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ABSTRACT

The efficiency of organic-inorganic hybrid lead halide perovskite solar cells (PSCs) has 

increased over 25% within a frame of ten years, which is phenomenal and indicative of the 

promising potential of perovskite materials in impacting the next generation solar cells. 

Despite high technology readiness of perovskite solar cells, the presence of lead has raised 

concerns about the adverse effect of lead on human health and the environment that may slow 

down or inhibit the commercialization of perovskite solar cells. Thus, there is a dire need to 

identify materials with lower toxicity profile and comparable optoelectronic properties in 

regard to lead-halide perovskites. In comparison to tin-, germanium-, and copper-based PSCs, 

which suffer from stability issues under ambient operation, bismuth-based perovskite and 

perovskite-inspired materials have gained attention because of their enhanced stability in 

ambient atmospheric conditions. In this topical review, we initially discuss the background of 

lead and various lead-free perovskite materials and further discuss the fundamental aspects of 

various bismuth-based perovskite and perovskite-inspired materials having a chemical 

formula of A3Bi2X9, A2B’BiX6, B’aBibXa+3b (A = Cs+, MA+ and bulky organic ligands; B’ = 

Ag+, Cu+; X = I–, Cl–, Br–) and bismuth triiodide (BiI3) semiconducting material particularly 

focusing on their structure, optoelectronic properties and the influence of compositional 

variation on the photovoltaic device performance and stability.
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Graphical abstract

Page 3 of 87 AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

1. Introduction

Organic-inorganic hybrid lead halide perovskite solar cells (PSCs) have demonstrated 

notable progress in the field of photovoltaics.[1–6] The interdisciplinary nature of perovskite 

research, in conjunction with outstanding photophysical properties of perovskite such as 

tunable band gaps[7], long charge carrier diffusion lengths and lifetimes,[8–12] ambipolar charge 

mobility,[13] and low exciton binding energy (~ 2 meV to 50 meV)[14–16] have resulted in their 

excellent photovoltaic performance. Since the seminal work by Miyasaka and co-workers,[1] 

the power conversion efficiency (PCE) of PSCs has rapidly increased to overcome 25%,[5,17] 

to approach the maturity level of  best crystalline silicon solar cells (26.7% record).[18,19]  

Halide perovskites are defined by a general formula of ABX3, where A is a monovalent cation 

e.g. organic  methylammonium (MA+) or formamidinium (FA+) or inorganic cesium (Cs+), B 

is a divalent metal cation (e.g. lead (Pb2+), tin (Sn2+)), and X is a halide anion (e.g. I–, Br–, Cl–

).[20] The optoelectronic properties of these perovskite materials can be effectively tuned by 

facile intermixing of suitable anion or cation combinations at A-site (A1
1−xA2

xBX3), B-site 

(AB1
1−xB2

xX3), X-site (ABX1
3−xX2

x) or even all three possible sites at once 

(A1
1−xA2

xB1
1−yB2

yX1
3−zX2

z). The tolerance factor t,[21] defined as the ratio of the distance A−X 

to the distance B−X in a solid-sphere model with ionic radii R by t = (RA+ Rx)/(√2RB+RX) and 

the octahedral factor μ[22], defined as μ = RB/Rx determines the possible crystal structure and 

its crystallographic stability. In addition, the inorganic metal halide framework of the 

octahedral network strongly influences optoelectronic properties of the perovskite materials. 

Methylammonium lead iodide (CH3NH3PbI3), a widely explored perovskite absorber in 

photovoltaic cell is characterized as an intrinsic semiconductor[23] that exhibits excellent 

mobilities for both photogenerated electrons and holes. Figure 1 shows the crystal lattice 

structure of CH3NH3PbX3 (X = I–, Cl–, Br–) perovskite and band structures of CH3NH3PbI3 

based on studies of Tanaka et al.[24] and Brivio et al.[25] The Pb 6p orbitals and I 5p orbitals 
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contributes to the conduction band (CB) and 25% of Pb 6s2 lone-pair orbitals contributes to 

valence band (VB) of CH3NH3PbI3. The VB orbitals show strong coupling between I 5p and 

Pb lone pair 6s2 orbitals. The p–p electronic transitions from VB to CB and the high 

symmetry of CH3NH3PbI3, enabled by the lone pair orbital of Pb, contribute to exceptionally 

high optical absorption coefficients.[26] The strong s-p antibonding coupling (between Pb and 

I), weak p-p coupling (between Pb and I) and inherent ionic characteristics effectively 

contribute to the unique defect tolerant nature of hybrid lead halide perovskite 

semiconductor.[27] This is reflected by the large charge carrier diffusion length which ranges 

from 1 μm[8] to over 100 μm.[28] Because of the defect tolerant nature of perovskite materials, 

optimized solar cells made from lead-halide perovskites typically generates open-circuit 

voltages (VOC) that are within 100 mV of the radiative limit to VOC.[29–33] Thus, the best halide 

perovskite solar cells approach the radiative limit[34] of VOC more closely than any other solar 

cell technology except GaAs.[35] To date, perovskite compositions using methylammonium 

(MA+), and/or formamidinium (FA+) as A-site cations (in ABX3 crystal structure) are 

employed in top performing cells with efficiency >20%.[6,36,37] 

Figure 1: (a) Crystal structure of hybrid metal halide perovskite.[38] Reprinted with 

permission.[38] Copyright 2014, RSC. and (b) Orbital diagram of CH3NH3PbI3 showing that 
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the valence band maximum is made up of antibonding (*) orbitals (Pb(6s) and I(5p)) colored 

in red and the conduction band minimum is also made up of antibonding orbitals (Pb(6p) and 

I(5p)) colored in blue.[39] The antibonding valence band is central to the defect tolerance[40] of 

CH3NH3PbI3 because the atomic orbitals lie outside the band gap, thereby increasing the 

likelihood that intrinsic defects are shallow or in the bands.[41,42] Reprinted with permission.[39] 

Copyright 2015, Springer.

Because of high device performance and interesting optoelectronic properties, 

perovskites have also triggered fundamental studies on the carrier dynamics, defect tolerance 

and ion-migration.[43] While some of the properties are valuable for high performance, others 

are not suitable and impair practical applications of this new technology. For instance, while 

the defect tolerance of the perovskite material contributes to high device efficiency,[4] the ion-

migration phenomenon stands as a potential threat against its intrinsic stability.[44][45] In 

addition to the intrinsic instability of the material, perovskite stability is also affected by 

external stimuli. The hygroscopic A-site organic cations such as MA+ or FA+ are eliminated 

when exposed to moisture, heat, light and oxygen.[46–52] Figure 2a shows the degradation of 

CH3NH3PbI3 in the presence of moisture. Towards this end, the perovskite reportedly forms a 

monohydrated phase, that is, CH3NH3PbI3∙H2O consisting of [PbI3]– double chains. This 

monohydrated phase can be reversibly converted to perovskite; however, further hydration of 

this phase results in degradation of the perovskite to PbI2 and aqueous CH3NH3I solution.[51,52] 

Figure 2b shows the heat-induced decomposition of CH3NH3PbI3 which varies depending on 

temperature. At temperature < 200 °C, CH3NH3PbI3 induces movement of ionic species and 

distortion of crystal lattice, releasing PbI2, CH3NH2 and HI as byproducts. For temperature > 

200 °C, CH3NH3PbI3 degrades to PbI2, CH3I and NH2.[49][53] This instability issue of the 

hybrid perovskites makes it incompatible with a desired device lifetime of decades.[53][54] As a 
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result of degradation, the photoactive perovskite transforms into non-photoactive constituents, 

thereby releasing lead iodide into the environment which is inherently toxic.[55–57] 

Figure 2: CH3NH3PbI3 perovskite degradation in the presence of (a) moisture (Reprinted with 
permission. Copyright 2020, Wiley-VCH),[53] and (b) heat. (c) Concentration of lead measured 
in mint plants measured in roots, stem and leaves after 20 days of growth in natural soil and 
perovskite contaminated soil. Reprinted with permission.[55] Copyright 2020, Nature 
publisher. 
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Lead has a long history of affecting human environment. Although, we have been 

surrounded by metallic lead in our day-to-day life, for instance, lead is still used in batteries, 

silicon (Si) solar panels, coins, and household paints. It is the presence of lead (Pb2+) in 

perovskite in ionic form that makes lead perovskites potentially more hazardous as compared 

to environmental damage caused by metallic lead.[3,56] The presence of Pb2+ in human body 

remains undetected by the immune system as it can mimic other biological important ions 

such as calcium (Ca2+), iron (Fe2+) and zinc (Zn2+).[56] This can cause severe damage to the 

nervous and reproductive systems and to hematopoietic and renal organs.[56] In addition to 

this, lead poisoning can also result in hypertension, anemia, neurological disorder and kidney 

damage.[58] According to the U.S. Department of Health and Human Service, children and 

pregnant women are more vulnerable to an exposure to lead, while lead absorption has found 

to be lower in adults.[56] In addition to this, the exposure of ionic lead to soil and water can 

result in long-term damage to environment and human health.[56,59,60] Considering 1 m2 solar 

panel having a 300 nm CH3NH3PbI3 perovskite layer, Hailegnaw et al.[61] performed 

calculations to determine the concentration of lead (Pb2+) in the soil after its degradation. 

With the mixing of degraded perovskite in soil, containing 0.42 g of lead, the concentration of 

lead increases to 70 ppm (assuming soil density to 1.95 × 105 g/m2). The local concentration 

would eventually decrease with the effect of rain leading to dispersion of lead in further depth 

of soil, which would make lead available for uptake by plants. Recently, Li et al. reported that 

lead originating from perovskite contamination of the water and soil can enter plants and 

subsequently into the human food cycle.[55] This is more effective compared to other lead 

contaminants such as lead acid batteries attributing to the presence of hygroscopic organic A-

site cations. As discussed above, the degradation of CH3NH3PbI3 perovskite releases PbI2, 

CH3NH2 and HI as side products.[53] The dissolution of HI in the soil decreases its pH, thus 
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making it more acidic. This increases the solubility of ionic lead in soil and thus increases the 

availability of lead to plants. A recent study comparing the concentration of lead in leaves, 

stem and roots of a mint plant revealed the eco-toxicity aspect showing that the mint plant 

grown in lead perovskite contaminated soil showed blackening and rotting, eventually causing 

death of the plants (Figure 2c).[55] For this purpose, the mint plants were grown in natural soil 

and in lead perovskite contaminated soil. It can be noted that natural soil also has Pb 

contamination from electronic waste, mining etc. It was found that natural soil has a Pb 

concentration of 36.3 mg/kg and with the contamination of soil with perovskite this 

concentration increased to 250 mg/kg. Due to the release of HI (from perovskite) into the soil, 

the lead uptake in plants increased by 366 times. 

An important question arises here: Is lead absolutely essential for high performing 

solar cells or is it possible to fully replace lead with less toxic metals without sacrificing 

optoelectronic properties and simultaneously improve the stability? In this regard, significant 

efforts have been made to replace lead with less toxic metals and investigate their 

photovoltaic performance. In this topical review, we initially give a brief summary of various 

alternative low-toxic metals that have been employed to replace toxic lead and discuss the 

main issues in preparing the stable photovoltaic cell. Further, we discuss efforts made to 

develop bismuth (Bi3+) based materials mainly focusing on double perovskites and 

perovskite-inspired lower and higher dimensional semiconducting materials and their 

potential applications in photovoltaic devices. Accordingly, we discuss critical future 

challenges encountered by bismuth-based lower and higher dimensional materials in 

becoming protagonists in research on eco-friendly and low-cost photovoltaics.  

