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Abstract: 

Perovskite solar cells have attracted significant attention during the current decade due to their efficacy and 

photovoltaics performance, which has reached to a new millstone in thin film category. Albeit perovskite solar cells 

have witnessed a remarkable 24.2% light to electricity conversion efficiency, but the ubiquity of lead metal due to 

its dual toxicity behaviour towards human as well as environment, apart from material instability are the current 

bottlenecks towards its possible commercial endeavour. This allowed the scientific community to explore other 

metal ions as substitution for lead metal, while preserving the unique properties of lead to produce environment-

friendly perovskite structure. In this review, we put forward the highlights on the recent developments and 

challenges of lead-free hybrid halide perovskite based light harvester for solar cell application. This will allow the 

research community to discover materials library for ideal sustainable technology. 
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1. Introduction 
 
The effect of climate change is fuelling and deleterious effect is being witnessed, immediate actions are required 

along with strong political and technological revolution for transition to clean energy. In most part of the world, 

carbon neutral energy is competitive over fossil fuels and to accelerate this transition, we need a paradigm shift in 

our approach. Among renewable sources, photovoltaics (PV) and wind have shown grid parity and >100GW of solar 

was installed alone in 2018. Currently, utility-based PV capacity are dominated by silicon-based technology. Due to 

the societal commitments and needs, thin film based PV are expected to disrupt the market. During the last two 

decades, sincere efforts have been laid in the research direction on thin film based PV, CdTe, CIGS or CZTS were 

initially referred as thin film PV along with amorphous silicon, due to their commercialization. Emerging PV were 

termed as nanostructured photovoltaics, and research are being made on organic photovoltaics (OPV), dye 

sensitized solar cells (DSSCs), quantum dot solar cells (QDSC) and perovskite solar cells (PSCs). Researchers and 

technologist has made earnest efforts during the current decade, which allowed to push the solar-to-electricity 

power conversion efficiency (PCE) of PSCs from mere 3.8% to 24.2%. The obtained PCE supersede with that of other 

mature thin-film based PV involving copper indium gallium selenide (CIGS), with 22.9%, and CdTe, with 22.1%.[1a] 

The PSCs employs low materials usage, diversity in using an array of deposition process, possibility to use a variety 

of charge transport materials (n and p type) with respect to active perovskite layer. The device architect is very 

versatile in terms of design and composition and avoid dependency on single raw materials. In the state-of-the-art, 

the high performance is mainly represented by lead halide based perovskites, but a trade-off exists between high 

performance and stability together with the toxicity induced by the presence of lead (Pb). Currently Pb is the 

indispensable material in high performance PSCs and its usage is being debated politically as well as technologically, 

due to the restrictions made by regulators and governments. Water pipes based on lead (Pb) was rumoured to have 

beleaguered the Roman empire and led to its downfall, can be a debatable topic but it is an established fact that 

the tap water in ancient Rome was found to possess 100 times more Pb than the local spring water. Due to the 

dissolvability character of lead, it imposes great threat to our planet, where since 1970 Pb usage is highly regulated 

and being minimized. Lead compounds are known to be very toxic and harmful to the environment, and its 

application can trigger the environmental pollution.[1b] Its hazards to health and the risks associated are very high 

and less than 10 ppm in human blood can impose threat to life.[2-4] The usage of lead shows serious hazard to health 

and environment[5] and prolonged exposure is carcinogenic, toxic to aquatic life moreover it can pass to baby 

through breast-feeding. For such reason its usage is restricted, controlled by harmonised classifications and 

labelling’s and is strictly regulated in many countries. The most investigated perovskite material for solar cells 

application is methylammonium lead triiodide (MAPbI3), which converts back into PbI2 upon water absorption 

(through atmosphere).[6-8] It is expected for a wide scale acceptability and consensus building across the political 

table, it is paramount to develop materials, which are lead free. The scrutiny of harmful PV material allowed the 



  

scientific community to design green candidates, which can harvest light effectively at cut rate price for thin film 

PV. For wide scale deployment identification of ideal absorber, which are lead free and shows panchromatic light 

absorption, will make this technology closer to commercial endeavour. Recently, by the use of multi-cation and 

anion, inclusion of hydrophobic moieties through compositional engineering of perovskites, spacer layer 

incorporation and insertion of larger cation to produce Ruddlesden–Popper phase in perovskites has been adopted 

to address stability issues. It is beyond the scope of the present review to comment about the Ruddlesden–Popper 

phase, which in recent literatures are termed as 2-dimensional perovskites. Ideally, 2D Materials are those 

materials, which has sheets thinner than the Fermi wavelength (or De Broglie wavelength), which is not the case 

with perovskites. We direct the reader to a recent commentary for further clarification on terminology for 

dimensionality in perovskites.[1c] However, the lead (Pb) toxicity can be mitigated by adopting the strategies such 

as the use of divalent, trivalent or tetravalent cations in perovskite for Pb substitution or by employing metal-

deficient iodosalts and dimer structure. The opportunity to predict new composition, which is Pb-free mainly relies 

on playing with different combinatorial approach, however the presence of large number of variants makes the 

task demanding. Figure 1a and b illustrate the schematic of the crystal structures of Pb perovskites and lead-free 

perovskite. The replacement of Pb with new divalent cations, such as transition metals was also explored.[9,10] 

Different research directions were undertaken to change the composition space in ABX3 perovskite materials. 

Existence of metal deficient, double perovskites, and multidimensional perovskites with complete or partial 

substitutions in the perovskite structure may suggest an astonishing combination [11] number of 104-106. Here, we 

have summarized the approaches, which is centred around to overcome one of the most daunting challenges in Pb 

halide based PSCs, i.e the replacement of toxic lead (Pb) with other eco-friendly candidates in the perovskite 

structure. Closing the gap between high efficiency, and long lifetimes by eliminating toxic materials is a remarkable 

challenge and new lead-free perovskite materials can play an important role to achieve these ambitious goals. 

Recently, several groups have made attempts to elucidate and understand the underlying phenomena behind the 

Pb replacement trend in perovskite materials, including CH3NH3SnI3,[12] CH3NH3CuX4,[13] (CH3NH3)2MnCl4,[14] AGeI3 (A 

= inorganic or organic cation, such as Cesium (Cs), methyl ammonium (MA), or formamidinium cation (FA)[9]. Its tin 

analogues CH3NH3SnI3 and CsSnI3 have shown potential in terms of electrical properties, but they are highly 

sensitive to the oxygen and their tolerance behaviour to moisture is relatively poor. 

2. The quest of Pb-Free Perovskite Solar Cells (PSCs) 

The results obtained at lab scale from PSCs depending on lead (Pb) materials show high performance; however, 

assembly and disposal of these kind of PSCs are harmful to the environment due to the high toxicity of Pb. It is of 

paramount importance to overcome such environmental barrier, in order to make our planet clean.  The advent of 

eco-friendly light harvester is the mission to obviate the pollution problems and to expand their applications. Metal 

substitution of lead with non-toxic metal to form a lead-free perovskite is pre requisite for a green and clean world. 



  

The policy makers and regulators reluctance, intriguing a great deal of interest by replacing lead with nontoxic 

metals such as tin, bismuth, and germanium.[17–19]  

2.1 Substitution at the B site using divalent metal cations: Divalent substitution 
 
2.1.1 Sn-based lead-free PSCs 
 
The emergence of the layered perovskites (Ruddlesden–Popper phase) was envisioned to address the long-term 

instability issue in the traditional 3D perovskite; layered perovskites also has intrinsically remarkable electronic and 

optical characteristics and are considered as derivatives of the 3D perovskites. Here, 3D frameworks are sliced into 

well-defined 2D slabs.[17-20]  In terms of composition, such Ruddlesden–Popper phase perovskites have the generic 

formula of (RNH3)2(-A)n_1MX3n+1 (here n is an integer), RNH3 is a primary aliphatic or aromatic alkylammonium 

cation, A and M are cations, and X represents an anion like their 3D counterparts. In 2D network containing the 

inorganic perovskite layers of the corner-sharing [MX6]4 octahedron is confined between interdigitating bilayers of 

long-chain alkylammonium cations that act as a spacer between the perovskite layers. Tin (Sn) was emerged as the 

first possible candidate from group 14 elements with comparable ionic radii to replace lead (Pb) in the perovskite 

structure for solar cells fabrication. The initial attempt was followed by the deployment of other elements from the 

periodic table, as potential candidates for Pb replacement and are represented in Figure 2a. The  presence of similar 

physical properties of tin based perovskites as of lead, was aim to achieve similar electrical performance, Sn based 

perovskites suffer from p-doping which in turn increases the carrier density in dark and limits the photo-generated 

properties.[20] In the first report of tin-based PSCs, PCE of 6% was achieved.[21,22] This was further optimized to allow 

improvements in tin-based PSCs performance.[23] Though, tin-based perovskite such as methylammonium tin iodide 

(MASnI3), formamidinium tin iodide (FASnI3), or Cesium tin iodide (CsSnI3) possesses ideal band gap (1.2−1.4 eV) 

along with high carrier mobility, but they suffer from low stability and conductivity due to the oxidation of Sn2+ to 

