600
o Without Bi_ % & e _ \ |
| ===t . {400
20F E. S LR
! -~ 4
'y R S i P
ob& - o | 00
¥ o
0.0 0.2 0.4 0.6 0.8 1.0

Na content (%)

Activation energy (meV)

Figure 9. (A) Absorption spectra, (B) PL lifetime, and (C) Activation energy and
photoluminescence quantum yield (PLQY) of Bi-doped Cs.AgxNa;_«InCls. Reproduced
with permission from Luo et al.®? Copyright 2018, Nature Publishing Group.
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Figure 10. Effects of compositional engineering

(A) Effect of sulphide modification on morphology, (B) bandgap, and (C) electronic band
alignment of Cs,AgBiBre..Sx thin films. Reproduced with permission from Pai et al.'®
Copyright 2020, Royal Society of Chemistry.

(D) XRD patterns and (E) absorption and PL spectra of Cs,Snls.«Brx thin films synthesized by
the two-step solution process. Reproduced with permission from Lee et al.'!? Copyright 2017,
Royal Society of Chemistry.
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Figure 11. Dimensional reduction of double perovskites
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(A) Schematic representation of the evolution of the 3D double perovskite structure to 2D
layered double perovskite structure. Modified and reproduced with permission from Connor
et al.’! Copyright 2018, American Chemical Society.

(B) Anisotropy of optical absorbance of (i-PA),CsAgBiBr; (i-PA=isopentylammonium) along
the three crystallographic axes. Reproduced with permission from Li et al.'®> Copyright 2020,
John Wiley & Sons, Inc.

(C) PL micrographs showing pressure-induced emission at different pressure for
(BA)4AgBiBrs. Reproduced with permission from Fang et al.**® Copyright 2019, John Wiley &
Sons, Inc.

(D) Photocurrent generated by X-ray irradiation with various dose rates (at 10V) for
(CPA);AgBiBrs. Reproduced with permission from Guo et al.!®* Copyright 2020, John Wiley &
Sons, Inc.

(E) Absorbance spectra of Cs,AgBiBrs, (NHsCe¢HioNH52),AgBilg:H,O (=AgBil), and
(CsH16N2)2CuBilg:0.5H,0 (=CuBil). Reproduced with permission from Bi et al.'*® Copyright
2019, Royal Society of Chemistry.
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