2. Alternative Elements for Lead Substitution – A Short Summary

Since the toxicity and the bioaccumulation in the ecosystem of the lead content has 

increased concerns, it is one of the most important aims to develop lead-free perovskites and 
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perovskite-inspired light absorbing materials, while sustaining some important features. The 

outstanding features of lead halide perovskites include i) excellent optoelectronic properties 

such as suitable band gap and high photoactivity ii) solution processability and earth-

abundance for economical device fabrication iii) increasing long-term stability and iv) easy 

scalability for large-area production and commercialization.[4] As described in the previous 

section, lead (Pb) is the bivalent metal cation in the ABX3 structure having an s2 electron lone 

pair, which contributes to the formation of the valence band in the perovskite.[62] Homovalent 

substitution of lead by same group elements tin (Sn) and germanium (Ge) has been 

investigated thoroughly in the past years.[63,64] The initial approach was to replace Pb2+ with 

Sn2+ that is chemical homologue having similar ionic radius, oxidation states and 

reactivity.[65,66] Tin-based perovskites exhibit strong PL emission at 950 nm with an 

absorption onset at 1000 nm and band gap of 1.3 eV, which could be tuned by varying the 

I/Br ratio.[67] Despite its isoelectronic character of Sn2+ and exceptional optoelectronic 

properties, the low redox potential (-0.15 V) of Sn2+/Sn4+ is responsible for the rapid 

oxidation of Sn2+ to Sn4+ when exposed to ambient atmosphere. This oxidation is further 

accelerated by aqueous environments leading to the release of hydroiodic acid (HI) as a by-

product.[56] This oxidation leads to the self-doping in the tin-based perovskite materials with 

Sn4+,[68,69] thus impairing the solar cell performance due to bulk recombination of the 

generated excitons at the defect centres. Secondly, the increase in Sn4+ is detrimental for the 

materials stability due to loss of the perovskite structure.[70]

The efficiency and stability of Sn2+ perovskite solar cells have been improved by 

suppressing the self-doping effect with various additives such as SnF2
[71,72], EDAI2

[73], 

SnCl2
[74,75] , SnI2

[75], pyrazine[76], Sn[77], MACl/FACl[78], and NH2GACl[79] leading to the 

suppression of Sn4+ formation, improved thin film morphology and thus reduced trap-state 

density. The incorporation of reducing additives such as hydrazine[80] (N2H4) and 
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hypophosphorous acid[81] (H3PO2) in the presence of excessive SnF2 have been observed to 

inhibit its adverse effect on the perovskite layer contributing to an improved stability. Tai et 

al. developed another method to suppress the oxidation of Sn2+ by means of employing 

hydroxybenzene sulfonic acid or its salt as an additive in the precursor solution along with 

excess SnCl2.[74] Small amounts of this reducing agent (1.5 mol.%) enabled an almost oxygen-

resistant perovskite film yielding a PCE of 6.76% in an inverted PSC. Beside the in-situ 

encapsulation the presence of the additives in the perovskite film eliminated phase separation 

which is approved by maintaining 80% of its initial efficiency over 500 h upon air 

exposure.[74] Recently, a mixture of SnF2 additive with dihydropyrazine derivative was used 

to produce Sn(0) nanoparticles in the precursor solution to reduce the Sn4+ impurities.[82] 

Additionally, A-site cation engineering was employed as a useful strategy to further enhance 

the stability, Zhao et al. fabricated the double-cation FA0.75MA0.25SnI3 perovskites with 

10 mol% SnF2 integrated in a p-i-n device architecture which achieved a PCE of 8.12%.[71] 

Furthermore, combinations of formamidinium (FA) with bulkier A-site cations like phenyl 

ethylammonium (PEA)[72], guanidinium (GA)[73] or 4-(aminomethyl)piperidinium (4AMP)[83] 

leading to 2D/3D perovskites manifested increased stability. Surface treatments with organic 

ligands such as ethylene diamine[84] or 2-fluoro-phenethylammonium iodide[85] improved the 

photovoltaic device performance up to 10%, owing to surface passivation and decrease of 

self-oxidation. Despite the above mentioned improvements, tin-perovskite devices were 

fabricated and stored in nitrogen atmosphere, and to best of our knowledge there are no 

reports on long-term stability under ambient atmosphere.[86] Apart from CsSnI3 thin-film-

based devices showing PCEs up to 5%[87], CsSnX3 (X = I–, Cl–, Br–) quantum rods have also 

been explored demonstrating high efficiency up to 13% and better thermal and air stability 

compared to MAPbI3 reference devices.[88] Alternatively, Sn4+-based Cs2SnI6 was investigated 

as possible solar absorbers. The band gap of Cs2SnI6 was found to strongly depend on the 

thin-film fabrication condition and different values have been reported ranging from 1.3 eV to 
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1.6 eV.[89,90] Moreover, halide mixing between iodide and bromide resulted in better band 

alignment with neighbouring transport layers and the resultant device showed enhancement in 

the PCE up to 2%.[91] 

Being directly above Sn in the periodic system, Germanium (Ge2+) was also 

investigated as a suitable candidate for replacement of lead. For instance, Krishnamoorthy et 

al. investigated CsGeI3, MAGeI3 and FAGeI3, which showed tuneable band gaps from 1.63 to 

2.0 to 2.35 eV, respectively. To date, CsGeI3 and MAGeI3 based photovoltaic devices were 

fabricated with PCEs of 0.11 % and 0.2 % respectively.[92] Similar to Sn2+, Ge2+ is also more 

stable in the +4 oxidation state leading to the same self-oxidation tendency like in tin 

perovskites. By replacing widely used spiro-OMeTAD with poly(3-hexylthiophene) (P3HT), 

Huang et al. reported improvement in the CsGeI3 device performance up to 3.2% which is to 

date the highest efficiency reported in Ge-based PSCs.[93] Binary perovskite compounds of tin 

and germanium showed better PV performances in comparison to pure Ge-based PSCs. The 

implementation of such a binary Sn-Ge perovskite structure in a PSC was firstly reported by 

Ito et al. with FA0.75MA0.25Sn1-xGexI3 perovskite composition containing 0.05% of Ge. The 

resultant device showed improved device performance of 4.48% compared to the pure tin 

PSC with 3.31%.[94] Lifetime measurements demonstrated an increased efficiency of 6.90% 

after 72 h storage in nitrogen atmosphere which indicated an improved stability compared to 

the reference device. A higher efficiency of 7.11% has been obtained with a conventional 

planar CsSn0.5Ge0.5I3 based PSC. Chen et al. observed that the formation of an ultrathin 

(>5 nm) germanium oxide layer with a self-encapsulation function contributes to an improved 

device stability against air and moisture.[95] Further, compositional and thin-film engineering 

strategies were employed by Hayase and co-workers, and the device incorporating Ge-doped 

(FA0.9EA0.1)0.98EDA0.01SnI3 perovskite (EA = ethylammonium and EDA = ethylenediamine) 

showed PCE of 13%. The incorporation of the EA cation lead to an increase of the open-
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circuit voltage (VOC) due to better alignment of the energy band levels of the perovskite with 

the charge transport layers. Further post-treatment with the Lewis base EDA passivated the 

surface defects through interaction with undercoordinated Sn sites, resulting in an increase of 

the VOC to 0.84 V, which is the highest reported for tin based perovskite solar cells.[96] 

Further, in search of stable perovskite materials, Filip and Giustino performed a 

computational screening of homovalent metal cations delivering stable perovskite crystal 

structures and adequate band gap, leading to a number of possible compounds ( 25 out of 

248), where they highlighted magnesium (Mg) compounds e.g. in CsMgI3, MAMgI3 and 

FAMgI3 as potentially promising candidates.[97] However, these perovskites are highly 

sensitive towards humidity, which impedes their application in solar cells so far. Moreover, 

rare earth metals like europium (Eu2+), thulium (Tm2+) and ytterbium (Yb2+) were used as 

potential dopants in earth-alkali metal perovskites (AMX3 with A = Cs/K, M = Mg/Ca/Sr, X = 

Cl/Br/I) leading to efficient photoluminescence emission.[98–100] Furthermore, the perovskite 

MAEuI3 with an intense blue photoluminescence (PL) emission at 448 nm was patented by 

Kangning and Mitzi[101], making the rare-earth based perovskites interesting materials for 

light emitting diodes (LED). Divalent, environment-friendly, earth-abundant and cost-

effective transition metals, e.g. Fe2+, Cu2+, Zn2+ have also been considered as suitable 

alternatives to Pb2+. However, in these materials, due to their smaller radii, the 3D perovskite 

structure is sterically hindered and a layered 2D perovskite structure with the general formula 

(R-NH3)2An-1MnX3n+1 is favoured, thereby limiting the photovoltaic efficiency due to wider 

band gaps and inefficient charge transport. Cortecchia et al. reported copper based 2D 

perovskites with the formula (CH3NH3)2CuClxBr4-x. It was observed that (CH3NH3)2CuBr4 

was highly air sensitive and halide mixing with Cl– improved its stability against ambient 

atmosphere. Moreover, it was observed that optical properties strongly depend on the Br/Cl 

ratio, exhibiting band gaps between 2.48 eV to 1.8 eV for increasing bromide content. 

However, the achieved PCEs were below 0.1%.[102] Further, solution processed (p-F-C6H5-
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C2H4NH3)2CuBr4 and (CH3(CH2)3NH3)2CuBr4 were employed as potential photoabsorbers 

due to a band gap of 1.75 eV achieving PCE of 0.51% and 0.63%, respectively.[103] Elseman 

et al. highlighted the role of halides in the MA2CuX4, where chlorine (Cl-) was found to 

stabilize the perovskite compounds and MA2CuCl4 yielded the highest PCE of 2.41%.[104] 

Another interesting substitutent for lead is titanium (Ti+4) as shown in the Cs2TiBr6 

antifluorite structure, which  is a vacancy-ordered double perovskite having a 3D framework 

with band gap of ~1.8 eV. First solar cell application of Cs2TiBr6 thin films synthesized via 

vapor deposition from TiBr4 and CsBr was reported by Padture and co-workers, with a PCE 

of 3.3%.[105] Further, it was reported that halide substitution in Cs2TixBr6-x can modulate the 

band gap between 1.0 – 1.8 eV making this material interesting for single-junction and 

tandem solar cell applications.[106] In contrast to this, Mitzi et al. and Mendes et al. 

independently reported that both Cs2TiBr6 powder and thin films are not stable in air.[107,108] 

Similar to Pb2+ and Sn2+, bismuth (Bi3+) and antimony (Sb3+), have similar 

stereochemical inactive s2 lone pair yielding big ionic radius and contribution to the valence 

band. This results in high density of states, high dielectric constant, strong absorption 

coefficients and high defect-tolerance.[39,109] The heterovalent substitution of lead in 

perovskites was experimentally realized with Bi3+ or Sb3+ due to above mentioned electronic 

properties and the affinity of these cations to form metal halide octahedra. Capitalizing on 

their excellent chemical stability in trivalent form and low-toxicity, research on photovoltaics 

based on Bi3+ and Sb3+-based perovskites and perovskite-inspired materials have emerged as a 

new, largely explored sector for solar cells leading to several for bismuth-containing potential 

light absorbers. Both Bi3+ and Sb3+ based perovskite derived materials form lower 

dimensional A3M2X9 structures that show superior stability against air and moisture.[110,111] 

Hebig et al. reported on MA3Sb2I9 as a zero-dimensional dimer perovskite structure 

constituted by face-sharing bioctahedral (Sb2I9)3- units surrounded by three MA+ cations. The 
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MA3Sb2I9 thin film with a band gap of 2.14 eV was employed in the inverted structure of 

solar cells (ITO/PEDOT:PSS (25 nm)/absorber/PC61BM (60 nm)/ZnO-NP (60 nm)/Al (150 

nm)) to obtain a device showing PCE of 0.5%.[112] By employing hydroiodic acid (HI) as 

additive to control the thin film growth, Boopathi et al. obtained high-quality thin films of 

MA3Sb2I9 leading to a PCE of 2.04%.[113] Doping Sn4+ in MA3Sb2I9 with was found to be 

beneficial for band gap tuning with band gap decreasing with increasing amount of Sn4 

inMA3(Sb1−xSnx)2I9
+. The p-i-n structure with device stacks of ITO/Cu:NiO/ 

MA3(Sb1−xSnx)2I9/ZnO/Al with x = 0.40 having a band gap of 1.53 eV showed a PCE of 

2.69%.[114] Recently, Nazeeruddin and co-workers presented a controlled growth of two-

dimensional MA3Sb2I9−xClx with Li-TFSI additive. The 2D structure was obtained over a 

controlled SbCl3-LiTFSI intermediate combined with n-butyl acetate as anti-solvent to 

remove Li-TFSI from the thin film. This combined strategy lead to an improved PCE of 

3.34% which is to date highest for low-dimensional Sb-based perovskite-inspired 

materials.[115] Moreover, among all mentioned alternative metal cation for lead substitution 

bismuth-based perovskite and perovskite-inspired material showed leading efficiency, after 

tin-based perovskites. Figure 3 shows the summary of potential A-site cations, metals and 

halides employed to develop lead-free perovskite and perovskite-inspired absorbing materials 

and record efficiency of representative solar cells compared with Csx(MA0.17FA0.83)(100-

x)Pb(I0.83Br0.17)3 lead halide perovskite solar cells.[116] Apart from this, the major studies on the 

toxicity of bismuth showed that it is not toxic to humans which is in contrast to other 

alternative metals, where especially SnI2 was showed to be even more toxic than PbI2 (LC50 

for SnI2 0.09 vs. PbI2 0.83 mM).[117] The following section provides an overview of recent 

developments on bismuth halide perovskite and perovskite-inspired materials. Moreover, we 

discuss and highlight the interrelation between structural, optoelectronic and photovoltaic 

characteristics in evaluating each class of Bi-halide based materials. 
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Figure 3: Potential A-site, central metal atom and halide anions employed to develop lead-
free perovskite and perovskite-inspired materials (above) and band gap vs. record device 
efficiencies of their representative solar cells (below). 

3. Bismuth-based semiconductors for photovoltaic applications

The classic perovskite structure ABX3 consists of an inorganic framework, which is built 

up by a 3D arrangement of corner-connected metal halide octahedra BX6 as observed in the 

parent organic-inorganic lead perovskite e.g. CH3NH3PbI3 or the α-phase of CsPbI3. The size 

of the A-site cation influences the inorganic framework by tilting the metal halide octahedra, 

contraction or expansion of the perovskite lattice or destroying the 3D network and thus the 

real perovskite structure. It should be noted that from a crystallographic point of view, the 
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perovskite structure is clearly defined with a stoichiometry of ABX3 (or also A: B: X with 

ratio 1: 1: 3) with octahedra forming a 3D network.[118] However, in search of lead-free halide 

materials, researchers have developed alternating compositions, for instance Cs3Bi2I9, 

AgBi2I7, 2D layered structures, that are also mostly incorrectly grouped as perovskites. For 

the sake of “chemical correctness”, all other structures not having the classical ABX3 

perovskite structure will be named as perovskite-inspired materials such as MA3Bi2I9.  The so-

called 2D perovskites with a layered structure consisting of octahedra connected along two 

octahedral axes. In crystallographic terms the 2D perovskite-type structure can be obtained by 

slicing the 3D structure along specific crystallographic planes. If these are further sliced 

perpendicular to the inorganic sheets, an octahedral chain remains yielding 1D perovskite-

inspired material. If the octahedra are isolated, the structure is named 0D perovskite-inspired 

material.[119] Bi3+ form similar octahedral structures with halides and as a heavy metal, having 

a distinct spin-orbit coupling, it is expected to show similar band structure as Pb perovskites. 