Sn4+.[24] The partial substitution of Pb was also adapted to form CH3NH3SnxPb1−xI3,[25,26] and it was found that by 

increasing the Sn concentration, band gap can be narrowed. The first report on lead-free PSCs based on CH3NH3SnI3 

was reported the PCE of 5.23%[10] and 6.4%[27], with the suppression of Sn4+ formation by using ultrahigh purity 

precursors materials, careful and controlled synthetic conditions. CH3NH3SnI3 (MASnI3) possesses favourable band 

gap which is near to the ideal Shockley−Queisser value[28] (Figure 2b). Correspondingly, Snaith et al. has investigated 

the crystal structure of MASnI3 (Figure 2 c and d), and the device structure is represented in Figure 2e. The obtained 

results were in agreement with simulated and literature data, and corresponds to the tetragonal conformation of 

the perovskite structure.[29, 30] Maximum PCE reported were based on compositional engineered (Sn and Pb ratio) 

perovskite yielded 7.37% for CH3NH3Sn0.25Pb0.75I3. The addition of Pb ions help to retard oxidation of Sn2+ to Sn4+ as 

well as allow carrier concentration increase and thus higher PCE.[26] However, the PCE of tin-based PSCs remains 

lower than that of lead-halide based PSCs, and additionally it was plagued by its fast degradation with moisture 

exposure. It is of utmost importance to develop new methods to improve the performance and importantly, the 



  

stability for Sn-based perovskites, by optimizing its intrinsic properties. Qiu et al.[31] reported B-γ-CsSnI3 as light 

harvester, which spontaneously converts into an air-stable Cs2SnI6 film in air at room temperature. The growth of 

Cs2SnI6 film from CsSnI3 via a two-step deposition method based on solid-state reaction as well as the crystal 

structures of Cs2SnI6 and CsSnI3 are reported meticulously for details.[35a] Additionally, Yan and co-workers studied 

the effect of passivation for air stable tin-based solar cells.[35b] They presented hydroxybenzene sulfonic acid or its 

salt as an antioxidant additive inside the perovskite precursor solution along with excess SnCl2. They suggested that 

the interaction between the sulfonate group and the Sn2+ ion enables the in-situ encapsulation of the perovskite 

grains with SnCl2–additive complex layer and resulted in enhanced oxidation stability of the perovskite film. The 

authors found that their PSCs are able to maintain 80% of the efficiency over 500 h upon air exposure without 

encapsulation, which is over ten times longer than the best result reported previously. Moreover, Liu et al. focused 

in the fabrication of tin–based films with high coverage and improved aggregation in order to enhance the efficiency 

of the PSC.[35c] They used two different methodology to increase the film coverage as well as average crystallite size 

in order to prevent electrical shunting in the fabricated devices.   

The carrier diffusion length through broadband (Vis-NIR) and transient absorption for the excited-state dynamics 

of MASnI3 through photo physics in these films was realized. The carrier recombination of MASnI3 obeys the second-

order recombination; this causes decay in kinetics of transient absorbance spectra and time-resolved fluorescence 

(TRF) emission of the material. Figure 3a represents the Vis-NIR transient absorbance spectra of a MASnI3, spectral 

red shift using a 420−1600 nm probe pulse. There are four main features in the transient absorbance spectra: i) a 

pronounced ground state bleaching at 920 nm (1.35 eV), which is close to the optical bandgap 1.30 eV;[17] ii) a 

relatively weak bleaching feature at 710 nm; iii) a photo-induced absorption band at 800 nm; and iv) a photo- 

induced absorption band at 630 nm.[36] To obtain a judicious kinetic fit, a second-order recombination model was 

used, which was fitted as used to recover of the transient absorbance signal (ground state bleaching and photo-

induced absorption) through the recombination of photo-generated free carriers rather than excitons. The species-

associated with spectra and kinetics reconstructed from the overall fits are presented in Figure 3b and c. The results 

suggest that the calculated electronic structure of MASnI3 arises from its very low excitons binding energy, which 

attributes to free carriers. Moreover, transient absorbance spectra of the MASnI3 as a function of probe wavelength 

can represented like pseudo-colour (ΔA) with clear trend towards blue shift by increasing excitation photon energy.  

In addition, hot carrier absorption shows pronounced photo-induced absorption band at 730 nm when the 

excitation photon energy is well above band gap (e.g., λexc = 430 and 600 nm). The excitation energy dependence 

of the transient absorbance spectra suggest the hot carrier relaxation model, used for the analyses of the transient 

absorbance spectra. In depth, ultrafast optical spectroscopy elucidating properties such as low surface 

recombination velocity as well as long minority carrier diffusion length are desirable attributes for understanding 

the mobility of excitons in CsSnI3. Initially, black CsSnI3 ingot with smooth surface, free of grain boundaries across a 

large area was obtained at room temperature in orthorhombic crystal structure (Figure 3e inset).[37] The 



  

photoluminescence (PL) spectra of CsSnI3 show red shift between the peak founded at 950 nm (1.31 eV) for one 

photon excitation (400, 700 and 800 nm) and the other one founded at 990 nm (1.25 eV) for two photon excitation 

(1350 nm). This shift arises from PL re-absorption effect (e.g., high sub gap absorption from tail states; small Stokes 

shift),[38-40] and to a smaller bandgap in the bulk crystal due to reduced lattice strain.[41-43] To investigate the 

excitation-wavelength-dependent PL dynamics in CsSnI3, photo-excited carrier concentrations was kept to <4×1017 

cm−3 to ensure dominant first-order recombination kinetics. The pseudo colour images of the TRPL profiles were 

discussed, and a lifetime lengthening with increasing excitation wavelengths was observed (Figure 3d).[44, 45] 

2.1.2 Ge-based lead-free PSCs 

Germanium (Ge2+) was probed as an attractive candidate from group 14 in the periodic table for lead free perovskite 

formulation. Cai et al. succeeded to predict the electronic structure of CH3NH3GeI3 (MAGeI3) theoretically and 

reported its mobility, tuneable band gap (1.35 eV to 2.5 eV) and optical performance.[46] At room temperature 

MAGeI3 forms a distorted octahedron with Cm space group symmetry. Due to the incompatible Ge-I bond formation; 

the octahedral GeI6
- is highly distorted. In MAGeI3 optimized structure, each Ge atom coordinates to six (I) atoms, 

with four I atoms in the equatorial direction and two I atoms in the apical directions.  The dipolar organic cations 

CH3NH3
+ are situated at the corner of octahedron GeI6

-. MAGeI3 has suitable band gap, high carrier mobility and 

absorption coefficients, and its tuneable charge transport properties will pave way of using such materials as either 

p type or n type semiconductor for PV application. Recently,[47] the rhombohedral structure of CsGeX3 (X = Cl−, Br−, 

I−) absorber was reported for PV application and its proposed crystal structure is shown in Figure 4a. The maximum 

PCE reported was 4.94% for CsGeX3, (Jsc = 18.78 mA cm−2 and Voc = 0.52 V), which was significantly below the 

performance of MAPbI3; but with a band gap similar to their Pb counterparts (∼1.6, ∼2.3, and ∼3.1 eV for I−, Br−, 

and Cl−, respectively) to suggest competitive performance.[48,49] Preparation of inorganic (Cs) or alternative hybrid 

perovskites using methylammonium (MA) and formamidinium (FA) organic cation as A+ cation position in 

germanium halide perovskite (AGeI3) for solar cells was reported by Mhaisalkar et al.[9] For the evaluation of 

absorption of the germanium based perovskite, the Tauc plot indicates change in the compounds colours by 

increasing size of the A+ (Cs+, MA+ and FA+) cation in the structure as shown in Figure 4b.[50] The estimated value of 

the bandgap derived from Tauc plots are 1.63, 2.0 and 2.35 eV for CsGeI3, MAGeI3 and FAGeI3, respectively. 

Furthermore, the valence band (VB) as well as the conduction band (CB) energy levels were calculated using 

photoemission spectroscopy and the reported optical bandgap values, are -5.10, -5.2, and -5.5 eV (as VB) and -3.47, 

-3.2 and -3.15 eV (as CB) for CsGeI3, MAGeI3 and FAGeI3, respectively, (Figure 4c). Owing to similar trend as of other 

metal halide systems, the replacement of Cs with MA and FA molecules can result in decrease valence band level.[51-

57] Subsequently, optical data and PV parameters of metal halide perovskites along with the respective device 

structures: Homovalent substitution of the B site (Pb2+) with divalent tin(Sn2+) or germanium(Ge2+) cation are 

summarized in Table 1.  

 



  

2.2 Substitution at the B site using trivalent metal cations  

2.2.1. Trivalent substitution by Antimony (Sb3+) in PSCs 

Elements of group-VA (M3+ = Bi3+ and Sb3+) in the periodic table with the same outermost s- electrons and the lone-

pair ns2 state of Pb2+ ions were explored as a suitable substitute for lead, in order to have  similar PV performance.[95-

104] Chalcogenides (Sb2S3 and Sb2Se3) structures were widely used as the possible composition of Sb perovskite 

materials for PV applications and PCE as high as 6.6% was reported.[97] MX6 octahedra structure can’t form in case 

of AMX3 due to their higher (+3) oxidation state and subsequently A3M2X9 structure emerge as the stable 

stoichiometry for PSCs.[105-109] In a recent report; a mere PCE of 0.49% of methylammonium Sb-based PSCs was 

reported.[98] The low level of crystallinity as well as existence of pinhole resulted in decrease short circuit current 

and was the possible reason for low  PCE. Furthermore, another possible structure of Sb-based perovskite materials 

depend on cesium (Cs) cations with the formula of Cs3Sb2I9 was studied.[99] Though rubidium (Rb) can form a stable 

layer of Rb3Sb2I9 for PSCs, it possesses some disadvantages of appropriate orientation along the planes of the 

desired structure.[100] Chu et al. reported crystal structure of A3Sb2I9 for Sb-based perovskite materials with MA+ and 

Cs+ as the cations for lead-free PSCs fabrication.[110] The devices based on methylammonium antimony iodide 

(CH3NH3)3Sb2I9 yielded the maximum PCE of 2.04%. The crystal structure of the A3Sb2I9, comprise of bi-octahedral 

anionic metal halide (Sb2I9)3–clusters, integrated in the perovskite composition and encompassed by MA+ or Cs+ 

cations (Figure 5a &b). Furthermore, they studied the crystal structure as well as the composition of the MA3Sb2I9 

and Cs3Sb2I9 with and without the hydroiodic acid additive using X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS) experiments as shown in Fig. 6c & d, respectively. The maximum intensity peak appears at a 2θ 

value of 24.8o and 39.8o for MA and Cs cation for M3Sb2I9 perovskite respectively. It was noted that the addition of 

hydroiodic acid enhances the crystallinity and phase purity largely; this can be deducted from the higher peak 

intensities observed (Figure 5c). The authors noted that the peaks have shifted to lower 2θ values with the addition 

of hydroiodic acid. The plausible reason for this can be due to the hydroiodic acid dopant, which imparts more 

iodine ions with a larger ionic radius, causing strain on the unit cell dimensions.[111] Moreover, and the composition 

of different Sb-based perovskite containing multi cations were screened using photoelectron spectroscopy spectra 

and summarized in Figure 5d. All the elements inside the structure with different atomic ratios depend on the cation 

used and can be investigated and established. In addition, Hebig et al. characterized the antimony perovskite based 

on MA cation (Figure 6e).[98] Homogeneous surface of the substrate with hexagonal-shaped crystals, which is in 

agreement with the expected crystal structure of (CH3NH3)3Sb2I9 (Figure 5a), were obtained for the samples with 

more than 2 μm grain size as illustrated in the inset images of Figure 5e. The solar cells fabricated using Sb-based 

perovskite was deposited using the spin coating technique followed by anti-solvent dripping. Expectedly, Chu et al. 

reported that the higher performance were obtained for the devices, which were fabricated using hydroiodic acid 

dopant in the M3Sb2I9.[112] Following the previous investigation and having the device configuration of 

glass/ITO/PEDOT:PSS/Sb-perovskite/PC71BM/C60/BCP/Al, the PV performance (Figures 5f and g) as well as Quantum 



  

efficiency was reported (Figures 5 h and i). Varying molar ratios of (SbI3: MAI) for MA3Sb2I9 or (SbI3: CsI) for Cs3Sb2I9, 

with or without hydroiodic acid additive yielded different performance (PCE, EQE and integrated Jsc). Table 2 shows 

the optical data and PV parameters of metal halide perovskites (ABX3) along with the respective device structures: 

heterovalent substitution of the B site (Pb2+) with trivalent Sb3+ and Bi3+ cation. 

 

2.2.2. Trivalent substitution by Bismuth (Bi3+) in PSCs 

Considerable attention was also given to bismuth based compounds, such as Bi2CrFeO6,[133,134] bismuth triiodide 

(BiI3),[135] and A3Bi2I9 perovskites (A = CH3NH3, Cs)[105] as a light harvester. Specially, (CH3NH3)3Bi2I9 with undersized-

grained, and compact or porous nano-structured morphologies has received significant attention in PSCs, however 

the reported PCE remains low (0.01−0.42%).[105,136-142] The notable reason behind the low PCE of such materials is 

their large bandgap (2.1 eV), which prevents the visible light absorption. Among the reported bismuth-based 

absorbers, (CH3NH3)3Bi2I9 [MA3Bi2I9] is the widely studied polymorph type. Owing to the trivalence state of Bi3+, the 

solid structure of MA3Bi2I9 features two face-sharing 0D perovskite structure, which is constructed by the MA+ 

surrounded binuclear octahedral (Bi2I9)3− clusters, contrasting to the 3D MAPbI3 perovskite. Zhang et al. made 

efforts to tune the performance of such devices by improving (CH3NH3)3Bi2I9 film quality using high−low vacuum 

deposition (HLVD) route through a novel two steps technique as (Figure 6a,) in order to extend the absorbance 

spectra.[113] In this technique, firstly, TiO2-coated based substrates were evacuated in a vacuum chamber, to be 

prepared for the evaporation of smooth and compact BiI3. Then for the homogeneous conversion into 

(CH3NH3)3Bi2I9, films were exposed for MAI−BiI3 gas−solid reaction in a delicate middle-separated ceramic vessel 

that mounted in a low vacuum oven at 140−180 °C for less than 10 h. This was followed by annealing of the 

deposited materials in air to enhance the crystallinity and remove any residual of MAI in the (CH3NH3)3Bi2I9. The 

architect of the fabricated device as well as the energy level diagram adopted is illustrated in Figure 6b. The solar 

cells were fabricated in mesoporous structure using the configuration Glass/FTO/dense-TiO2/mesoporous-

TiO2/(CH3NH3)3Bi2I9/Spiro-OMeTAD/Au. To confirm, the formation of pure hexagonal crystal structure of 

(CH3NH3)3Bi2I9 with no residual of BiI3 or MAI, the X-ray diffractograms were recorded and its represent the 

(CH3NH3)3Bi2I9 patterns (Figure 6c) and the results were in agreement with the predicted one. The microstructures 

of (CH3NH3)3Bi2I9 are represented in Figure 6 d and e with different magnifications. The fabricated (CH3NH3)3Bi2I9 

films through two-step HLVD pathway show hexagonal, smooth, compact and crossing-ridged oriented crystalline 

grains, which are pinhole free. To further gain insight of the fabricated solar cell and each layer used, the cross 

section field emission- scanning electron microscopy (FE-SEM) analysis were performed by Mali et al. as shown in 

Figure 6f.[114] Another alternative for the bismuth based perovskite light-absorbing materials is Cs3Bi2I9 (CsBI) 

structure. Bai et al. fabricated CsBI based PSCs using dissolution-recrystallization method.[143]  

Cs3Bi2I9 (CsBI) polycrystalline layers were prepared through the deposition of CsI and BiI3 mixture in DMF solvent 

atop of uniform dense TiO2 layer by means of anti-solvent technique using spin-coating method, followed by 



  

annealing to induce crystallization.[144] A thin layer of Cs3Bi2I9 nanosheets was formed with deprived microstructure 

and film quality, large grains size along with voids were also observed. Tang et al. fabricated CsBi3I10 based solar 

cells and Figure 6g illustrates the stepwise procedure. The CsBi3I10 layer was spun-coated from the precursor on 

glass substrates through a previously reported modified spin-coating process.[145] To study the nature of the 

perovskite, the X-ray diffraction (XRD) patterns were recorded. As shown in Figure 6h, all the diffraction peaks can 

be readily ascribed to the rhombohedral structure of BiI3, with lattice constants a = 0.75 nm and c = 2.07 nm, and 

the hexagonal structure of Cs3Bi2I9, with lattice constants a = 0.84 nm and c = 2.1 nm.  

Not only the surface properties but also the spectral absorption of the prepared active layers are important factors 

affecting the performance of fabricated solar cells. The UV-visible spectral absorption of the BiI3 and MA3Bi2I9 thin 

films at wide range of wavelengths and the PL spectra of MA3Bi2I9 film are shown in Figure 7a. The device PCE 

depends largely on the light harvester ability to absorb more amount of light and convert it to electricity. There are 

two possible ways to understand the absorption mechanism depending on the bandgap difference between 

(CH3NH3)3Bi2I9 and BiI3 as well as the light scattering effect materialize at the deposited layers. The relation between 

the band gap and scattering effect with the deposited layers was inversely proportional, which states, the small 

grain sized materials with small band gap can absorb and scatter more light at shorter wavelength.[148,149] The 

bandgaps of the BiI3 and (CH3NH3)3Bi2I9 were estimated to be 1.77 and 2.15 eV, respectively. Furthermore, more 

information related to the electron transfer and lifetimes of hole and electron was recorded through PL decay 

spectra and the lifetimes fitted by single-exponential function are 0.78, 0.75, and 0.66 ns for bare MA3Bi2I9, 

MA3Bi2I9/PEDOT:PSS, and MA3Bi2I9/C60, (Figure 7b). The fermi level of BiI3 and (CH3NH3)3Bi2I9 as semiconductors was 

found in the centre of the bandgaps, which can migrate to form stable space charge region and band bending at 

the hetero interface,[150,151] when these two materials combine in specific ratio to form the composites. The band 

bending phenomena can modify the absorption and scattering of light, which result in increased Voc and PCE of the 

fabricated solar cells. To gain insight in the composition of Bi based perovskite, we assume Cs3Bi2I9 belongs to 0-D 

dimer species and Figure 7a illustrates the surrounding of bioctahedral (Bi2I9)3- clusters by Cs+ cations. This material 

have similar band structure as of MA3Bi2I9 with the band gap of 2.2 eV (Figure 7d).[96,152] Further, several bismuth 

based perovskite structure like silver-bismuth-iodine ternary system with the cubic structure of AgBi2I7 having a 

band gap of 1.87 eV as shown in Figure 7 (e and f), has also find application in solar cells fabrication.[147,153] 

 

3. Substitution at the B site using mixed valence cations  

Efforts have been laid to study the progress on lead-free PSCs from experimental and theoretical points of view. 