Moreover, bismuth based materials show high dielectric constants (εr ~38 at ~104-106 Hz at 

300K)[120] and high stability.[121] There are a number of  bismuth-based materials that have 

been tested for solar cell application and will be presented in the following sections starting 

from perovskite and perovskite-inspired structures such as low-dimensional A3Bi2I9 structure, 

3D double perovskites A2B’BiX6, perovskite-inspired 3D rudorffite materials B’aBibXa+3b (A 

= MA+, Cs+; B’ = Ag+, Cu+; X = I–, Cl–, Br–) and non-perovskite 2D BiI3.
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3.1.Low dimensional A3Bi2X9 bismuth perovskite-inspired materials

3.1.1. Structure

Figure 1: (a) A3Bi2I9 structure with a 2D vacancy-ordered perovskite structure and (b) 0D 

non-perovskite structure with isolated dimeric face-shared octahedra. Reprinted with the 

permission of American Chemical Society, Copyright 2017.[119]

There are two structure types in A3Bi2I9 stoichiometry (Figure 4) exhibiting a 0D and 2D 

structural arrangements. In vacancy-ordered Bi-based perovskite-inspired materials such as in 

K3Bi2I9 or Rb3Bi2I9, bismuth cations occupy 2/3 of the B-sites, and the vacancies are ordered 

along the [111] planes leading to a 2D layer of bismuth iodide octahedra. For larger A-site 

cations such as Cs+, MA+ or FA+ the structure adopts a hexagonal 0D structure in a space 

group of P63/mmc, where [Bi2I9]3- dimers are isolated and surrounded by the monovalent A-

site cations.[110,122] Although this structure is often called a 0D perovskite, it does not comply 

ABX3 perovskite structure, thus we term these class of materials as perovskite-inspired 

material. It was found that there is a phase transition from the hexagonal to the monoclinic 

phase with the space group C2/c at low 160 K[120] and 130 K[123] for MA3Bi2I9 and Cs3Bi2I9, 
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respectively. In case of MA3Bi2I9 the disordered dipolar MA cations oriented along the b axis 

inducing a distortion of the BiI6 octahedra result in the reduced symmetry from hexagonal to 

monoclinic. Further cooling to 140 K causes a phase transition to the polar monoclinic 

structure with the space group P21. Here, the Bi3+ ions get displaced more due to the in-plane 

ordering of the s2 lone pairs leading to the polarity and thus the large dielectric constant.[120] 

Zhang et al. showed that this polar monoclinic phase in MA3Bi2I9 was also achieved under 

high pressure at 5.0 GPa.[124]

3.2.Optoelectronic properties

The first investigation on the optical absorption of MA3Bi2I9 single crystals was 

conducted by Kawai et al., exhibiting an excitonic peak at 2.51 eV at 78 K, which showed a 

red shift (2.49 eV) upon temperature increase to 301 K. The excitonic state near the band-

edge was attributed to the transition from 1S0 to 3P1 state localized at the Bi3+ in the (Bi2I9)3- 

dimers and an exciton binding energy over 300 meV was estimated.[125] Öz et al. reported the 

similar excitonic peak at 2.45 eV and determined a band gap value of 2.9 eV for MA3Bi2I9 

thin film with a PL emission at 751 nm (excitation at 488 nm).[126] In contrast, Abulikemu et 

al. showed an unchanged PL emission at 637 nm (excitation at 473 nm) for MA3Bi2I9 single 

crystal, powder and thin film and a lower band gap of 1.9 eV, where the excitonic state was 

not considered.[127] Generally, for MA3Bi2I9, the PL show lower peak intensity compared to 

MAPbI3 and is attributed to the radiative recombination in (Bi2I9)3- clusters. An absorption 

coefficient of ~ 1.1 × 105 cm-1 was reported for MA3Bi2I9, which is comparable to 

MAPbI3.[128] 

Band gap values Eg = 1.8 – 2.2 eV were reported for the indirect and Eg = 2.1 – 2.9 eV for 

the direct band gap.[121] The discrepancy of band gap values might be caused by various 

approaches to their estimation and is dependent on the consideration of the excitation state. 

Furthermore, thin film properties can lead to these deviations due to different fabrication 
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methods e.g. one-step coated thin films showed Eg = 2.1 eV[129] whereas thin films grown via 

atmospheric pressure chemical vapor deposition showed Eg of 1.8 eV.[130] These various 

fabrication methods such as one-step spin-coating, solvent assisted vapor annealing[127], anti-

solvent quenching[131], solvent-engineering[132] or vapor-assisted methods[133] were used to 

control structural properties such as grain sizes, orientation and crystallinity which impact the 

optoelectronic properties of the material in general. For example, Zou and coworkers reported 

band gap narrowing and PL enhancement in MA3Bi2I9
[124]and Cs3Bi2I9

[134] under high 

pressure due to the compression of the inorganic Bi2I9 unit and thus increased cation-anion 

orbital overlap between the Bi 6s and I 5p and Bi 6p and I 5p orbitals as shown in Figure 5.  

Figure 2: Band gap narrowing through compression of Cs3Bi2I9, a) Band structure at ambient 

conditions; b) Band gap as function of pressure (in GPa); c) Inorganic dimer Bi2I9 unit; d) 

schematic band level diagram showing the band gap narrowing upon compression; e) 

Schematic orbital models of compression leading to decrease of Bi-I bond contraction and Bi-

I-Bi angle and increased orbital overlaps. Reprinted with permission.[134] Copyright 2018, 

Wiley-VCH.
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Furthermore, Hoye et al. investigated the optoelectronic properties of solution-assisted 

and vapor-assisted MA3Bi2I9 thin films, where the vapor assisted thin films showed enhanced 

PL decay times compared to the solution-assisted ones.[135] Generally, the band structure of  

MA3Bi2I9  is very similar to lead based perovskites with a partial antibonding character in 

valence band (VB) and disperse conduction band (CB) leading to higher defect-tolerance 

(Figure 6a).[39] In comparison to Pb 6s orbitals, the Bi 6s orbitals have a smaller contribution 

to the VB, leading to less cation-anion orbital overlap and thus less dispersion of the VBM. 

This leads to lower hole mobilities in bismuth based materials and coupled with their low 

dimensional structure with localized charge carriers at the isolated bioctahedrons causing 

limited charge transport.[136]   

Figure 3: Band structures of A3Bi2I9 type materials: a) calculated density of states (DOS) of 

MA3Bi2I9. Reprinted with the permission of Hoye et al.[135] Copyright 2016, Wiley; b) Band 

structure and related DOS of Rb3Bi2I9 and c) of Cs3Bi2I9. Reprinted with permission of 

American Chemical Society, Copyright 2015. [110]

For the all-inorganic Cs3Bi2I9, band gaps between 2.16 – 2.2 eV for thin films, 1.9 eV 

for powder, 1.87 – 1.95 eV for single crystals and 2.86 eV for nanocrystals were reported.[121] 
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The material showed exciton binding energies between 270 – 300 meV,[129,137] which is higher 

than lead based perovskites (25 – 50 meV).[129] Lehner et al. calculated a VBM level of –

5.7 eV for Cs3Bi2I9, whereas the layered K3Bi2I9 and Rb3Bi2I9 showed deeper VBM levels at –

6.0 eV with a band gap of 2.1 eV. Furthermore, the VB of the layered perovskites showed a 

flat curvature and a less dispersed CB compared to the 0D Cs3Bi2I9 as can be seen in Figure 

6b and Figure 6c. Compared to the MAPbI3, the overall smaller band dispersion and flat 

bands lead to lower charge carrier mobilities in the Bi-based semiconductors.[110] The 

compositional flexibility of organic-inorganic hybrid perovskites and all-inorganic 

perovskites lead to tunability of optoelectronic properties such as band gap. This was also 

observed for the bismuth-based perovskite-type materials e.g., variation in the precursor 

stoichiometry of Cs3Bi2I9 and MA3Bi2I9 lead to band gap perturbation. In Cs3Bi2I9 a band gap 

decrease was observed from 2.01 eV to 1.77 eV for BiI3-rich stoichiometry (CsI/BiI3 < 1). 

This band gap reduction was related to the formation of defects leading to gap states above 

the VB and a stronger Bi 6p – I 5p overlap moving the band toward the Fermi energy and thus 

to band gap reduction.[138,139] Another well-established strategy for band gap tuning is the 

compositional engineering in the A-, B- or X-sites of the perovskite structure, which was also 

applied in bismuth-based materials. Recently, we reported the variation of different A-site 

cations in the A3Bi2I9 structure with monovalent organic or inorganic A-site cations (Figure 7) 

leading to change in the band gap (Table 1) mainly due to the formation of 0D perovskite-

type or 2D layered perovskite structures. Also, A-site cation alloying with Cs and MA cation 

to obtain double cation bismuth iodide lead to a band gap reduction from 2.9 eV to 2.2 eV.[20] 
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Figure 7: A-site cation engineering in A3Bi2I9 perovskite with organic and inorganic 

monovalent cations for solar cell application. Reprinted with permission[20] Copyright 2021.

Table 1: Calculated band gaps from Tauc Plots (assuming a direct band gap) for all-inorganic 

and organic-inorganic bismuth materials (excitonic band gap refers to the excitonic peak as 

band edge). Values adapted from Ünlü et al.[20]

 Direct band gap (eV)

 excitonic optical

Cs3Bi2I9 1.9 2.3

Rb3Bi2I9 2.2 2.5

K3Bi2I9 2.0 2.3

Na3Bi2I9 2.3 2.5

Li3Bi2I9 2.3 2.5

MA3Bi2I9 2.5 2.9

FA3Bi2I9 -- 2.6

GA3Bi2I9 2.3 2.7

DMA3Bi2I9 2.2 2.4

Furthermore, B-site cation engineering was shown theoretically to be a possible 

method for band gap tuning as reported by Hong et al., showing that trivalent metal cations 

such as indium (In) or gallium (Ga) can be mixed with Bi to obtain Cs3BiM1I9 to reduce the 

band gap. Additionally, these materials exhibited the space group P3̅m1 leading to direct and 
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lower band gaps compared to the space group P63/mmc.[140] In a different study, Ru3+-doping 

up to 4.3% was demonstrated as an efficient way to reduce the band gap of Cs3Bi2I9 via a 

hydrothermal synthesis method along with shallow defects states and higher work 

function.[141] The mixing of B-site alloys e.g. in APb1-xSnxX3 also allows to tune the bandgap. 

Similar to Sn-Pb perovskites, where the band gap deviates from the linear interpolation 

between the band gaps of the pure APbI3 and ASnI3 compounds, also known as band gap 

bowing,[142] mixture of Sb3+ and Bi3+ in MA3(Sb1-xBix)2I9 reduced the band gap up to 1.9 eV 

(Figure 8a). The band gap bowing was attributed to spin-orbit coupling and lattice strain due 

to the use of the heavy element Bi.[143]

Halide mixing in Cs3Bi2I9 with chloride (Cl-) was demonstrated by Kanatzidis and 

coworkers leading to a structural change from 0D to 2D layered structure (similar to 

Cs3Bi2Br9) with the space group P3̅m1 achieving a direct band gap (Figure 8b-c). The mixed 

halide Cs3Bi2I6Cl3 showed an excitonic absorption rather than an excitonic peak above the 

absorption edge as normally observed in Cs3Bi2I9, leading to reduced exciton binding energy. 

However, broad PL emission revealed phonon-assisted recombination of self-trapped excitons 

with enhanced electron-phonon coupling with Huang-Rhys factor of SHR = 212 which is 

increased compared to A3M2I9 materials (S = 21.2-79.5).[144] Investigation on incorporation of 

Br– ions into Cs3Bi2I9 was also demonstrated and by comparing the crystal structure, 

absorbance of Cs3Bi2I9-xBrx and the band structure, it was found that Cs3Bi2I6Br3 has the 

lowest band gap (2.03 eV vs. 2.20 eV for Cs3Bi2I9). This further lead to transition from space 

group P63/mmc to P3m due to alloying of three bromide atoms.[145] Besides the incorporation 

of halide ions, Li et al. employed low pressure vapour assisted solution process method to 

obtain MA3Bi2I9-xSx. The incorporation of sulfur leads to reduction of band gap to 

1.67 eV.[146] Beside from halide mixing, split-anion approach with chalcogenide elements 

such as tellurium (Te), selenium (Se) and sulfur (S) was theoretically discovered for lower 

Page 24 of 87AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

band gap materials i.e. MA3BiSeI2, MA3BiTeI2 and MA3BiSI2 (Figure 8d).[147,148] In addition 

to halide mixing, to address the band gap issue, Vigneshwaran et al.[149] attempted doping of 

sulfur into MA3Bi2I9 perovskites at relatively lower temperature (120 °C) and observed band 

gap reduction to 1.45 eV (lower than MAPbI3). Moreover, Hall effect measurements 

suggested that the resultant perovskite behaves as a p-type semiconductor with higher carrier 

concentration and mobility compared to undoped MA3Bi2I9. However, investigation of the 

effect of doping and lower band gap on the photovoltaic device performance remains 

unexplored. 