Nakajima and Sawada performed computational simulation through a systematic high-throughput way, prior to 

experimental studies with density functional theory,[154a] and 11025 structures of hybrid perovskite were revealed 

using the parallel many-core (K) supercomputer. Substitute of lead in the standard 3D-AMX3 hybrid perovskites by 

nontoxic elements, without compromising efficiency and stability is a disadvantage in the made attempts. Korbel 



  

et al. provided a computational insight in this direction by considering all the halide perovskite compounds that can 

form stable AMX3 structures. Among over 30,000 speculative perovskites, only lead, germanium, and tin based 

perovskites was expected to show promising PV properties, owing to their uniqueness in terms of opto-electrical 

properties.[154b] The revealed materials include single and double perovskites of ABX3 and A2BB′X6 forms, 

respectively. The most important part is B or BB′ as the normal structure of perovskite contains Pb and the problems 

of toxicity comes from this part. Thus, the possible examples of this part to replace Pb can be Be; B; C; N; Mg; Al; Si; 

P; Ca; Sc; Ti; V; Cr; Mn; Fe; Co; Ni; Cu; Zn; Ga; Ge; As; Sr; Y; Zr; Nb; Mo; Tc; Ru; Rh; Pd; Ag; Cd; In; Sn; Sb; Ba; Hf; Ta; 

W; Re; Os; Ir; Pt; Au; Hg; Tl; Pb; or Bi. Innovative 51 low-toxic halide single and double perovskites as possible 

candidates for environmentally friendly PSCs can be obtained through the screening procedure of all the 

compounds present in the materials database. The ABX3 type three-dimensional perovskite has been described in 

section 2 with the possible replacement of lead using other group 14 elements. Here, in this section, lead- free 

double perovskites will be discussed exhaustly along with their application in PV. 

As theoretical predicted the possible candidates for lead replacement in the perovskite structure, we assume that 

there can be different combination between different elements in different groups of periodic table. The proposed 

environmentally friendly halide double perovskites have been classified under six families: group-14−group-14, 

group-13−group-15, group-11−group-11, group-9−group-13, group-11−group-13, and group-11−group-15 double 

perovskites in terms of optical and carrier transport properties as shown in Figure 8A and 8B. Subsequently, 

isovalent substitution with the same divalent lead ions were used to obtain group-14−group-14 double perovskites 

materials, which have the similar valence isoelectronic of group-13−group-15 double perovskites. Here, two 

divalent lead cations are replaced by a monovalent group-13 cation and a trivalent group-15 cation. All the 

candidates of group-13−group-15 double perovskites have direct band gaps and small carrier effective masses. In 

addition, a mixture of monovalent B and trivalent B′ metal cations forms the group-11−group-11 double 

perovskites. [155] Further, no experimental or theoretical studies have yet been carried out for the direct band gaps 

group-9−group-13 double perovskites, which are valence-isoelectronic to the group-11−group-11 ones. Later, 

MA2CuInI6 was chosen as the best among the possible group-11−group-13 candidates due to its low cost fabrication. 

Moreover, most of group-11−group-15 materials were removed from the candidate list due to its indirect and large 

band gaps behaviour. These theoretical findings can be used as library of extensive materials database and provide 

guidance to experimentally validate these candidates, in order to put forward a new series of Pb halide perovskite 

materials. 

3.1. Experimental validity of different split-cation dopants in Pb-free PSCs 

Only few combinations of mixed valence cation as discussed above are found to be experimentally feasible. More 

specifically, group-14−group-14 and group-11−group-15 double perovskites were explored so far as described in 

detail in next section.  

3.1.1. (Sn-Ge) [group-14−group 14] mixed cations double perovskite  



  

The group-14-group-14 elements demonstrate an astonishing set of Pb-free semiconductor with a suitable energy 

band gap for efficient solar cells fabrication. Few research groups have focused on such kind of double perovskite 

based lead free materials such as (Sn-Ge) materials; which can be prepared in the similar fashion as of (Sn-Pb) in 

bication perovskite.[156] An array of characterizations techniques were employed to confirm the structure of the 

acquired materials and check their ability as light harvester for PV application. 

Sadhanala, et al. reported different molar ratios of the metal ion composition in (Sn-Ge) matrix and scrutinized the 

influence of structural geometry on the opto-electrical properties.[157] The approach was based on the similar 

fashion as of (Sn-Pb) based perovskite and adopted the replacement of Pb with Ge in the Pb−Sn solid solutions and 

fabricated Sn−Ge mixed alloy by using single-step solution processing and vapour deposition methods. In a recent 

past, Ju et al. conceptualized the efficient behaviour of suitable band gap mixed Sn−Ge based perovskites like 

CsSn0.5Ge0.5I3, CH3NH3Sn0.5Ge0.5I3, Cs0.5(CH3NH3)0.5Sn0.5Ge0.5I3, Cs0.5(CH(NH2)2)0.5Sn0.5Ge0.5I3, and RbSn0.5Ge0.5I3. In the 

case of RbSn0.5Ge0.5I3 it was very similar to MAPbI3 and expected to absorb light in a similar solar spectrum range.[162] 

The crystal structure of perovskites based on germanium and tin solid solutions, CH3NH3Sn(1−x)GexI3 (0 ≤ x ≤ 1), either 

in powder or thin film phase was established using different techniques. Thin film samples for the structures of 

MASnI3, CH3NH3Sn0.75Ge0.25I3, CH3NH3Sn0.50Ge0.50I3, CH3NH3Sn0.25Ge0.75I3 and MAGeI3 were studied using X-ray 

diffractograms and the patterns are illustrated in Figure 9a. Tetragonal phase was noted for MASnI3 and MAGeI3 

perovskite. Additionally, the results show that displacement error either in the thin-film or powder based samples 

can cause monotonic shift in the lattice parameters peaks in the case of 50% Ge ion. Subsequently, a transition to 

the trigonal phase from the splitting of the tetragonal (111) and (012) peaks to the trigonal (003), (201), (113), and 

(211) peaks were noted for the 75% Ge powder sample.[157] The authors concluded the structure was intact in the 

pure as well as mixed cases, where it has showed slight shift. The crystal structure of CH3NH3Sn(1−x)GexI3 (0 ≤ x ≤ 1) 

is represented in Figure 9b. Further, for 50 % insertion of Ge into MASnI3 results in an amplified spontaneous 

emission (ASE), which show narrowing of photoluminescence peak at higher excitation densities, reaching a FWHM 

value from ∼75 nm to less than half ∼40 nm. The band gap calculated from the normalized absorption spectra 

shows a monotonic shift of the band edge towards higher energy as a function of increase Ge content. By further 

measuring steady state PL and its decay (Figure 9 c and d), it was concluded that the 50% Ge based perovskite is an 

ideal candidate for diverse opto-electrical applications including solar cells, owing to its superior optical properties, 

suitable band gap and long charge-carrier recombination. 

Another group, Hayase et al also focused on the Sn-Ge alloy based perovskite but as an alternative to MA cation, a 

mixture of MA and FA was used. They studied the structure of FA0.75MA0.25Sn1−xGexI3 with different molar ratio of 

Sn-Ge alloy as a stable absorber layer for PSCs.158 The preparation of the desired stoichiometry was made in a similar 

fashion as of other researchers and changing the molar ratio of (Sn1−xGex; x= 0, 0.05, 0.1 and 0.2).[27,162] To predict 

the crystal structure of the materials, XRD patterns were recorded for the FA0.75MA0.25Sn1−xGexI3. The hexagonal 

phase was observed for FA0.75MA0.25SnI3 which shows peak around 14.5° and 28°, and on further doping with Ge 



  

does not led to appearance of any additional peak, suggesting the perovskite structure was not disrupted.[163,164] 

However, the peak intensity at 14.5° and crystal size increases with doping of Ge. The optical properties of the 

perovskites with different (Sn-Ge) molar ratios are illustrated in Figure 9k and suggests remarkable optical 

properties, which vouch for its competitive performance in PV. Moreover, by examine the energy level diagram of 

these materials with different stoichiometry (Figure 9g), one can conclude that using these light harvesters in PSCs 

can improve the PV performance. For an optimized doping concentration of Ge (x=0.5), the PCE of 4.48% was 

achieved compared to un-doped FA0.75MA0.25SnI3 perovskite, which yielded the PCE of 3.31 % (Figure 9f).      

3.1.2. (Ag-Bi) [group 11−group 15] mixed cations double perovskite 
The opportunity of combining two metals from different groups at B site for the cation part of double perovskite 

based materials can enhance the properties of the designed materials. Considering the case, if only one metal 

incorporates into the structure, it may change the behaviour and produce favourable materials with desired 

advantages. Thus, amalgamation of two different metals as Pb replacement in the hybrid perovskite structure will 

provide synergistic benefits of both metals and may result in astonishing materials for light harvesting. A new class 

of 3D metal perovskite hybrid structure has been investigated to provide rich substitutional lead-free light harvester 

double perovskites with promising opto-electrical features.[165,166-171] Various research groups has characterized the 

crystal structure and made sincere efforts to understand the fundamental basis for series of double perovskite 

powders.[172,166-167] Intrinsic features like suitable bandgap, high optical absorption coefficient, high stability and 

long carrier recombination lifetime enable Bi-based Cs2AgBiBr6 double perovskite semiconductor materials to be a 

potential candidate for PV application.[166-168] Recently, researchers attempted to solve the challenge of fabricating 

high quality Cs2AgBiBr6 layers and thereafter solar cells using inverted configuration and obtained PCE close to 

2.5%.[173] Ning et al.[175] was able to fabricate PSCs encompassing double perovskite using configuration of 

ITO/compact TiO2/Cs2AgBiBr6/Spiro-OMeTAD/Au and evaluated its layer’s structure by cross section FE-SEM (Figure 

10 a & b). The cross-sectional micrograph confirms the formation of the layer by layer attached together uniformly 

with high crystallinity.[174] Additionally, Wu et al. achieved high PCE using Cs2AgBiBr6 double perovskite materials as 

effective light harvester in the device fabrication.[175]  

Cs2AgBiBr6 powder with dark shinning crystal and orange colour was dissolved in diverse polar solvents like 

dimethyl sulfoxide (DMSO) and was spun coated on the electrodes (substrate) utilizing anti-solvent approach to 

induce high crystallinity and probed as light harvester. The surface images of Cs2AgBiBr6 powder and solution as 

well as the surface roughness with root-mean-square (RMS) values are illustrated in Figure 10c. The Cs2AgBiBr6 was 

probed by XRD as well as surface FE-SEM analysis (Figure 10 d and e) and established its crystalline parameters.  

The materials showed promising behaviour as light harvester, which allowed the researchers to tweak the structure 

of solar cells, to further improve the PCE (Figure 10f).     

Additionally, in order to understand the mechanism beyond the charge separation, transport and the operational 

property of PSCs, the band gaps of Cs2BiAgCl6 and Cs2BiAgBr6 double perovskite from experimental as well as 



  

theoretical point were studied. These semiconductors reported to have indirect band gap through their electronic 

and optical measurements with (2.2-2.77) and (1.83-2.19) eV range values for Cs2BiAgCl6 and Cs2BiAgBr6, 

respectively.[166,167,170]  

 

From the theoretical point of view, diverse efforts were laid to calculate the band gap of these materials using 

density and hybrid functional theories.[176-179] The bonding and antibonding states in both the valence and 

conduction bands with changes in the electronic structure of the two double perovskites with the halogen atom 

represented schematically in Figure 11a. The valence bandwidth depends on the halogen, by moving from Cl to Br, 

the energy of valence band increases and the width decreases. Hybridized Ag-d/halogen-p states are predominant 

throughout the highest valence band in both compounds, whereas the Ag-s states are pushed to the conduction 

band, consistent with the +1 character of the noble metal in this chemical environment. The top of the valence 

band show Bi-s/halogen-p antibonding state as illustrated in Figure 11b. Further, the spin−orbit coupling and 

splitting are the origin of isolated conduction and valence band, respectively, in band structure of both compounds, 

which caused splitting of the Bi-p1/2 and Bi-p3/2 states as illustrated in Figure 11 c & d. The results indicate that, the 

conduction band bottom in both cases has two minima, with energies within less than 0.2 eV. Subsequently, the 

conduction band bottom for either Cs2BiAgCl6 or Cs2BiAgBr6 founded at the Γ or L point, depending on whether 

calculations performed on the optimized or the experimental structures.[180] The optical data and PV parameters of 

metal halide perovskites based solar cells along with the respective device structures: heterovalent substitution of 

the B site (Pb2+) with double cation (Ag-Bi) and (Sn-Ge) are compiled in Table 3. 

4. Substitution at B site by Transition metals  
 
The rich chemistry and multiple oxidation state features of different transition metals such as Cu, Mn, Fe, Co, and 

Ni make them promising alternatives to Sn and Pb metals.[186] Initial result of such materials in solution process PSCs 

reported by different groups, suggests the adaptability of transition metals, as substitute of lead and specifies the 

use of such structures for possible optimization. These advances validate that attractive PCE can be acquire by 

careful design and synthesis of matching sets of new Pb-free environmental friendly materials, in combination with 

improved device architectures and microstructure optimization. Using transition metal as possible replacement of 

Pb, can help minimizes the gap with the state of the art Pb based devices.  

4.1. Cu-based lead-free PSCs 
 
New approach in the layered perovskites by the copper usage, (p-F-C6H5-C2H4NH3)2CuBr4 and (CH3(CH2)3NH3)2CuBr4 

was reported employing low temperature solution based technique.[193] However, these materials as light harvester 

in mesoscopic perovskite solar cells, yielded very low PCE of 0.51% and 0.63%, respectively.[193] Up to now, three 

research groups have shown the use of copper in PSCs. Out of three reports, two of them focused on (CH3NH3)2CuX4 

and investigate their properties as well as potential PV application. Mathews et al. reported a layered structure of 

(CH3NH3)2CuCl4−xBrx series, where the presence of Cl was founded to be vital for stabilization against Cu2+ 



  

reduction.[187] They claimed that the obtained materials with different molar compositions of Br/Cl ratios were 

crystalline. The characterized results for (CH3NH3)2CuCl4−xBrx set as XRD, UV-vis absorption and PL is shown in Figure 

12 a-c and confirmed the encouraging properties of these materials for opto-electrical devices. The schematic 

diagram as well as the cross-section FE-SEM of (CH3NH3)2CuCl2Br2 based solar cells is shown in Figure 12 d & e. To 

understand the science behind the electronic structure of the prepared materials, DFT calculation was made, which 

includes on-site Coulomb interactions (DFT+U) for this purpose. The (CH3NH3)2CuCl4 shows anti-ferromagnetic 

(AFM1) coupling with independent inorganic planes, which coinciding with previous electronic and magnetic 

studies.188 The predicted band gap energies of 3.09, 3.00, 2.88 and 2.86 eV for MA2CuCl4, MA2CuCl2Br2, MA2CuClBr3 

and MA2CuCl0.5Br3.5, respectively, interpreted from band structures as illustrated in Figure 12 g-j. The tuning of such 

materials band gap attributed to Br/Cl ratio, which tweak the absorption bands position. Figure 12f, depicts three 

different absorption bands for MA2CuClBr3, two are strong (1 and 2); which assigned to ligand-to-metal charge 

transfer (CT) transitions, as reported for CuCl4
2− complexes,[189] while the third band appear between 700 and 900 

nm (3) was weak and assigned to d−d transitions within the d levels of Cu. This band shows no shift in absorption 

with the Br/Cl ratio variation across the series. The flat band structure of the holes can cause high and low effective 

masses along and in the Γ-Z direction, respectively (inset Figure 12 g-j) for different derived copper perovskites. This 

point towards, that the charge transport is favoured horizontally within the inorganic planes and hampered in the 

vertical direction.  

 

The results obtained confirmed the homogeneity and high crystallinity of the designed materials together with the 

fine interface between the layers in the fabricated solar cell. This is vital for suitable pathway for the charges inside 

the cells and ideally suited for the light to electricity conversion process. Subsequently, Li et al.[13] discussed the 

energy level diagram as well as schematic diagram of the lead free PSCs based on (CH3NH3)2CuX4 with different 

composition of Cl and Br (Figure 13 a and b). In a yet another study on Cu-based PSCs was focused on the perovskite 

to have dual function as absorber as well as hole transport materials. Wang et al. studied the PSCs with a structure 

of FTO/Compact TiO2/TiO2-ZrO2 (immersed with perovskite)/Carbon layer, which emphasis the intimate contact 

between layers, enhance the charge movement, and yielded competitive PCE.[190] The schematic as well as SEM 

cross section of the triple-layer, fully printable mesoscopic copper-based solar cell (Figure 13 c and d) shows that 

the mesoporous layers of TiO2 and ZrO2 were infiltrated with C6H4NH2CuBr2I through the carbon layer printed on 

the top and have thicknesses of ∼1 and 2 μm, respectively. Figure 13e shows the excellent optical absorption 

behaviour of C6H4NH2CuBr2I thin film, which cover the entire visible solar emission spectrum. Such a low PV 

performance of copper-based perovskites can be attributed to the high effective mass of holes, low absorption 

coefficient and inherent low conductivity of the 2D phase. [193] Additionally, the composition of halides in these 

perovskites is another crucial factor as the halides play an essential part not only in tuning the optical gap of the 

perovskite but also in its stability. Introduction of bromide ions can reduce the band gap; they however promote 



  

the partial reduction of Cu2+ to Cu+ that affects the PCE by creating anion vacancies (electron traps). Chloride ions 

provide the essential stability against such undesired reduction of Cu2+ and improve the crystallinity. In order to 

achieve promising PCE with copper-based layered perovskites, it is paramount to address these concerns tactfully. 

4.2. Ti-based lead-free PSCs 
 
Another promising candidate from transition metal group for lead substitution was recently examined into the 

perovskite structure are titanium based materials. Titanium was introduce in the stoichiometry of Cesium titanium 

bromide (Cs2TiBr6) to develop promising materials suitable for solar cells applications. Padture et al. made seminal 

work on such kind of materials and they succeeded to deposit it and evaluated its performance in a PSCs.[191] Various 

directions to improve Ti-based PSCs including the Cs2TiBr6 film-formation mechanisms as well as the PSCs device 

operation was reported. While Cs2TiBr6 consist of (CsBr + TiBr4) in its composition, it can be fabricated easily through 

two steps vapour deposition technique as illustrated in Figure 14a. The uniform Cs2TiBr6 thin film deposited by 

mixing the two layers by depositing and annealing them together at selected temperature as illustrated in equation 

(1):  

2CsBr(s) + TiBr4(g)                Cs2TiBr6(s).               (1) 
 

Further, three different type of thin films, were undertaken in this study and characterized using X-ray diffraction 

(XRD) methods. It was reported that XRD patterns peaks of these samples confirm the difference in crystallinity of 

each thin film, but they still validate the progression of equation (1) to from Cs2TiBr6 thin film. The opto-electrical 

properties of such newly developed compositional engineering perovskites based on as-prepared Cs2TiBr6 was 

evaluated to gaze the potential of these materials as a light harvester. The photoluminescence (PL) as well as Tauc 

plot of the Cs2TiBr6 thin film was recorded and no significant difference in the band gap of Cs2TiBr6 bulk powder and 

thin film (0.04 eV) was reported and the reported value was 1.78 and 1.82 eV for bulk and thin film, respectively.[192] 

The excitation and emission wavelength values for Cs2TiBr6 thin film were 395 and 704, respectively for PL 

measurements, corresponding to the values of 1.76 eV that is reasonably bandgap. Further, the orderly PL intensity 

was suggested as the uniform physical features of the as-deposited Cs2TiBr6 thin films, which were highly consistent 

with the composition, phase, and microstructure results. In addition, PL decay dynamics considered as an important 

key to detect optoelectronic features of the prepared films through estimating the electron/hole diffusion lengths 

with and without quencher layers. Using the gained quenching decay results, they can estimate the charge-carrier 

diffusion length for electrons and holes in presence and in absence of either TiO2 or P3HT as electron- and hole-

quenching layers, respectively. The diffusion length data gave reasonable information to control the compositions 

of the light harvester and open the way towards the optimization of the microstructure of such materials for energy 

applications. A compact microstructure and pinhole-free CsBr, Cs2TiBr6 were obtained, and Cs2TiBr6 was sandwiched 

in a routine fashion between ETL and HTL to evaluate its PV performance. The preliminary results gave encouraging 

PCE in such a newly developed titanium substituted perovskites, and PCE of up to 3.3% was measured. The device 

200oC 



  

architecture adopted along with the corresponding energy-level diagram are illustrated in Figures 14b and 14c, 

respectively. 