Figure 4: Band gap tuning in 0D perovskite-type materials; a) The optical band gap as 

function of composition of Sb-Bi-alloys showing band gap bowing; Reprinted with  

permission [143] Copyright 2020, Royal Society of Chemistry; b) Halide mixing in Cs3Bi2I9 

leading to increased structural dimensionality form 0D to 2D layered structure; c) calculated 

electronic band structure showing a direct band gap and DOS of Cs3Bi2I6Cl3. Reprinted with  

permission.[144] Copyright 2019, American Chemical Society; d) Calculated band gaps of the 
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MABiXY2 compounds obtained via the split-anion approach. Reprinted with  permission.[148] 

Copyright 2016, Royal Society of Chemistry. 

The drawbacks of the low dimensional A3Bi2I9 perovskites are i) the 0D electronic structure 

with localized charge carriers as described above, thus high exciton binding energies which 

hinder an efficient charge separation resulting in low JSC; ii) wide band gaps leading to lower 

absorption and iii) broad Urbach tails as shown in Figure 9a with Urbach energies EU being 

substantially higher than kT representing high energetic disorder that is likely responsible for 

substantial nonradiative recombination losses.[112] Figure 9d shows the influence of Urbach 

tails (represented as Urbach parameter γ which is identical to the Urbach energy EU 

introduced above) in combination with band gap values on solar cell parameters in the 

radiative (detailed balance) limit (VOC, JSC, PCE and FF). High Urbach parameter combined 

with higher than optimal band gap energies can lead to drop down of VOC, FF and overall 

PCE, which can be a problem in lead-free Bi-based materials.[150]

Figure 9:  Fitted Urbach energies obtained from PDS measurements using exp(E/EU) for a) 

MA3Bi2I9, b) Cs3Bi2I9 and c) FA3Bi2I9. Adapted from Hebig et al. [112] d) Dependence of solar 
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cell parameters (PCE, JSC, VOC and FF) on the Urbach parameter γ = EU and band gap 

according to detailed balance limit calculations. Reprinted with permission. [150] Copyright 

2021, American Chemical Society.

3.2.1. A3Bi2I9 perovskite-inspired solar cells

In 2015, Park et al. reported on solution-processed mesoscopic heterojunction solar 

cells with Cs3Bi2I9, MA3Bi2I9 and MA3Bi2I9Clx yielding PCEs of 1.09%, 0.2% and 0.003%, 

respectively. The solar cells were fabricated in the commonly used FTO/c-TiO2/m-

TiO2/absorber/spiro-OMeTAD/Ag architecture, coating the perovskite material via one-step 

spin-coating method (Figure 10). The three investigated compositions exhibited different 

morphologies, while Cs3Bi2I9 indicated thin hexagonal sheets with preferred growth along the 

c-axis, MA3Bi2I9 has interconnected platelets and MA3Bi2I9Clx showed heterostructures with 

particles, attributed to phase segregation of BiCl3.[129]
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Figure 10: (a) Cross-section SEM of the solar cells based on MA3Bi2I9Clx, MA3Bi2I9 and 

Cs3Bi2I9. (b) Related J-V curves and (c) Incident photo-to-current (IPCE) spectra. Reprinted 

with permission.[129] Copyright 2015, Wiley.

In general, further research has shown that Bi-based perovskite-inspired material could 

easily be made from solution at mild temperatures. However, device PCE showed deviations 

between reports which have been attributed to the different thin film morphology of the 

A3Bi2I9 structures. For instance, Lyu et al. fabricated solar cells with MA3Bi2I9, where the 

material formed hexagonal shaped crystallites which were randomly oriented on rough 

FTO/c-TiO2 substrates while being regular on glass surface. The best performing device with 

efficiency of 0.19% showed improved stability in air for 21 days.[151] We sandwiched  

MA3Bi2I9 in planar device architecture with device stacks of 

ITO/PEDOT:PSS/MA3Bi2I9/PCBM and showed an initial PCE of 0.1%. The thin film 

morphology consisted of hexagonal shaped crystallites with an average size of 1-2 µm on 
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surface of PEDOT:PSS hole transport layer as shown in Figure 11a. The low JSC = 

0.22 mA/cm2 was attributed to the calculated high exciton binding energy of 400 meV, which 

was estimated from the band gap of 2.9 eV. Additionally, the HOMO level of PEDOT:PSS 

was not well aligned with the VB of MA3Bi2I9 leading to the poor performance (Figure 

11b).[126] We investigated the influence of the TiO2 structure on the thin film morphology of 

MA3Bi2I9, revealing that on planar compact TiO2 the MA3Bi2I9 thin film growth was non-

uniform and had a low surface coverage compared to the mesoporous anatase or brookite 

TiO2 underlayers (Figure 10c-e). The best performing solar cell with the structure FTO/c-

TiO2/anatase m-TiO2/absorber/spiro-OMeTAD/Au yielded a PCE of 0.2% maintaining 75% 

of its initial PCE after 10 weeks in ambient atmosphere.[152]

Figure 11: (a) MA3Bi2I9 thin film growth from spin-coated solution on PEDOT:PSS layer  

and (b) the related band energy level diagram of solar cell device with inverted p-i-n structure. 

Reprinted with the permission of Öz et al.[126] Copyright 2016, Elsevier. (c) MA3Bi2I9 thin 

film growth from spin-coated solution on planar , (d) mesporous brookite  and (e) mesoporous 
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anatase TiO2  layers. Reprinted with the permission of Singh et al.[152] Copyright 2016, 

American Chemical Society.

Beside  the underlayer structure, it was shown that the concentration of the precursor 

solution and spin-coating speed is also crucial for thin film growth.[153] Zhang et al. 

demonstrated that 0.45 M precursor solution form the most efficient thin film on m-TiO2 in 

the concentration series in the range from 0.1 M to 0.7 M. The solar cell device with ITO/c-

TiO2/m-TiO2/MA3Bi2I9/spiro-OMETAD/MoO3/Ag structure showed enhanced PCE of 0.42% 

with JSC = 1.0 mA/cm2, VOC = 0.67 V and FF = 62.48%.[154] Generally, these bismuth halide 

based materials crystallize directly and rapidly into a textured polycrystalline microstructure 

from a precursor solution without going through intermediate crystalline solvated phases, as 

determined by multi-probe in-situ characterization methods.[155] For good performance of the 

resulting solar cells, the maintenance of continuous polycrystallinity within MA3Bi2I9 films is 

crucial. A lot of work has been done to optimize the morphology of MA3Bi2I9. A strategy to 

influence the thin film morphology is the use of additives in the precursor solution; we 

introduced N-methyl-2-pyrolidone (NMP) as a solution additive leading to uniform and high 

surface coverage of MA3Bi2I9 thin films. Solar cell devices with the FTO/c-TiO2/m-

TiO2/MA3Bi2I9/spiro-OMETAD/Au structure were tested with different amounts of the 

additive, where 2.5 vol% NMP yielded a higher PCE compared to the solar cell without NMP 

(0.31% with 2.5% NMP vs. 0.19% without any additive).[132] Although significant 

improvement in the morphology was observed, it was concluded that tuning the intrinsic 

optoelectronic properties are crucial (rather than morphology) to further improve the 

performance of MA3Bi2I9 solar cells.[132] Further, incorporation of thiourea additive was 

reported to enhance the grain morphology owing to the formation of a Lewis acid-base adduct 

with Bi3+ and thus slowing down the crystallization to form large grains with high surface 

coverage and crystallinity (Figure 12a). The solar cells with FTO/c-TiO2/m-

TiO2/Cs3Bi2I9/spiro-OMETAD/Au structure obtained a PCE of 1.69% with enhanced 
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JSC = 4.61 mA/cm2 (Figure 12c).
[156]

 Solvent- and anti-solvent engineering was also employed 

in the fabrication of 0D perovskite-inspired materials such as MA3Bi2I9, FA3Bi2I9 and 

Cs3Bi2I9.
[131,157] Both methods enable a controlled growth and nucleation process in order to 

tune the grain morphology. For instance, Shin et al. developed a growth and nucleation 

mechanism which is directed first by the solvent choice such as a mixture of DMF and DMSO 

or DMF and tert-butyl pyridine (tBP) to form highly soluble Bi-complexes and thereby 

retarding the nucleation process during spin-coating and increasing the supersaturation level 

(Figure 12d). Second, anti-solvent dripping during spin-coating initiates the grain nucleation 

by decreasing the solubility to form uniform and pin-hole free thin films. The supersaturation 

level can be controlled by the solvent ratios and thus directs the nucleation and growth as 

shown in Figure 12e. Finally, the solvent-engineered MA3Bi2I9 thin film (Figure 12f) 

coupled with a more suitable HTL such as polyindenofluoren-8-triarylamine (PIF8-TAA) 

yielded a PCE of 0.71% and a comparably high VOC = 0.85 V and FF = 0.73.[157] To address 

the low efficiency issue, Jain et al. developed MA3Bi2I9 by vapor assisted solution process in 

which CH3NH3I (methylammonium iodide) vapors were exposed onto solution processed BiI3 

thin-film. Interestingly, concentration of Bi0 in BiI3 was substantially reduced and at 

particular exposure time of 25 min, the device showed record efficiency of 3.17% with VOC of 

1.01 V. This was mainly attributed to mitigation of metal defect sights induced by MAI 

vapors.[158] To make the fabrication of MA3Bi2I9 more green/eco-friendly, the same group 

further demonstrated the fabrication of MA3Bi2I9 solar cells by employing non-toxic methyl 

acetate as solvent and carbon as low-cost electrode, leading to a decent PCE of 1.64%.[159] 

In comparison to widely explored MA3Bi2I9, Cs3Bi2I9 material based solar cells have 

been less explored. Despite demonstrating initial PCE 1.09%,[129] subsequent reports have 

shown PCE below 0.1%.[160,161] Ghosh et al. reported that the low performance of Cs3Bi2I9 is 

mainly caused by its wide band gap coupled with the presence of deep level defects. Density 
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functional theory calculations unveiled that the defects types such as iodine vacancies (VI) 

and cation substitution (CsBi) have low formation energy and create deep level states hence 

acting as possible recombination centers.[160] On the other hand, Bai et al. demonstrated that in 

a dissolution-recrystallization process which includes an additional spin-coating step after 

crystallization of the material with DMF/MeOH solvent dripping, ultrathin nanosheets of 

Cs3Bi2I9 can be obtained leading to superior PCE of 3.2% with CuI as suitable HTL. This 

method resulted in pin-hole free and uniform surface coverage along with high crystallinity 

which is crucial for efficient charge transport.[162] In addition to this, the solar cell 

performance of Cs3Bi2I9 was shown to be sensitive to the precursor stoichiometry due to the 

effects on the optoelectronic properties (see section 3.2.).  BiI3-rich stoichiometries can lead 

to an enhancement of the PCE compared to the neutral stoichiometry due to defect passivation 

and the co-existence of 0D Cs3Bi2I9 and 2D BiI3.[82, 99] Hu et al. constructed bulk 

heterojunction based on Cs3Bi2I9 and Ag3Bi2I9 bismuth halide materials and the device 

showed record PCE of 3.6% with unprecedented high VOC of 0.9 V owing to increased crystal 

size of Cs3Bi2I9 and optimized grain orientation of Ag3Bi2I9. The resultant device maintains 

90% of its initial efficiency after 450 h against thermal stress.[163]
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Figure 12: Additive- and solvent-engineering for morphology enhancement; Cs3Bi2I9 thin 

films with (a) thiourea and (b) without additive and (c) related J-V curves. Reprinted with  

permission [156] Copyright 2020, American Chemical Society. (d-e) The mechanism of growth 

and nucleation of thin films depending as a function of supersaturation level and spinning 

time and (f) obtained MA3Bi2I9 thin film using the solvent-engineering method. Reprinted 

with  permission [157] Copyright 2018, American Chemical Society.

 Although not widely explored, A-site cation engineering has been used to discover 

new bismuth-based compositions for solar cell application.[20,164,165] Recently, we 

demonstrated bismuth halide materials based on various organic and inorganic A-site cations 

and their photovoltaic performance from compositions with organic A-site cations FA3Bi2I9 

(0.02% PCE), GA3Bi2I9 (0.011% PCE), DMA3Bi2I9 (0.017% PCE) and inorganic K3Bi2I9 

(0.1% PCE), Rb3Bi2I9 (0.1% PCE) and Na3Bi2I9 (0.15% PCE). Moreover, we also showed 

dual A-site cations based bismuth halide materials and observed better reproducibility and 

higher PCE up to 1.5% for a particular composition of (Cs0.1MA0.9)3Bi2I9 attributing to band 

gap reduction and better morphology.[20] Such kind of compositional engineering of A-site 

cation needs further attention in terms of understanding their structural, optoelectronic 

properties and improve the device performance and stability. In addition to the less-explored 
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A-site cation engineering, very few papers have demonstrated B-site cation engineering. For 

instance, Chatterjee et al.[143] demonstrated band gap bowing effect in MA3(Sb1-xBix)2I9 

alloys, showing band gaps less than their mono-cation based counterparts. Because of this, 

photovoltaic device showed PCE of 1% for equimolar substitution.[143] Besides this, anion-

engineering with sulfur incorporation into MA3Bi2I9-2xSx resulted in reduced band gap up to 

1.67 eV. Bismuth ethyl xanthate was used as precursor along with MAI achieving a sulfur 

incorporation which effected a uniform grain morphology yielding a PCE of 0.152%.[146] In 

addition to the above mentioned methods, several other methods were shown to control the 

thin film growth and morphology targeting smooth and uniform thin films such as gas-

quenching (PCE 0.082%)[166], two-step spin-coating method (PCE 0.27%)[167], two-step 

combined method, in which first BiI3 was thermally evaporated and then MAI/IPA solution 

was spin-coated leading to a high VOC = 0.83 V for MA3Bi2I9 (Figure 13).[168] In another two-

step method, where first BiI3 was deposited under high vacuum and then MAI was 

evaporated, Zhang et al. reported comparably high PCE of 1.64% due to highly uniform film 

morphology with large grains of MA3Bi2I9 thin film.[169] Chemical vapor deposition of 

MA3Bi2I9 was shown to be effective for high quality thin films, but the PCE is still below 1% 

for these evaporation based techniques.[133,170,171] In an electric-field assisted spray coating 

method, Mohammad et al. presented that the thin film morphology of  MA3Bi2I9 was strongly 

influenced by the applied electric field leading to big grains under high voltage and thus an 

enhancement of the PCE (0.17%) compared to the absence of an electric-field (0.08%).[172] 

The electric-field assisted growth of MA3Bi2I9 was also employed by Wang et al. in 

electrochemical deposition technique, however the reported PCE are still low (0.042%).[173] 
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Figure 13: (a) Thermal evaporation and spin-coating combined fabrication of MA3Bi2I9 thin 

films (b) implemented in inverted p-i-n solar cell device structure showing cross-section SEM 

image with uniform absorber layer and related J-V curves. Reprinted with permission .[168] 

Copyright 2017, American Chemical Society.