 

Summary and Future Perspective  
 
The unprecedented results delivered by Pb-halide based perovskites in such a short time frame, is being plagued 

by the presence of environment and health toxic lead. Pb-free perovskite based light harvester are being put 

forward as a new era in the development of perovskite solar cells. The 

material intrinsic instability and the Pb toxicity issues are daunting 

challenge and requires significant attention to remove this barricade 

for its commercial endeavour. We aimed to address such challenges 

by suggesting criteria to choose Pb-free materials that has delivered 

competitive performance in solar cells and further elucidate the 

underlying electro-optical and physio-chemical properties. The 

understanding of the excited-state dynamics in Pb free perovskites is 

vital for its further optimization in device fabrication. Pb is heavy and 

dense metal; by virtue of this Pb2+ allows formation of a 3-

dimensional symmetrical structure and its intrinsic electrical merits 

are owing to strong 6sI 5p anti-bonding coupling. Using similar fashion to replace this, elements with ns2 lone pairs, 

which form octahedral with halogen anions such as Sn2+, Ge2+, Bi3+ and Sb3+ are preferred candidates. Theoretical 

studies as well as experimental work by performing electro-optical characterization suggests comparable carrier 

lifetime and diffusion length in MASnI3 as of MAPbI3. However, Sn or Ge (Ge also has larger band gap) based 

perovskites found to be degrade faster than of Pb, strategies such as the usage of bilayer perovskites (Bi3+/Sb3+) to 

avoid phase transition caused by ion migration, delay in crystallization process, retard oxidation process through 

additive engineering or double perovskites formation can be adopted.  

Here in, we have stressed the recent progresses on different possible crystal structure of these lead free 

materials, which categorized into ABX3, A2BX6, A3B2X9, and A2B1+B3+X6, systematically. Different metal cations such 

as Sn, Bi, Ge and Sb as an example of A2BX6, A3B2X9 category, Sn-Ge and Ag-Bi as an example of A2B1+B3+X6 category 

as well as transition metals like (Cu and Ti), were suggested so far as promising alternative for lead (Pb), which can 

be further tailored to meet the eco-friendly directions of the perovskite. Further, computational screening has 

expanded the fundamental studies of the currently synthesized Pb-free perovskites and can function as an 

elemental means for accelerating the innovation of competitive candidates. Most of double perovskites or 

transition metals based ones possesses relatively large bandgaps >1.8 eV, which is an undesirable feature of Pb-

free perovskites and is not suitable for single junction photovoltaics applications. However, large band gap can be 

a positive feature for tandem cells.  Besides, the continued endeavour for abundant composition selection of Pb-

https://www.sciencedirect.com/topics/materials-science/solar-cell
https://www.sciencedirect.com/topics/chemistry/cation


  

free halide perovskites broadens the field of light harvesters and push the efficiency by accelerating the progress 

of the eco-friendly and cost-effective Pb-free perovskites solar cells through materials genome and device 

architects. Though sincere efforts were made to improve the overall power conversion efficiency, it is still 

significantly lower than those of Pb-based solar cells. The intrinsic issues need to be addressed to further improve 

the efficiency and stability, including enhancing material stability, exploiting new synthetic routes, designing 

suitable device structure, understanding photo-dynamics and underlying working mechanism. The future research 

direction points to the fundamental study of the physical properties of Pb-free halide perovskites to evaluate the 

potentiality of these emerging compounds comprehensively, with an aim to provide directives for upcoming 

materials and devices development. MAPbI3, which enjoys the privilege to be widely investigated for solar cells 

application, and provided us remarkable knowledge, can be perceived as starting point to simulate and 

experimentally validate new Pb-free materials by materials genome to put forward a green and clean yet efficient 

perovskites for solar cells fabrication. The use of benign materials will inspire researchers and allow solving the 

humanity, one of the biggest challenge to provide affordable and clean energy.  
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Figure 1 Schematic relation between the crystal structures of (a) Perovskite crystal structure and (b) lead-free perovskite derivatives. 
Reproduced with permission.[15,16] Copyright 2016 Wiley-VCH & 2016 American chemical Society. Moving from left to right in right side (b), 
2−1−6 compounds like Cs2SnI6 can be thought of as if obtained from lead halide perovskites by removing half of the B-site cations in a 
checkerboard pattern. In this case, charge neutrality requires the B-site cation to be in its +4 oxidation state. 3−2−9 compounds like Cs3Sb2I9 
can be imagined as derived from the perovskite at the top by removing one B-site cation every three, with all cations removed from planes 
defined by the ⟨111⟩ directions of the cubic perovskite crystal. In this case, the B-site cation must be in the +3 oxidation state in order to 
maintain charge neutrality. When the ionic radius of the A-site cation is large, the structure of these 3−2−9 compounds transforms into 
isolated facesharing bioctahedra, as in MA3Sb2I9. 2−1−1−6 compounds like Cs2BiAgCl6 can be thought of as if obtained from the perovskite at 
the top by replacing every pair of adjacent B2+ cations by one B1+ and one B3+ cation, to define a rock-salt arrangement of cations. 

 
 

 

 

 

 



  

 

 

Figure 2 Metal substitution. a. Different elements from the periodic table of elements to replace lead in perovskites. Reproduced with 
permission.[33] Copyright 2018 Royal Society of Chemistry.  b. Tauc plots of several lead-free perovskites films compared with CH3NH3PbI3 
one. Reproduced with permission.[32] Copyright 2015 American Chemical Society. c. X-ray Diffraction (XRD) pattern derived from a ground 
powder of CH3NH3SnI3. d. Simulated crystal structure of CH3NH3SnI3 obtained from the diffraction pattern given in (c) showing the tetragonal 
conformation of the perovskite lattice. Reproduced with permission.[27] Copyright 2014 Royal Society of Chemistry. e. Solar cell structure of 
MASnI3. Reproduced with permission.[34] Copyright 2016 American Chemical Society.   
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Figure 3. (a) Transient absorption spectra in the visible and NIR range under excitation at 650 nm at room temperature. The scattering from 
the pump (650 nm) and fundamental beam (830 nm) was removed for clarity. (b) Species-associated spectra and (c) kinetics reconstructed 
from the SVD global fit. Reproduced with permission.[36] Copyright 2016 American Chemical Society. (d) Top: PL dynamics with different 
photoexcitation energies. Solid lines are fits using the model described in the main text. The carrier densities were kept low (< 4 × 1017 cm−3) 
to ensure that first-order recombination dominates. Bottom: fitting residuals. (e) PL spectra of CsSnI3 with one-photon (400, 700, and 800 
nm) and two-photon (1350 nm) excitations. Inset: Photograph of CsSnI3 ingot inside an evacuated Pyrex vial. Reproduced with permission.[45] 

Copyright 2017 Wiley-VCH. 
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Figure 4. (a) Optimized geometrical crystal structure through image of the rhombohedrally distorted polar CsGeI3 perovskite. Reproduced 
with permission.[58] Copyright 2015, American Chemical Society. (b) Optical absorption spectrum of CsGeI3, MAGeI3 and FAGeI3, in 
comparison with CsSnI3 and (c) schematic energy level diagram of CsGeI3, MAGeI3 and FAGeI3. Reproduced with permission.[2] Copyright 2015 
American Chemical Society. 
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Figure 5. (a) Crystal structures of A3Sb2I9 (A = MA, Cs) perovskite materials. (b) Schematic representation of a planar photovoltaic device 
structure incorporating Sb-based perovskite materials. (c) X-ray diffraction patterns and (d) X-ray photoelectron spectroscopy survey spectra 
of Sb-based perovskite films prepared with various cations. Reproduced with permission.[110] Copyright 2017 American Chemical Society. (e) 
SEM image of the (CH3NH3)3Sb2I9 thin film, showing hexagonal crystals after one-step spin coating. Reproduced with permission.[98] Copyright 
2016 American Chemical Society, J–V characteristics of (g) MA3Sb2I9 and (h) Cs3Sb2I9; EQE spectra of (i) MA3Sb2I9 and (j) Cs3Sb2I9. Reproduced 
with permission.[110] Copyright 2017 American Chemical Society. 
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Figure 6. (a) Schematic illustration of the MBI film fabrication (b) structure of the target MBI solar cells (D-TiO2: dense TiO2; M-TiO2: 
mesoporous TiO2) as well as energy alignment of the components applied for the MBI solar cells. (c) XRD patterns for the MBI and BiI3 films, 
FTO glass substrate, and the calculated MBI; The asterisked peaks in panel c are assigned to FTO, while the pound-marked peaks cannot be 
identified currently. SEM images for (d, e) 300 nm-thick MBI films (average RMS = 20.27 nm) by different magnification. Reproduced with 
permission.[113] Copyright 2017 American Chemical Society. (f) Cross sectional image of fabricated MAIB device, Reproduced with 
permission.[114] Copyright 2017 Wiley-VCH. (g) Schematic illustration of the stepwise process for the fabrication of the CsBi3I10 perovskite film 
photodetector. (h) XRD pattern of the CsBi3I10 perovskite film. Reproduced with permission.[115] Copyright 2017 American Chemical Society. 
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Figure 7. (a) UV−vis spectra of BiI3 and MA3Bi2I9 films and PL spectra of MA3Bi2I9 film. Insets show photographs of the two films and (b) PL 
decay spectra of MA3Bi2I9 film with different substrate. Reproduced with permission[146] Copyright 2017, American Chemical Society. (c) 
Crystal structure of Cs3Bi2I9, (d) band structure of different Bi-based PVKs, Reproduced with permission[96] Copyright 2015, Wiley-VCH. (e) 
Crystal structure and (f) band structure of AgBi2I7. Reproduced with permission.[147] Copyright 2016, Wiley–VCH. 
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Figure 8. (A) Direct and indirect band gaps (in eV) and hole and electron absolute effective masses (in m0) and (B) Positions of the band edges 
of VBM and CBM (in eV) for MAPbI3 (a), group-14−group-14 (b), group-13−group-15 (c), group-11−group-11 (d), group-9−group-13 (e), group-
11−group-13 (f), and group-11−group-15 (g) perovskites. Reproduced with permission.[154] Copyright 2017 American Chemical Society. 
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Figure 9. (a) Crystal structures of CH3NH3Sn1-xGexI3 (x = 0, 0.25, 0.50, 0.75, 1) perovskite materials. (b) X-ray diffraction (XRD) patterns for 0% 
Ge (CH3NH3SnI3), 25% Ge (CH3NH3Sn0.75Ge0.25I3), 50% Ge (CH3NH3Sn0.50Ge0.50I3), 75% Ge (CH3NH3Sn0.25Ge0.75I3), and 100% Ge (CH3NH3GeI3) 
thin films. * indicates small impurity phases. (c) PL decay of CH3NH3Sn1-xGexI3. (d) Normalized photoluminescence (PL) spectra. Reproduced 
with permission.[157] Copyright 2018 American Chemical Society. (e) UV−vis absorption. (f) J−V curve of the best performing devices for the 
FA0.75MA0.25Sn1−xGexI3 materials. (g) Energy band diagram for every layer in the assembled solar cells. Reproduced with permission.[158] 

Copyright 2018 American Chemical Society. 
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Figure 10. (a) Cs2AgBiBr6 solar cell structure, ITO/compact TiO2/Cs2AgBiBr6/Spiro-OMeTAD/Au. b) Cross-sectional SEM image of Cs2AgBiBr6 
solar cells. Reproduced with permission.[176] Copyright 2018 Wiley-VCH. (c) Schematic illustration of the spin-coating process (with and 
without anti-solvent dropping protocol) employed in this work. The morphology of the as-prepared film can improved after IPA dropping. (d) 
XRD, (e) FESEM of the Cs2AgBiBr6 powder films with scale bar of 100 nm. (f) J-V curves for the forward and reverse scan directions for the 
best-performing PSCs. Reproduced with permission.[175] Copyright 2018 Wiley-VCH. 
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Figure 11. (a) Comparison of the molecular orbital diagrams Cs2BiAgCl6 (left) and Cs2BiAgBr6 (right). Black thick lines mark the atomic one-
electron energies, dark blue rectangles correspond to the Bi-halide hybrid bands and the grey rectangles correspond to the Ag-halide hybrid 
bands. The light blue rectangles represent the bands formed in Cs2BiAgCl6 and Cs2BiAgBr6 respectively. Filled rectangles represent occupied 
(valence) bands, while the empty rectangles represent the unoccupied (conduction) bands. All bands are aligned with respect to the all-
electron energy level of the Bi-5d1/2 and then red-shifted by 1.5 eV for visualization purposes. (b) Square modulus of the wave functions for 
states marked from 1 to 3 on the molecular orbital diagram of Cs2BiAgCl6. 1 represents the Bi-6p1/2/halide-p antibonding orbitals at the 
bottom of the conduction band. 2 is the antibonding Ag-5s/halide-p at the L-point of the conduction band, while 3 corresponds to the Ag-
4d/halide-p antibonding orbitals found at the top of the valence band. DFT-LDA band structure of Cs2BiAgCl6 (c) and Cs2BiAgBr6 (d). The 
calculations are performed with (blue lines) and without (red lines) spin-orbit coupling. The light blue shading highlights the width of the 
lowest conduction band as calculated from DFT+SOC: 0.6 eV for Cs2BiAgCl6 and 0.9 eV for Cs2BiAgBr6. Reproduced with permission.[180] 

Copyright 2016 American Chemical Society. 
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Figure 12. (a) XRD characterization of 2D copper-based perovskites: MA2CuCl4 (yellow), MA2CuCl2Br2 (red), MA2CuClBr3 (blue), and 
MA2CuCl0.5Br3.5 (black); (b) Absorption coefficient for perovskites of the series MA2CuClxBr4−x showing strong CT bands below 650 nm and 
broad d−d transitions between 700 and 900 nm (inset). (c) Photoluminescence of the perovskites MA2CuClxBr4−x (λexc =310 nm) with intensity 
increasing with higher Br contents. (d) Exploded view of solar cell devices based on mesoporous TiO2 sensitized with the perovskite 
MA2CuClxBr4−x; Reproduced with permission.[187] Copyright 2016 American Chemical Society. (e) Cross sectional SEM images of the solar cells 
with the configuration of glass/FTO/TiO2/(CH3NH3)2CuX (X = Cl4, Cl2, I2, and Cl2Br2 materials) perovskite/spiro-OMeTAD (HTL)/Au. Reproduced 
with permission.[13] Copyright 2018 American Chemical Society. (f) Representation of the electronic transitions for MA2CuClBr3: charge-
transfer transitions 1 and 2 (Cl, Br_pσ → Cu_dx2−y2

 and Cl, Br_pπ → Cu_dx2−y2) and d−d transition 3 (Cu_dxy→ Cu_ dx2−y2); electronic band 
structure, density of states, and unit cell structure of the perovskite compounds (g) MA2CuCl4, (h) MA2CuClBr3, (i) MA2CuCl2Br2 and (j) 
MA2CuCl0.5Br3.5 investigated by DFT simulation.[187] 
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Figure 13. (a and b) Schematic diagram of the energy level diagram as well as the preparation of lead-free PSC step-by-step. Reproduced with 
permission.[13] Copyright 2018 American Chemical Society. (c) Scheme and (d) cross section SEM image of the Cu-based solar cell. (e) UV/vis 
spectroscopy of C6H4NH2CuBr2I thin film. Inset in panel b shows a picture of the thin film. Reproduced with permission.[190] Copyright 2017 
American Chemical Society. 
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Figure 14. (a) Schematic illustration of the vapour-based synthesis of Cs2TiBr6 thin film. (b) Schematic illustrations and (c) energy levels of 
PSC architecture using the Cs2TiBr6 thin film as the light absorber in the PSC.  
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Table 1.  Optical data and PV parameters of metal halide perovskites (ABX3) along with the respective device structures: Homovalent substitution of the B 

site (Pb2+) with divalent tin (Sn2+) or germanium (Ge2+) cation  

Absorber PSKa Device structurea Eg(eV) PCE(%) Jsc(mA/cm2) Voc(V) FF Ref. 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.23 6.40 16.80 0.88 0.42 [59] 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.30 5.44 15.18 0.72 0.50 [60] 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.30 3.89 19.90 0.38 0.52 [61] 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Au 1.30 3.15 21.40 0.32 0.46 [62] 

MASnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Au - 2.14 11.80 0.45 0.40 [63] 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.26 1.86 17.40 0.27 0.39 [64] 

MASnI3 ITO/PEDOT:PSS/Poly-

TPD/PSK/C60/BCP/Au 

1.30 1.70 12.10 0.38 0.37 [65] 

MASnIBr2 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.75 5.73 12.30 0.82 0.57 [51] 

(MA)0.9Cs0.1SnI3 ITO/PEDOT:PSS/PSK/PCBM/Bis-C60/Ag 1.41 0.3 4.50 0.20 0.36 [66] 

(MA)0.9Cs0.1SnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 2.13 0.51 2.24 0.49 0.46 [67] 

(MA)0.9Cs0.1SnI3 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Au 2.20 1.12 4.27 0.50 0.49 [68] 

MASnBr3 (CE) FTO/bl-TiO2/PSK/P3HT/Au 2.20 0.35 2.05 0.41 0.41 [68] 

MASnBr3 FTO/bl-TiO2/PSK/P3HT/Au 2.30 1.12 4.27 0.49 0.49 [68] 

MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.30 3.89 19.92 0.37 0.51 [69] 

MASnBr3 FTO/bl-TiO2/mp-TiO2/PSK/PTAA/Au 1.30 0.5 2.20 0.49 0.46 [67] 

MASnBr3 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Au 1.30 1.1 4.30 0.50 0.49 [68] 

FASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.40 4.80 23.70 0.32 0.63 [70] 

FASnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.40 6.22 22.07 0.46 0.60 [71] 

FASnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.40 3.98 17.78 0.33 0.67 [72] 

FASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.63 5.50 19.80 0.41 0.66 [73] 

FASnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.36 6.60 21.30 0.48 0.64 [74] 

FASnI3 FTO/bl-TiO2/mp-

TiO2/ZnS/PSK/PTAA/Au 

1.40 5.27 23.10 0.38 0.60 [75] 

FASnI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.41 2.10 24.50 0.24 0.36 [76] 