Although, various techniques were established to engineer the materials properties 

such as band gap and morphology, the solar cell performance is still far below the lead-based 

and tin-based perovskites. As metioned in the previous section, the main drawbacks of the 

A3Bi2I9 structure materials beside from wide band gap and problematic morphology are the 

high exciton binding energy and the formation of possible deep level defects. The 0D 

structure causes a localization of charge carriers within the isolated dimeric structures being 

detrimental for efficient charge separation and transport. The need to find more suitable structures is 

therefore essential and will be discussed in the following sections.  
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3.3.Other low-dimensional perovskite derived materials

3.3.1. Structure

Since the structural flexibility of perovskites or organic-inorganic metal halides, allows the 

compositional engineering of each component of the classic ABX3, any change thereof can lead to a wide variety 

of new compounds, which deviate from the classic perovskite structure. Bigger A-site cations for instance direct 

the structural dimensionality of the inorganic framework. As discussed in the previous section the use of the 

classic small monovalent A-site cations leads to mainly 0D structures with isolated dimeric octahedra (see 3.1.1). 

Layered perovskite structures are known in lead based perovskites for larger A-site cations such as aliphatic 

ammonium cations R-NH3
+ with preferred <100> orientation of perovskite sheets also known as Ruddlesden-

Popper phases.[174] Similar oriented layered lead-free perovskites were discovered by Mitzi using 5,5′′′-bis-

(aminoethyl)-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (H2AEQT) in the A-site, where the (H2AEQT)Bi2/3I4 is built up by 

Bi2/3I4
2- vacancy ordered perovskite sheets separated by the organic cations (Figure 14a).[175] 

Figure 14: Low dimensional bismuth perovskite-type materials (a) layered vacancy-ordered 

(H2AEQT)Bi2/3I4 with Bi2/3I4 chains separated by large organic cation. Reprinted with  

permission [175] Copyright 2000, American Chemical Society; (b) (H2AETH)BiI5 with corner-

connecting octahedra chains of the [BiI5]- structure motif separated by the organic cation; 

Reprinted with  permission [176] Copyright 2001, American Chemical Society; (c) BiI4 anionic 

chains in PyrBiI4 leading to a pseudo-3D framework. Reprinted with  permission from [177] 
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Copyright 2017, The Royal Society of Chemistry; (d) trimeric Bi3I10 polymeric chains in 

C6H8NBi3I10 building up a pseudo-2D framework trough I-I interactions. Reprinted with  

permission [178] Copyright 2019, The Royal Society of Chemistry; (e) 1D chains in 

(MA3Bi2I9)n  polymeric iodobismuthate. Reprinted with  permission [175] Copyright 2018, 

American Chemical Society.

The [BiI4] vacancy-free chains of edge-sharing BiI6 octahedra were found in iminium 

cation based (Me2C=NMe2)Bi2I7 material with similar 2D layered structure.[179] The use of 

various A-site cations leads to different crystal structures among the bismuth iodide materials 

e.g. 1,6-bis[5′- (2′′-aminoethyl)-2′-thienyl]hexane to yield (H2AETH)BiI5 with [BiI5
2-] chains 

separated by the organic cation via. Van der Waals interactions and H-bonding (Figure 

14b).[176] Changing the structure of the organic cations from chains to N-containing rings such 

as pyridinium in [py][BiI4] (Figure 14c) yielded a pseudo-3D structure with the space group 

P21/c caused by H-bonding and anionic BiI4
- chains with strong I–I and I–C bonding.[177] 

Moreover, Usoltev et al. reported on polymeric iodobismuthates with [Bi3I10]4- polymeric 

chains building up a pseudo-2D framework through strong I–I interactions (Figure 14d) and 

[BiI4]- chains for N-methylpyridinium and N-etyhlpyridinium cations, respectively.[178] 1D 

polymeric chains were also observed in (MA3Bi2Cl9)n usually obtained by using an excess of 

HCl or through diffusion reaction in MeOH. The polymeric structure crystallizes in the 

orthorhombic Pmma space group, in which bridging Cl atoms connect to 1D chains (Figure 

14e).[180] The dimensionality of the inorganic framework is directed by the choice of A-site 

cations, the synthesis methods and also the molar ratios of the precursors. Compositions with 

various other A-site cations were shown to consist of different type of structure motifs 

including Bi2I10, Bi2I9 or isolated BiI6 and many more. [181–184]
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3.3.2. Optoelectronic properties 

The dimensionality of the inorganic framework has an important effect on the 

optoelectronic properties, which was, for instance, shown by Mitzi et al. for the materials with 

structural motif of [BiI5] chains. For example, the exciton peak in the 1,6 diammonium 

hexane bismuth iodide (H2DAHBiI5) is red shifted to 554 nm compared to the MA3Bi2I9 

(494 nm).[176] An indirect optical band gap of 2.05 eV and direct band gap of 2.15 eV was 

reported for the H2DAHBiI5 making it attractive for PV applications.[185] Larger band energy 

dispersions was observed in the PyBiI4 compounds consisting of [BiI4
-] chains which interact 

through I–I bonds leading to pseudo-3D framework. The valence band dispersion is mainly 

caused by ϭ-bonding between I 5p and Bi 6p resulting in the chain-like structures. H-bonding 

and van der Waals interactions between the organic cation and the inorganic framework 

advances the conduction band (CB) dispersion and therefore better charge transport ability 

with a direct band gap of 1.78 eV. The lack of strong interactions with organic cation e.g., in 

methyl pyridinium bismuth iodide, showed less effective band dispersion and flat bands .[177] 

Especially, the I–I interactions between the anionic structures was shown to influence the 

band gap strongly, where 0D structures exhibited wider band gap than 1D structures (Figure 

15).[186]
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Figure 15:  Influence of the connectivity among the inorganic framework in Bi and Sb based 

materials on the band gap. Reprinted with permission [186] Copyright 2018, The Royal Society 

of Chemistry.

3.3.3. Solar cells

The solar cell application of the iodo bismuthates based on the polymeric and chain 

like structures are limited. The 1,6-hexanediammonium bismuth iodide was investigated as 

potential solar absorber by several groups manifesting enhanced PL lifetimes[187] compared to 

0D MA3Bi2I9 and a PCE of 0.027% was reported for solar cells with FTO/c-TiO2/m-

TiO2/HDABiI5/spiro-OMeTAD/Au device structure.[185] The pseudo-3D PyrBiI4 with a band 

gap of 1.78 eV implemented in a printable mesoscopic FTO/TiO2/ZrO2/C/perovskite solar cell 

structure achieving a PCE of 0.9% and JSC = 2.71 mA/cm2. Further, iodo bismuthates based 

on N-heterocyclic cations with 1D Bi–I chains showed poor efficiencies (~ 0.1%) owing to 

their anisotropic charge transport, which requires appropriate surface orientation of the 1D 

chains, as shown in Figure 16, and is essential for efficient charge transport. In order to 
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reduce the band gap and obtain the layered perovskite structure, Johansson et al. investigated 

new type of cesium bismuth iodide material, CsBi3I10. The CsBi3I10 material thin film showed 

band gap of 1.7 eV compared to that of Cs3Bi2I9. The absorption coefficient for CsBi3I10 also 

increased by an order of magnitude compared to Cs3Bi2I9. The resultant device showed PCE 

of 0.4% higher than that of Cs3Bi2I9.[188] Further Khadka et al. employed solvent vapour 

annealing to fabricate Cs3Bi2I9 and CsBi3I10 thin films and found that Cs3Bi2I9 is more stable 

under annealing conditions and the resultant device based on Cs3Bi2I9 showed PCE of 1.26% 

with NiOx as HTM.[189] While Khadka et al.[189] raised concern on CsBi3I10 material stability, 

some other reports showed improved device efficiency. For instance, Liang et al. showed that 

the efficiency of CsBi3I10 can be improved by employing solvent vapor atmosphere and they 

reported a highest PCE of 1.03%[182] for solution processed solar cells. Efforts were also 

carried out to deposit CsBi3I10 by thermal evaporation and the resultant device demonstrated 

PCE of 0.84%.[190]

Figure 16: Surface orientation of 1D Bi – I chains (blue sticks); (a) vertical orientation 

essential for charge transport to the electrodes in the solar cell; (b) horizontal orientation 

leading to blocking and (c) disordered orientation. Reprinted with permission [178] Copyright 

2019, The Royal Society of Chemistry.
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3.4.Three-dimensional double perovskites

3.4.1. Structure and optoelectronic properties

Three-dimensional (3D) lead halide perovskite solar cells have shown remarkable rise in 

PCE; however, lead perovskite constitutes only a small section of the vast and diverse family 

of halide perovskite which date back to 1800 – 1900.[191,192] In search of lead-free perovskite 

materials, researchers have sought to cast a wider net in search of new perovskite 

compositions that mimic the optoelectronic properties of its lead halide counterparts. This 

topical review will not address nano-structuring of double perovskites and only discuss on 

optoelectronic properties and photovoltaic device performance of Bi3+ based double 

perovskites. It is well known that 3D ABX3 perovskite structures work better as light 

harvesting material compared to lower dimensional structures because of their exceptional 

optoelectronic properties. Thus, attempts were made to form a 3D perovskite structure using 

Bi3+ trivalent metal ions. This led to explore the possibilities of heterovalent substitution of 

Pb2+ by combining trivalent Bi3+ and monovalent metals such as silver (Ag+), copper (Cu+), 

gold (Au+) and potassium (K+) resulting in formation of double perovskite structure 

possessing a molecular structure of A2BB’X6 where A is an organic or inorganic cation such 

as MA+, Cs+, B is trivalent metal such as Bi3+, B’ is monovalent metal cation such as Ag+, 

Cu+ and X is halide anion. In other words, double perovskites possess a similar structural 

framework compared to that of a single ABX3 perovskite while permitting a wider variety of 

cations to be incorporated into the octahedrally coordinated B/B’ site.[193] In this, the double 

perovskite structure contains cations or vacancies surrounded by six halides ([BX6]n–; B = 

cation or vacancy and X = halide) and these [BX6]n– units are corner-sharing octahedral units 

in a 3D pattern. In this structure, there are exactly two structurally distinguishable [BX6]n– 

motifs in the unit cell which together makes chemical formula of A2BB’X6.[193] The presence 

of two distinct [BX6]n– units distinguishes double perovskite from single perovskites as shown 
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in Figure 17. Similar to lead halide perovskites, the band structure of double halide 

perovskites is mainly determined by B+, B3+ and X-site atoms. As wider variety of cations can 

be incorporated into the octahedrally coordinated B/B’ site, the nature of band gap can be 

effectively tuned. For instance, the combination of thallium (Tl+) and Bi3+ in MA2TlBiBr6 

exhibits direct nature of band gap whereas replacing Tl+ with Ag+ to form MA2AgBiBr6 

makes it indirect in nature.[194,195]

Figure 17: Schematic illustration of B+/B3+ cation substitution from single halide perovskites 

(AB2+X3) to double halide perovskites (A2B+B3+X6). Reprinted with permission[196] Copyright 

2019, The Royal Society of Chemistry. 

In comparison to hybrid double perovskites, all-inorganic double perovskites have 

been investigated earnestly. Firstly, Cs2Au+Au3+Cl6 double perovskite was synthesized in 

1922,[197] followed by additional studies mainly focusing on exploring the structural aspects of 

double perovskites. Mixed valency based double perovskites having a generic formula of 

Cs2BAu3+Cl6 (B = Ag+, Cu+) were explored since 1950’s.[198,199] More details on the history of 

double perovskite can be found elsewhere.[193] In light of the obsessive interest in lead halide 

perovskites[54] and following the vacancy ordered Cs2SnI6 double perovskite reports,[200] a 
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computational report proposed MA2TlBiI6 double perovskite as a potential lead-free absorber 

for photovoltaic application.[201] In 2016, three groups independently reported the synthesis 

and optoelectronic properties of Cs2AgBiX6 (X = Br–, Cl–) which crystallizes in cubic Fm3m 

symmetry and shows light absorption at the visible range of the spectrum.[202–204] Since then, 

many new double perovskite compositions have been synthesized, including Cs2AgInCl6, 

MA2TlBiBr6, Cs2AgSbCl6, Cs2AgTlX6 (X = Br–, Cl–) to name a few.[194,205–211] Although 

many double perovskite compositions have been synthesized, Cs2AgBiX6 (X = Br–, Cl–) have 

been explored earnestly. With the help of diffuse reflectance, Woodward et al.[203] reported 

band gaps of 2.77 eV and 2.19 eV for Cs2AgBiCl6 and Cs2AgBiBr6, respectively. Moreover, 

band structure calculations revealed that interactions between 3p/4p orbitals of halide ions and 

Ag 4d orbitals modifies valence band, leading to an indirect bandgap. They further observed 

that Cs2AgBiCl6 is stable for several weeks whereas Cs2AgBiBr6 is not stable. Subsequently, 

Karunadasa et al.[202] synthesized Cs2AgBiBr6 single crystal with an indirect bandgap of 

1.95 eV and PL lifetime of 660 ns as shown in Figure 18a. On the other hand, Snaith and co-

workers estimated electron diffusion length of Cs2AgBiBr6 to be 30 nm which is due to high 

density of electron traps within the bulk of the material.[212] It is reported that Cs2AgBiBr6 

exists in cubic phase (space group Fm3m) and a low temperature tetragonal phase (space 

group I4/m).[193] Schade et al., with the help of heat capacity and diffraction measurements, 

determined the presence of structural phase transition at ~122 K.[213] This phase transition 

dramatically affects the optical properties: the exciton binding energy and the corresponding 

band gap energy, strongly suggesting that the direct bandgap energy is controlled by the BBr6 

octahedral rotation. In addition to this, the charge carrier lifetimes are also affected by the 

structural transition possibly associated with tetragonal twin boundaries. In comparison to 

lead halide perovskites in which the carriers are expected to strongly couple to lattice 

vibrations, the PL emission in Cs2AgBiBr6, as demonstrated by Zelewski et al., is strongly 

influenced by the strong electron-phonon coupling.[214] Further they report that the PL 
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emission is related to color center rather than band to band transition. Very recently, Herz and 

co-workers[215] observed rapid decay in terahertz photoconductivity transients that reveal 

barrier-free, ultrafast localization of free carriers on a time scale of 1.0 ps to an intrinsic small 

polaronic state. By combining absorption and temperature-dependent PL measurements, they 

observed that the localized state is intrinsically self-trapped in nature which subsequently 

diffuses to color center accounting for broad and strongly red-shifted emission. This 

intuitively suggests that Cs2AgBiBr6 is not an ideal candidate for optoelectronics that rely on 

high charge carrier mobilities. However, the self-trapping effects can be tuned by tuning 

electronic dimensionality and composition, further opening prospects of material design 

through computational simulations and optoelectronic characterizations. Karunadasa et al. 

tried to incorporate thallium (Tl) into Cs2AgBiBr6 which resulted in reduction of bandgap 

from 2 eV to 1.4 eV[202,210] as shown in Figure 18b. Moreover, Tl doped Cs2AgBiBr6 showed 

long lived carriers with microsecond lifetimes, suggesting that the photogenerated charge 

carriers can be effectively extracted in a photovoltaic device. To eliminate the toxicity of 

thallium and reduce the band gap, Yan et al. alloyed indium (In3+) and antimony (Sb3+) into 

Cs2AgBiBr6. It was interesting to observe that Cs2Ag(Bi1−xBx)Br6 (B = In3+, Sb3+) can 

accommodate up to 75% with In3+ with increased band gap and up to 37% with Sb3+ with 

reduced band gap.[209] For particular composition of Cs2Ag(Bi0.625Sb0.375)Br6 reduction in 

band gap up to 1.86 eV was observed. Different atomic configuration of Sb3+ and In3+, as 

revealed by band structure calculations, resulted in opposite band gap shift. Very recently, 

Schade et al.[216] performed investigation on Cs2AgBi1-xInxBr6 and determined that the indium 

cation shrinks the lattice and shifts the cubic-to-tetragonal phase transition point to lower 

temperature, thus a more stable cubic phase. With increase in the indium content, the 

absorption onset is shifted to shorter wavelength resulting in wider band gaps. Despite this, 

they observed significant enhancement in the steady-state PL intensity. 
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In fabrication of Cs2AgBiX6 double perovskites with large band gap, Br– and Cl– 

halides were used, however, the synthesis of Cs2AgBiI6 with a band gap of 1.75 eV has been 

reported to be feasible in the form of nanocrystals and the details can be found elsewhere. [217] 

Recently, Ma et al.[218] alloyed sodium (Na+) with Bi3+ to synthesize Cs2NaBiI6 double 

perovskite. Spectroscopic investigations revealed that Cs2NaBiI6 possesses a direct band gap 

of 1.66 eV which is slightly higher than CH3NH3PbI3 perovskite and exhibits prolong stability 

against moisture. Zhang et al. performed a series of investigations to computationally design 

inorganic double perovskites and identified eleven Bi-based double perovskites with intrinsic 

thermodynamic stability, suitable band gaps, low exciton binding energies and carrier 

effective masses.[219–222] Among all the materials explored, Tl+ and In+ based double 

perovskite materials showed direct bandgap of 1.0 eV. However, the high toxicity of Tl+ and 

instability of In(I) makes it not suitable for photovoltaic device.  
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Figure 18: (a) Photoluminescence spectra of Cs2AgBiBr6 single crystal. Reprinted with 

permission.[202] Copyright 2016, ACS, (b) normalized absorbance of Cs2AgBiBr6 and Tl 

incorporated Cs2AgBiBr6. Reprinted with permission.[210] Copyright 2017, ACS, (c) Tauc plot 

of MA2TlBiBr6 showing direct band gap of 2.16 eV. Reprinted with permission.[194] 

Copyright 2016, The Royal Society of Chemistry; and (d) XRD pattern of MA2AgBiBr6 

showing stability in ambient atmosphere for 4 months. Reprinted with permission.[195] 

Copyright 2017, Wiley-VCH.

In comparison to inorganic double perovskites, only a few reports have shown the 

synthesis of bismuth-based hybrid double perovskite materials which includes MA2TlBiBr6, 

MA2AgBiBr6, MA2AgBiI6, and MA2KBiCl6.[194,195,223,224] Among these materials only 

MA2KBiCl6 exhibits indirect and direct band gap of 3.02 and 3.15 eV respectively and the 

remaining perovskites show band gaps in a range of 1.9 to 2.1 eV.[194] Deng et al. performed 

DFT screening of MA2BBiX6 (B = K+, Ag+, Cu+ and X = Cl–, Br–, I–) and observed that the 
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band gap is similar to that of CH3NH3PbX3 perovskites. Further, they reported that 

MA2TlBiBr6, which is isoelectric with CH3NH3PbBr3, possess a direct band gap of 2.16 eV as 

shown in Figure 18c.[194] Although MA2TlBiBr6 showed interesting electronic properties, the 

toxicity of thallium precludes its application as non-toxic alternative to lead perovskites. 

Concurrently, the same group synthesized MA2AgBiBr6 and reported band gap of 1.9 eV. It is 

noted that the difference in the band gap of MA2AgBiBr6 varies and is highly dependent on 

the thin film fabrication method.[224] Previously Woodward et al. observed that Cs2AgBiBr6 is 

not stable and degrades when exposed to ambient atmosphere and light.[203] Interestingly, by 

replacing Cs+ with MA+ to form MA2AgBiBr6, as shown in the XRD pattern in Figure 18d, 

enhances the stability against moisture.[195]

3.4.2. Solar cell application

In comparison to material synthesis and investigating the optoelectronic properties, 

less attention has been devoted towards employing double perovskite in photovoltaic cell. 

Firstly, Bein et al. incorporated Cs2AgBiBr6 into mesoporous device architecture for the first 

time and the resultant device demonstrated PCE of 2.3% with prolong stability of non-

encapsulated device in ambient atmosphere.[225] Subsequently, Wang et al. sandwiched 

Cs2AgBiBr6 in planar device architecture with Poly(3-hexylthiophen-2,5-diyl) (P3HT) 

HTM.[226] To deposit Cs2AgBiBr6, they employed low-pressure-assisted solution processing 

technique which resulted in uniform pinhole-free layer and the optimized device showed PCE 

of 1.44%. By employing anti-solvent dripping step[227] (Figure 19a), Wu et al. obtained high-

quality Cs2AgBiBr6 thin film with micron sized grains and when sandwiched in inverted 

planar heterojunction architecture, the device delivered hysteresis-less PCE of 2.32%. 

Subsequently, Nazeeruddin and co-workers obtained hysteresis-less performance in n-i-p 

device architecture by fine-tuning the material deposition parameters and by employing 

different molecular and polymeric hole transport layers.[228] Cs2AgBiBr6 thin films were also 
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obtained by sequential vapor deposition method (Figure 19b) which induced crystalline film 

with high uniformity and the photovoltaic device with planar device architecture showed PCE 

of 1.37% with prolong stability.[229] Although these reports have shown the double perovskite 

can be a promising replacement for lead perovskites, Savory et al., reported its limitations 

owing to large carrier effective masses.[230] 

Figure 19: Schematic illustration of Cs2AgBiBr6 thin film deposition (a) without and with 2-

propanol anti-solvent dripping. Reprinted with permission[227] Copyright 2018, Wiley-VCH. 

and (b) via sequential vapor deposition. Reprinted with permission[229] Copyright 2018, Wiley-

VCH.
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3.5.Silver and copper bismuth iodides 

3.5.1. Structure

Silver bismuth iodides were initially attracted interest due to their possible high ionic 

conductivity being interesting for solid-state electrolytes or battery applications. First 

investigations on the Ag-Bi-I system were made by Fourcroy et al.[231] and Dzeranova et 

al.[232] discovering the related phase diagrams, where two new phases Ag2BiI5 and AgBi2I7 

were found by the first group and Ag3BiI6 and AgBiI4 were found by the latter. Oldag et al. 

reported on the synthesis of AgBiI4 and Ag3BiI6 via solvothermal reaction from AgI and BiI3 

in HI solutions at mild temperatures of 160 °C. AgBiI4 was described to crystallize in a cubic 

phase in the space group Fd-3 m with edge-sharing octahedra occupied by Ag or Bi with a 3

3D network (Figure 20a, left). Similarly, CuBiI4 was also reported in the same cubic crystal 

structure with similar space group.[233] The Ag3BiI6 was shown in the space group Rm with 

partial occupancy of Ag (2/3) and Bi (1/3). Both compounds showed mobility of Ag+ ions for 

which an activation energy of 0.44 eV was determined.[234] Later, Sansom et al. revealed 

further possible crystal structure for the AgBiI4 compound being a cubic-layered structure of 

CdCl2-type (Figure 20a, right). In contrast to these findings, Mashadieva et al. elaborated the 

phase equilibria in the Ag-Bi-I system, in which they claimed the non-existence of the AgBiI4 

and Ag3BiI6 phases, which were shown rather as mixtures of Ag2BiI5 + AgBi2I7 and  AgI + 

Ag2BiI5, respectively.[235] Similar observations were made by Jung et al. and Hosseini et al. 

who showed the non-existence of AgBiI4, rather Ag2BiI5 was formed preferably when various 

compositions were used.[236,237] Sargent and coworkers, firstly demonstrated the synthesis of 

AgBi2I7 thin films from hot n-butylamine solution crystallizing in a cubic ThZr2H7-type 

structure with the space group Fd- m (Figure 20b), which was highly sensitive to 3

temperature and AgI/BiI3 ratio. For instance, they observed appearance of a doublet peak (at 

2θ = 42°) in the XRD pattern when a ratio of 1:1 or 2:1 was used, belonging to the Ag2BiI5 
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phase or BiI3 and AgI peaks if the annealing temperature was below 150 °C.[238] In contrast, 

with the help of density functional theory (DFT) calculations and molecular dynamics 

simulations, Yan and co-workers observed a Ag-deficient AgBiI4 structure with an octahedral 

iodide coordination of Bi is formed instead of previously reported hexahedral coordination 

with untypically short Bi–I bonds (265 pm).[239] 

Figure 20: Structures of the Ag-Bi-I ternary system; (a) Possible crystal structures of AgBiI4 

described as cubic defect-spinel structure (left) or CdCl2 structure (right). Reprinted with 

permission [240] Copyright 2017, American Chemical Society; (b) Reported AgBi2I7 cubic 

crystal structure (ThZr2H7-type with the space group Fd-3m) showing AgI6 octahedra and BiI8 

hexagons which are corner-connected. Reprinted with permission [238] Copyright 2016, Wiley-

VCH; (c) NaVO2 discovered by Walter Rüdorff, (d) General structure of the Ag-Bi-I ternary 

compounds with AaBbXx (a + 3b = x) structure similar to NaVO2, introduced as rudorffites by 

Turkevych et al; (e) Synchroton XRD pattern of all rudorffite crystals grown from melt. 

Reprinted with permission [241] Copyright 2017, Wiley-VCH.
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Turkevych et al. introduced the name rudorffite for the Ag-Bi-I ternary system due to 

the general similarity to the NaVO2 structure discovered by Walter Rüdorff. Here the ternary 

system is represented with the chemical formula AaBbXx (x = a + 3b), where A = Ag+ or Cu+, 

B = Sb3+ or Bi3+ and X = I- or Br-. The rudorffites form a 3D network with the R3m space 

group consisting of altering AgI and BiI edge-sharing octahedral layers. The cation sites can 

be differently occupied by Ag, Bi and vacancies maintaining the stoichiometry and charge 

neutrality rules as shown in Figure 20d. Furthermore, Ag3BiI6, AgBiI4, Ag2BiI5 and AgBi2I7 

was synthesized by melt solidification and investigated by synchrotron XRD (Figure 20e), 

revealing that phase pure AgBiI4 and AgBi2I7 exists at room temperature, whereas Ag3BiI6 

and Ag2BiI5 co-exist with AgI. High temperature XRD revealed that Ag3BiI6 exist in a single 

phase at 500 K.[241] The AgI phase impurity in the Ag3BiI6 thin films fabricated through co-

sputtering of Ag and Bi and iodization, was also confirmed by Crovetto et al.[242] It is 

noticeable that, the structure determination of the rudorffite family is not yet well defined as 

there are discrepancies among the mentioned reports. The discrepancies also continue in the 

elaboration of the optoelectronic properties as described below. 

3.5.2. Optoelectronic properties

The rudorffite compounds show band gap energies below 2.0 eV, precisely, 1.73 – 

1.80 eV for AgBiI4
[240,243], 1.85 eV for Ag2BiI5

[243], 1.87 eV for AgBi2I7
[238], 1.83 eV for 

Ag3BiI6.[241] Kim et al. employed ultraviolet photoelectron spectroscopy (UPS) to determine 

the valence band of AgBi2I7 which is at 6.2 eV below Evac and is deeper than the VB in 

MA3Bi2I9 (-5.9 eV).[244] Figure 21 depicts the energy band levels of each composition 

compared to MA3Bi2I9. Sansom et al. reported absorption coefficients for AgBiI4 to be in the 

range of 105–106 cm-1 comparable to lead perovskites and the VB mainly consist of I 5p and 

Ag 4d while CB consists of Bi 6p and I 5p orbitals, which was similarly presented for 

AgBi2I7.[240,245] A broad PL emission at 720 nm was observed in Ag3BiI6 thin films with 
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lifetimes between 1 to 200 ns.[241,242] In contrast to this, Seo et al. reported a PL emission at 

649 nm, where the intensity was dependent on the annealing temperatures with highest 

intensity for a thin-film annealing process at 180 °C.[246] Ghosh et al. investigated AgBiI4 and 

Ag2BiI5 and reported direct band gaps of 2.37 eV and 2.2 eV along with exciton binding 

energies of 260 meV and 150 meV, respectively. Excited state carrier lifetimes were found to 

be 75 ns and 133 ns for AgBiI4 and Ag2BiI5 thin films processed via dynamic hot casting 

method.[247] In case of CuBiI4 two different band gaps were reported, namely 1.8 eV for thin 

films prepared via direct metal surface elemental reaction, in which first a Cu-Bi bilayer is 

sputtered and exposed to I2 vapor, as demonstrated by Yu et al.[248] and 2.67 eV for solution 

processed thin film by Hu et al.[249] The VB and CB reported by Yu et al. lies deeper and is 

depicted in Figure 21. 

Figure 215: Energy band level diagram for the rudorffites AgBi2I7
[238], CuBiI4

[248], 

Ag3BiI6
[246], AgBiI4

[250], Ag2BiI5
[236] and MA3Bi2I9

[126]
  for comparison. The VB levels are 

determined from UV photoelectron spectroscopy (UPS) measurements, and the CB levels 

were determined by the addition of band gaps to the VB level. Band gaps were determined 

from UV-vis absorption measurements.
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Band gap tunability was shown for AgBi2I7 by mixing I-/Br- showing increment in the 

band gaps for higher bromide substitution and color change from dark brown to yellow as 

shown in Figure 22a. It was shown that Br 4p states contribute to the VB and CB edges and 

thus influence the band gap energy, while not changing the crystal structure for amounts 

lower than 20%. Higher amounts lead to AgI and BiBr3 impurities because of the instability 

of the pure bromide based compound.[245] In order to reduce the band gap and raise the 

valence band level, Pai et al. used sulfur doping into the rudorffite materials to obtain 

AaBbIa+3b-2xSx employing bismuth tris(4-metyhlbenzodithitoate) along with BiI3 and AgI 

precursors. Generally, band gap narrowing was observed for all compositions and an uplift of 

the VBs was shown, leading to better alignment with hole transport materials’ HOMO levels 

(Figure 22b).[251] Moreover, Bi/Sb alloying also showed significant changes in the band gap 

and band structures, where it was found that I 5p and Sb 5d interaction is slightly stronger 

compared to Bi 6d states leading to a splitting of I 5p peaks in DOS as shown in Figure 

22c.[252] Copper (Cu)-doping in Ag2BiI5 was shown to enhance the light absorption in the 

range of 400-700 nm due to additional Cu 3d states at the top of the VB and better overlap 

with CB.[253] Band level upshifting was also achieved by cesium incorporation to the AgBiI4 

compound yielding CsxAg1-xBiI4.
[254] Very recently, Sansom et al.[255] synthesized Cu2AgBiI6 

material which showed absorption coefficient of 1 x 105 cm–1 near the absorption onset, 

several times higher than that of CH3NH3PbI3 perovskite (0.3 x 105 cm–1). Moreover, this 

material possesses direct band gap with exciton binding energy of 25 meV, charge carrier 

mobility of 1.7 cm2 V−1s−1, long PL lifetime of 33 ns and a relatively small Stokes shift 

between absorption and emission. Interestingly, the structure of Cu2AgBiI6 includes both 

tetrahedral and octahedral species. The octahedral sites are occupied by Bi3+ and Ag+ while 

Cu+ occupies all tetrahedral sites located in cubic closed-pack iodide sublattice. The presence 
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of octahedral and tetrahedral species further opens up the possibility largely for tuning 

compositional and chemical substitution. 

Figure 22: Tunability of optoelectronic properties of rudorffites; (a) Bromide substitution in 

AgBi2I7 leading to color change, band gap tuning while maintaining the cubic crystal structure 

(Fd3m group). Reprinted with  permission [245] Copyright 2019, American Chemical Society; 

(b) Sulfur-doping of Ag3BiI6 showing band gap narrowing and VB up-shifting. Reprinted 

with  permission [251] Copyright 2018, Wiley-VCH; (c) Sb/Bi alloying leading to changes in 

the band structure, I 5 p shows splitting for higher Sb amount. Reprinted with  permission [252] 

Copyright 2020, American Chemical Society. 

3.5.3. Solar cell applications

The first solar cell application with silver bismuth rudorffites was made by Sargent 

and co-workers, fabricating AgBi2I7 thin film based solar cells via solution processing. 
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Because AgI is poorly soluble in common organic solvents, n-butylamine was used as solvent. 

The obtained solution was spin-coated on mesoporous TiO2 coated FTO substrates and 

annealed at different temperatures whereby 150 °C showed a smooth and pin-hole free 

morphology with grain sizes ranging from 200 to 800 nm. Solar cells yielded a PCE of 1.22% 

in a regular n-i-p stack with poly(3-hexylthiophen-2,5-diyl) (P3HT) as HTM.[238] However, 

this efficiency was not reported in subsequent studies. For instance, Zhu et al. investigated the 

photovoltaic properties of Ag2BiI5 and AgBi2I7 using similar fabrication technique with n-

butylamine as a solvent and annealing temperature. They obtained a superior PV performance 

(2.1%) and EQE for Ag2BiI5 whereas only 0.4% PCE was achieved for AgBi2I7 in the regular 

mesoporous stack with P3HT as HTM. The champion solar cells maintained their PCE up to 

40 days stored under N2 in dark.[243] Although, the exact reason for such non-reproducible 

results has not been investigated, Mitzi and co-workers reported change in composition of 

AgBi2I7 to Ag1.16Bi1.04I4.00 after annealing the thin-film at 150 °C.[256] To avoid such 

compositional changes due to annealing at high temperature, the same group employed dual-

source evaporation method to obtain silver-bismuth halide materials. The planar configuration 

device employing silver bismuth iodide showed VOC of 0.8V, however, the device showed 

efficiency of 0.89%.[257] In order to improve the efficiency, later, we investigated the 

formation of solvate intermediates in n-butylamine and DMSO solvents and studied their 

influence on the materials’ structural and optoelectronic properties.[258] Using DMSO, we 

were able to fabricate AgBi2I7 thin films at relatively lower temperature (100 °C), as shown in 

Figure 23a and b, compared to n-butylamine (150 °C) due to weaker coordination strength of 

the former. We obtained a PCE of 2.1% (vs. 0.4%) in a regular solar cell structure with P3HT 

as HTM (Figure 23c) with prolonged stability for 75 days in ambient atmosphere with a 

relative humidity of 50% as shown in Figure 23d. Interestingly, it is found that remnant BiI3, 

which appears due to weak solvent-intermediate complex and low concentration of the 

precursor materials, plays an important role in enhancing the efficiency and stability. This can 

Page 55 of 87 AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



56

be due to the efficient charge transport, influenced by BiI3, at the interface of AgBi2I7 and 

dopant free HTL.[258] Inclusion of lithium bis(trifluoromethylsulfonyl)-imide (Li-TFSI) 

additives in the AgBiI4 precursor solution, as demonstrated by Zhang et al., leads to superior 

VOC of 0.83 V owing to the coordination to the TFSI-.[259] First solar cells based on the Ag-

rich Ag3BiI6 composition was reported by Turkevych et al. with a decent PCE of 4.3% in the 

regular mesoporous solar cell structure with poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine 

(PTAA) as HTM.[241] In an extended study, Baranwal et al., showed the solar cell application 

of various Ag-rich bismuth-based materials including Ag3BiI6, Ag3BiI3(SCN)3 and Cu3BiI6, 

where the crystal structure of the last two was not identified. The materials were implanted in 

regular FTO/TiO2/absorber/spiro-OMeTAD/Au and in inverted 

FTO/NiO/absorber/PCBM/BCP/Ag solar cell structures via solution processing. Best PCEs 

were obtained from the regular solar cell architectures with 0.91% for Ag3BiI6, 0.14% for 

Ag3BiI3(SCN)3 and 0.19% for Cu3BiI6.[260] The low PCE compared to previous report could 

be due to the use of spiro-OMeTAD as HTM. Hu et al. demonstrated CuBiI4 in solar cell 

application manifesting a cubic crystal structure in the Fd-3m space group. The thin films 

were prepared from HI-assisted dimethylacetamide solution and deposited via solvent vapor 

annealing process. The solar cells achieved a PCE of 0.82% with a long-term stability up to 

1008 h under ambient conditions.[249] A PCE enhancement for CuBiI4 solar cells was achieved 

by employing the direct metal surface elemental reaction coupled with vapor treatment. Here 

a induced Bi gradient throughout the solar cell lead to efficient charge transport yielding a 

PCE of 1.1%.[248]

In order to boost the rudorffite solar cell performance several techniques were 

employed to improve the crystallinity and thin film morphology, for instance Mathews and 

co-worker introduced dynamic hot casting technique which led to large grains in both AgBiI4 

and Ag2BiI5 thin films and thus enhanced excited state carrier lifetimes and PCE (>2%).[247] 
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Furthermore, the solution concentration and composition was showed to be important for the 

thin film quality along with annealing temperature.[236,250] Several other preparation 

techniques were introduced to fabricate rudorffite based solar cells such as microwave-

assisted annealing[237], dual-source evaporation[257] and dynamic spin-coating with ramped 

annealing.[246] Additionally, PTAA was found to be more suitable compared to P3HT in 

AgBiI4 solar cells due to lower HOMO level (-5.14 eV for PTAA vs. -4.94 eV for P3HT) 

fitting better to the VB of the AgBiI4 (-5.87 eV) (Figure 23e).[250] Band gap tuning 

approaches could lead to changes in the optoelectronic properties (see section 3.5.2.), among 

all reported techniques such as use of Br-[245,261], Cu-[253], Sb-[252], Cs-[262] alloying, doping 

with reduced graphene oxide and multi-walled carbon nanotubes,[263] sulfur-doping was 

demonstrated as a most successful strategy to narrow the band gap and upshift the VB levels, 

which lead to the highest PCE of 5.44% reported so far for Ag3BiI5.92S0.04 rudorffite based 

solar cells. The best performing Ag3BiI5.92S0.04 solar cells were fabricated from solution using 

an HI additive and gas-quenching method, and maintained 90% of the initial PCE after 45 

days under ambient conditions.[251] Recently, new compositions were discovered for the use in 

solar cells: AgBi3I10 having a trigonal structure with the space group R- m and a band gap of 3

1.8 eV. The carbon electrode based regular solar cell yielded a PCE of 2.73%.[264] Synthesis 

and investigation of photovoltaic performance of Cu2AgBiI6 material (an analogy to Ag3BiI6) 

in regular device architecture, as demonstrated by Sansom et al., showed PCE of 0.43%.[255] 
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Figure 23: (a – b) UV-vis absorption spectra of AgBi2I7 thin film without and with annealing 

at various temperatures. (c – d) J-V characteristic curves of best performing devices processed 

with n-butylamine and DMSO and their stability in ambient atmosphere.[258] Copyright 2018, 

RSC;  (e) Energy level diagram of the regular AgBiI4 based solar cell with energy levels of 

PTAA and P3HT in comparison. Reprinted with permission [250] Copyright 2018, American 

Chemical Society.

Among various explored silver bismuth halide materials, Ag3BiI6 based solar cells 

showed high PCE of 4.3%.[241] Despite a decent initial efficiency and pure inorganic material, 

very recently, we showed that Ag3BiI6 device performance degrades when exposed to ambient 

humidity atmosphere. This degradation was influenced by unique triple-ion migration 

phenomenon where Ag+, Bi3+ and I– ions migrate and diffuse through hole transport material 

and decomposes the gold metal electrode (Figure 24a).[265] Interestingly this degradation was 

observed only in Ag-rich material, that is, Ag3BiI6 and other silver bismuth iodide materials 

such as AgBi2I7 and Ag2BiI5 showed stable performance under ambient atmosphere as shown 

in Figure 24b. Moreover, the performance degradation was more pronouncedly observed in 

the case of anti-solvent based Ag3BiI6 device compared to the case of without anti-solvent one 

attributing to presence of residual AgI (phase impurity) and voids at the interface with 

mesoporous TiO2 ETL.[265] This further indicates that a better understanding of Ag3BiI6 
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material is necessary for better solar cell design and to stimulate the use of unique triple-ion 

migration phenomenon is other optoelectronic devices such as photodetectors and memory 

devices.

Figure 24: (a) Schematic illustration of migration of Ag+, Bi3+ and I– ions in Ag3BiI6 solar 

cells and (b) normalized PCE plot showing stable performance in AgBi2I7 and Ag2BiI5 solar 

cells contrasting Ag3BiI6 solar cells. Reprint with permission[265], Copyright 2021, Wiley-

VCH.

3.6.Two-dimensional layered Bismuth iodide

3.6.1. Structure and optoelectronic properties

Bismuth iodide (BiI3) crystallizes in the  space group and adopts a layered 2D structure 𝑅3

formed by BiI6 octahedra (Figure 25a) with 2/3 of the octahedral voids occupied by the metal 

cation (Figure 25b). The s lone pairs are not active, whereas the 6p electrons are transferred 

to the I atoms, leading to ionic Bi-I bonds (Figure 25c).[266,267] These Bi-I layers are held 

together by Van der Waals forces, which makes the 2D material soft and easy to cleave along 

the [001] direction.[268]
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Figure 25: (a) Extended unit cell of BiI3 showing the connected BiI6 octahedra; (b) A single 

layer of the vacancy ordered crystal structure with 1/3 cation vacancies; (c) Partial DOS of 

BiI3 showing the contribution of the atom orbitals. Reprinted with  permission [267] Copyright 

2015, American Chemical Society; (d) Electronic band structure of BiI3 (top) and the related 

Brillouin zone (bottom). Reprinted with  permission [269]  Copyright 2013, AIP Publishing.

The electronic structure of BiI3 was reported to resemble with that of MAPbI3 due to 

the contribution of the Bi 6s electrons into the VB.[267] The CB is flat between A and Γ 

connecting along the z direction and corresponding along the Van der Waals interaction 

between the layers. The VB is more disperse and the maximum is found between A and M 

corresponding to the x-y plane and thus within the Bi-I layer (Figure 25d). Although band 

gap values from 1.67 – 2.029 eV have been reported, Pedroza et al. explained that these 

discrepancies are caused by the sensitivity of the employed techniques such as UV-Vis 

measurement or ellipsometry and the consideration of spin-orbit coupling in DFT 

calculations. The authors confirm an indirect band gap of 1.67 eV from experimental methods 

and 1.55 eV (incl. spin-orbit coupling) from DFT calculations.[269] The PL emission was 

observed at 1.76 and 1.83 eV (excitation at 532 nm) dependent on material’s morphology. PL 
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lifetimes of 190-240 ps and 180-230 ps were observed for solution and physical vapor 

deposited thin films, respectively.[267] Ma et al. conducted DFT investigations of single layer 

BiI3 nanosheets as possible 2D material. The monolayer was shown to have a band gap of 

1.57 eV and comparable cleavage energy to graphite (Ecl,BiI3 = 0.43 J/m2 vs. Ecl,graphite = 

0.37 J/m2). Furthermore a coupling with graphene showed enhanced light absorption which 

might be interesting for optoelectronic and photovoltaic applications.[270] Moreover, 

interesting optoelectronic properties electron diffusion length of 4.9 μm, large static dielectric 

constant etc. endorse its promising application in optoelectronic devices.[271–273] Due to the 

outer-shell electronic configuration of 6s2, which leads to disperse valence band, high 

dielectric constant, and shallow intrinsic point defects; all of which are serviceable properties 

of defect tolerant material,[271] BiI3 can be one of the promising materials for photovoltaic 

device application.

3.6.2. Solar cells

First solar cell application of BiI3 was found in the use as HTM in organic solar cells 

with P3HT:PCBM as absorber showing enhanced efficiency.[268] However, BiI3 was also 

considered as a possible solar absorber owing to its suitable band gap. For example, Lehner et 

al. reported on solution processed BiI3 thin films in a regular n-i-p 

FTO/TiO2/absorber/HTL/Au stack. The thin films were produced from tetrahydrofuran (THF) 

solution with HI additive via spin-coating and showed a PCE of 0.32%. The quite low 

performance was attributed to the deep VB level (-6.1 eV) compared to MAPbI3 (-5.4 eV) and 

therefore a more aligned HTL was suggested to improve the charge carrier transport.[266] 

Hamdeh et al. introduced the solvent vapor annealing process in the fabrication of BiI3 solar 

cells leading to enlarged grain sizes and crystallinity with preferred growth orientation. The 

use of THF or DMF as solvent improved the solubility of BiI3 due to the formation of solvate-

adducts, and the solvent vapor annealed thin films in the FTO/TiO2/BiI3/V2O5/Au solar cell 

Page 61 of 87 AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



62

structure yield a PCE of 1% (Figure 26a). The solar cells were stable under air and surface 

oxidation to BiOI showed improved PV performance due the hole extraction properties of 

BiOI (Figure 26a).[274] In further studies, the solvent vapor annealing was shown to be 

important for the grain morphology of BiI3 and to retard the rapid crystallization in order to 

avoid kinetically constrained grain growth.[275] Temperature and humidity was shown to 

significantly influence the grain growth due to the direct impact on the  formation of solvate-

adduct (BiI3-DMF complexes).[276] Tiwari et al. could achieve higher VOC = 0.6 V and PCE of 

1.2% by synthesizing BiI3 thin films from iodination of Bi2S3 thin films.[277] Moreover, 

interface engineering studies show better PV performance owing to the reduced 

recombination losses at the interface for example by using a NbSex interfacial layer allowing 

better exciton separation at the interfaces.[278] Best solar cell efficiency was achieved in 

BiI3/PCBM quasi-bulk heterojunction solar cells yielding a PCE of 1.5% and record JSC of 

8.76 mA/cm2 due to better exciton separation at the BiI3/PCBM interface.[279]   

Figure 26: (a) BiI3 solar cells with all-inorganic FTO/TiO2/BiI3/V2O5/structure (top), XPS 

spectra of the thin films fabricated in glovebox and under air showing surface oxidation under 

air leading to better current densities (bottom). Reprinted with permission [274] Copyright 

2016, American Chemical Society; (b) The influence of solvent vapor annealing techniques on 
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the grain morphology. Reprinted with permission [275] Copyright 2018, American Chemical 

Society.

4. Conclusions and outlook

Although the power conversion efficiency (PCE) of lead halide perovskite solar cells 

showed rapid rise within a short span of time and is still increasing to approach Shockley-

Queisser (S-Q) limit, the stability and lead toxicity are major hurdles in a way to 

commercialization. Ensuring enhanced material and device stability is important for 

commercialization than pushing the PCE to S-Q limit. Intrinsic structural instability of the 

perovskite material is one of the most critical factors that limits the long-term operation of 

perovskite solar cells. For instance, MAPbI3 which is a widely studied perovskite material has 

a distorted cubic structure which causes weak interaction of organic A-site cation with the 

inorganic sublattice and is, in addition to hygroscopic and volatile nature of MA+ cation, 

responsible for easy degradation of lead halide perovskite materials under moisture, thermal, 

oxygen and light.[24,48,280–282] This releases lead iodide as a degraded byproduct which is 

harmful to the human environment.[56]

Efforts has been carried out to replace lead with tin (Sn2+), germanium (Ge2+), copper 

(Cu2+), titanium (Ti4+), antimony (Sb3+) and bismuth (Bi3+). However, the uncontrolled 

crystallization and rapid oxidation of Sn-, Ge- and Cu-based perovskite and thermodynamic 

instability of TI4+ based perovskites appear to be daunting challenges restricting the utilization 

of actual potential of these materials. The MAPbI3 has 3D structure owing to +2 oxidation 

state of central metal atom and replacing Pb (in MAPbI3) with Bi, which has a stable 

oxidation state of +3, forms MA3Bi2I9 lower dimensional structure.[24,39,132] By incorporating 

monovalent cation such as silver (Ag+), copper (Cu+) in combination with Bi3+ forms a halide 

double perovskite which yields overall charge balance as the conventional lead halide 

perovskite. Replacement of A-site cations (MA+, Cs+) with transition metals such as Ag+ or 
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Cu+ results in the formation interesting class of halide materials having a three-dimensional 

(3D) edge-sharing octahedral network. These bismuth-based perovskite and lower and higher-

dimensional perovskite-inspired materials show promising stability against moisture, heat, 

light and oxygen, thus gaining wide attention. Moreover, comprehension of literature suggests 

that lead halide perovskite single crystal remains stable without showing any sign of 

degradation up to several years whereas the thin film degrades within a few weeks of 

exposure to ambient stability.[283,284][285] This indicates that in lead-halide perovskite the 

phases or crystal orientation determines the stability.[286] On the other hand, various bismuth-

based perovskite and perovskite-inspired materials obtained from solid-state mixing of 

precursor materials or single crystals and solution process spin coating method show similar 

stability under ambient atmosphere.[135] This strongly suggests that bismuth-based materials 

are highly stable compared to lead halide perovskites. However, the resultant photovoltaic 

devices, as summarized in Figure 3, currently show lower PCE than their lead counterparts. 

The S-Q limit for single junction solar cells using an absorber layer with a band gap of 1.78 

eV (for silver bismuth iodides and bismuth triiodide) and 2.2 eV (for lower-dimensional 

bismuth halide materials and double perovskite) can be calculated to 26.86% and 20.5% with 

JSC = 19.65 mA/cm2 and 12.48 mA/cm2, VOC = 1.5 V and 1.75 V, and FF = 91.4 and 92.5% 

respectively. [287] This, compared to Figure 3 which is a present status, indicates a large room 

for enhancing the efficiency of bismuth-based perovskite and perovskite-inspired materials. If 

the progress is tracked form the beginning to the present time, it can be rationalized that the 

research track of bismuth based solar cells are in their infancy (first efficiency for bismuth 

based solar cells[129] was reported in 2015). Comprehension of literature suggests many 

challenges that need to be addressed to improve the performance of bismuth based a solar cell 

which includes:
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1. PCE of bismuth-based materials with A3Bi2X9 (A = MA+, Cs+; X = I–, Cl–, Br–) and 

A2B’BiX6 (B’ = Ag+, Cu+) structures has been limited due to wide band gap, high exciton 

binding energy, to name few. Theoretically many lower and higher band gap materials 

have been predicted,[219–222] however very limited number of materials have been 

synthesized and explored experimentally. Accordingly, we propose to make efforts by 

discovering viable routes to synthesize more novel materials having low band gaps and 

investigate their optoelectronic properties. Efforts to tune the band gap of already known 

materials by employing strategies beyond the existing one can help in tuning the 

optoelectronic properties. 

2. Silver- and copper-bismuth halide materials have also gained significant attention 

because of their reduced band gap (~1.8 eV) and PCE up to 5.6% (for sulfur doped 

Ag3BiI6).[251] However, more fundamental investigations by combining experimental and 

theoretical studies on optoelectronic properties of these materials are necessary to 

understand the material’s intrinsic properties such as optical, transport and recombination 

properties. Additionally, investigation on the effect of residual AgI (as observed in Ag-

rich compositions such as Ag3BiI6)[265] and residual BiI3 (observed in AgBi2I7)[258] on 

charge carrier dynamics, recombination lifetime, device performance and stability are 

necessary to underline the suitable composition for efficient photovoltaic devices. Silver-

bismuth-halides materials are known to exist in impure phase at room temperature and 

Ag-rich phase tend to degrade under ambient humidity condition when interfaced with 

polymer transport layer and gold metal electrode.[265] Hence, more attempts are required 

emphasizing on long-term stability of the material, understanding the degradation 

mechanism as well as exploring suitable choice of transport layers. 

3. The choice of charge transport layers is crucial to improve the device performance. 

Comprehension of literature suggests that widely used TiO2 and spiro-OMeTAD (and/or 
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P3HT) as n-type and p-type contacts do not work well with these lead-free 

materials[238,241,258] and hence exploring suitable charge transport layers might play a 

crucial role. Better understanding of carrier dynamics at these interfaces can also help in 

understanding and improving the device performance and stability. Understanding the 

precursor material – solvent interaction within the solution of lead-halide perovskites is 

gaining significant attention as it helps in eliminating the defect sites at micro level and 

enhancing the device performance and stability with high reproducibility.[288–291][4] 

Similarly, studies on the solution composition and formed complex/species of bismuth-

based lead-free materials may help in understanding the nucleation and crystallization 

processes and eliminating the defects such as bismuth interstitials (or iodide vacancies) 

which is vital for the development of efficient devices. 

Comprehension of research efforts and our understanding suggests that overcoming the 

present challenges by focusing on investigating the fundamental intrinsic properties such as 

absorption, transport and recombination properties of materials followed by fabricating 

devices with exploring suitable choice of transport layers can help to improve the 

performance of lead-free perovskite and perovskite-inspired materials based solar cells. In 

addition to this, new approaches based on machine learning[292–296] might facilitate the 

screening of such properties in search for design of novel and stable bismuth-based lead-free 

materials and thereby efficient lead-free photovoltaic devices.  
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