(FA)0.75(MA)0.25SnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.28 4.49 20.70 0.48 0.54 [74] 

(FA)0.75(MA)0.25SnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.30 5.92 21.30 0.53 0.52 [74] 

(FA)0.75(MA)0.25SnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 1.33 8.12 21.20 0.61 0.62 [74] 

FA0.8Cs0.2SnI3 ITO/PEDOT:PSS/PSK/PCBM/Bis-C60/Ag 1.33 1.40 16.10 0.24 0.36 [66] 

FASnI3 ITO/PEDOT:PSS/PSK/C60/BCP/Al 1.40 9.00 24.10 0.52 0.71 [77] 

{en}FASnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.50 7.14 22.50 0.48 0.66 [78] 

(BA)2(MA)3Sn4I13 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.42 2.53 24.10 0.23 0.46 [79] 

FASnI2Br ITO/PEDOT:PSS/PSK/C60/Ca/Al 1.68 1.70 6.82 0.47 0.54 [80] 

(PEA)2(FA)8Sn9I28 ITO/NiOx/PSK/PCBM/Al 1.78 5.94 14.44 0.59 0.69 [81] 

{en}MASnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTAA/Au 1.40 6.63 24.28 0.42 0.63 [82] 

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/m-

MTDATA/Au 

1.30 2.02 22.70 0.24 0.37 [52] 



  

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/m-

MTDATA/Au 

1.30 3 × 10−4 0.19 0.01 0.21 [52] 

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.30 4.81 25.71 0.38 0.49 [83] 

CsSnI3 ITO/PSK/PC61BM/BCP/Al 1.30 3.56 9.89 0.50 0.68 [84] 

CsSnI3 ITO/NiOx/PSK/PCBM/Al 1.30 3.31 10.2 0.52 0.62 [85] 

CsSnI3 ITO/CuI/PSK/ICBA/BCP/Al 1.30 2.76 12.3 0.43 0.39 [85] 

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTTA/Au 1.25 1.83 30.8 0.17 0.34 [61] 

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/Au 1.27 1.66 27.7 0.20 0.29 [86] 

CsSnI3 ITO/PSK/C60/Au/Ti 1.30 0.88 4.8 0.42 0.22 [87] 

CsSnI3:CsSnBr3(1:1) FTO/bl-TiO2/mp-TiO2/PSK/m-

MTDATA/Au 

1.50 0.13 3.69 0.14 0.26 [86] 

CsSnI2Br FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.37 1.67 15.06 0.28 0.38 [86] 

CsSnI2Br FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.37 3.20 16.70 0.33 0.53 [88] 

CsSnBr3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.75 2.17 9.10 0.42 0.57 [89] 

CsSnIBr2 (HPA) FTO/bl-TiO2/mp-TiO2/Al2O3/PV/C 1.63 3.00 16.70 0.33 0.53 [88] 

CsSnI3 ITO/NiOx/PSK/PCBM/Al 1.30 3.31 10.21 0.52 0.62 [84] 

CsSnI3 (SnCl2) ITO/PSK/PCBM/BCP/Al 1.30 3.56 10.44 0.51 0.69 [90] 

CsSnI3 FTO/bl-TiO2/mp-TiO2/PSK/PTAA/Au 1.30 4.81 25.71 0.38 0.49 [91] 

Cs2SnI6 FTO/bl-ZnO/nanorods/PSK/P3HT/Ag 1.48 0.86 3.20 0.52 0.51 [92] 

Cs2SnI6 (from CsSnI3) FTO/bl-TiO2/PSK/P3HT/Ag 148 0.96 5.41 0.51 0.35 [93] 

Cs2SnI4Br2 FTO/bl-TiO2/mp-2 wt% Sn-

TiO2/PSK/solid state Cs2SnI6 based 

HTM/LPAH/FTO 

1.40 2.02 6.22 0.56 0.57 [94] 

MA0.9Cs0.1SnI3 ITO/NiOx/PSK/PCBM/Al - 0.30 4.50 0.20 0.36 [72] 

CsGeI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.63 0.01 5.70 0.07 0.27 [9] 

MAGeI3 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.00 0.20 4.00 0.15 0.30 [9] 
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Table 2. Optical data and PV parameters of metal halide perovskites (ABX3) along with the respective device structures: heterovalent 

substitution of the B site (Pb2+) with trivalent Sb3+ and Bi3+ cation 

 

Absorbera Device structurea Eg(eV) PCE(%) Jsc(mA/cm2) Voc(V) FF Ref. 

MA3Sb2I9 ITO/PEDOT:PSS/PSK/PCBM/C60/BCP/Al 1.95 2.04 5.41 0.62 0.60 [116] 

MA3Sb2I9 ITO/PEDOT:PSS/PSK/PC61BM/ZnO-NP/Al 2.14 0.49 1.00 0.90 0.55 [98] 

Rb3Sb2I9 FTO/bl-TiO2/mp-TiO2/PSK/Poly-TPD/Au 2.24 0.66 2.11 0.55 0.56 [117] 

(NH4)3Sb2I9 ITO/PEDOT:PSS/PSK/PC61BM/Al 2.27 0.51 1.15 1.03 0.42 [118] 

Cs3Sb2I9 FTO/bl-TiO2/PSK/PTAA/Au 2.05 <1.00 - (e) 0.25e0.30 - (e) [99] 

Cs3Sb2I9 ITO/PEDOT:PSS/PSK/PCBM/BCP/Al 2.05 1.49 5.31 0.72 0.38 [119] 

Cs3Sb2I9 ITO/PEDOT:PSS/PSK/PC61BM/C60/BCP/Al 2.05 0.84 2.91 0.60 0.48 [116 

MA3Sb2ClxI9-x FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.79 2.19 5.04 0.69 0.63 [120] 

Cs3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.20 1.09 2.15 0.85 0.60 [96] 

Cs3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Ag 2.20 0.02 0.18 0.26 0.37 [121] 

CsBi3I10 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Ag 1.77 0.40 3.40 0.31 0.38 [121] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.12 0.52 0.68 0.33 [96] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Au 2.10 0.19 1.16 0.35 0.46 [122] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.08 0.36 0.51 0.44 [122] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.26 0.83 0.56 0.48 [123] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.09 0.57 0.53 0.30 [123] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.11 0.61 0.51 0.33 [123] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/MoO3/Ag 

2.10 0.42 1.00 0.67 0.62 [124] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.14 0.49 0.67 0.35 [124] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.02 0.13 0.45 0.36 [125] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.10 0.05 0.17 0.84 0.35 [125] 

MA3Bi2I9 ITO/PEDOT:PSS/PSK/C60/BCP/Ag 2.10 0.39 1.39 0.83 0.34 [126] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.36 1.10 0.65 0.50 [127] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.31 0.94 0.51 0.61 [128] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.11 0.49 0.72 0.32 [129] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.25 0.83 0.56 0.56 [123] 

MA3Bi2I9 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 1.64 2.95 0.81 0.69 [130] 

MA3Bi2I9 ITO/PEDOT:PSS/PV/PCBM/Ca/Au 2.90 0.07 0.22 0.66 0.49 [136] 

MA3Bi2I9Clx FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

2.40 0.003 0.18 0.04 0.38 [96] 

(MA3Bi2I9)0.2(BiI3)0.8 FTO/bl-TiO2/mp-TiO2/PV/PTAA/PIDT-

DFBT/Ag 

- 0.08 0.57 0.27 0.50 [131] 

C5H8NBiI4 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.98 0.90 2.71 0.62 0.54 [132 

(H3NC6H12NH3)BiI5 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.10 0.03 0.12 0.40 0.43 [122] 
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Table 3.  Optical data and PV parameters of metal halide perovskites (ABX3) based solar cells along with the respective device structures: 

heterovalent substitution of the B site (Pb2+) with double cation (Ag-Bi) and (Sn-Ge). 

 

Absorber PSKa Device structurea Eg(eV) PCE(%) Jsc(mA/cm2) Voc(V) FF Ref. 

Ag3BiI6 FTO/bl-TiO2/mp-TiO2/PSK/PTAA/Au 1.83 4.30 10.70 0.63 0.64 [181] 

AgBi2I7 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Ag 1.87 1.22 3.30 0.56 0.67 [182] 

Ag2BiI5 FTO/bl-TiO2/mp-TiO2/PSK/P3HT/Au 1.85 2.10 6.80 0.49 0.63 [183] 

Cs2AgBiBr6 ITO/PEDOT:PSS/PSK/PCBM/BCP/Al 2.05 1.44 1.78 1.04 0.78 [184] 

Cs2AgBiBr6 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.21 2.43 3.93 0.98 0.63 [185] 

FA0.75MA0.25Sn0.95Ge0.05I3 ITO/PEDOT:PSS/PSK/C60/BCP/Au 1.40 4.48 19.50 0.42 0.55 [158] 

FA0.75MA0.25Sn0.9Ge0.1I3 ITO/PEDOT:PSS/PSK/C60/BCP/Au 1.42 2.04 13.27 0.33 0.49 [158] 

FA0.75MA0.25Sn0.8Ge0.2I3 ITO/PEDOT:PSS/PSK/C60/BCP/Au 1.53 0.08 11.84 0.15 0.46 [158] 

        

 
Table 4. Optical data and PV parameters of lead free metal halide based perovskite solar cells: substitution of the B site with transition 

metal Cu or Ti 

 

Absorber a Device structurea Eg (eV) PCE(%) Jsc(mA/cm2) Voc(V) FF Ref. 

MA2CuCl2Br2 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

2.12 0.01 0.21 0.25 0.32 [187] 

MA2CuCl0.5Br3.5 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Au 

1.80 0.002 0.021 0.29 0.28 [187] 

(p-F-C6H5C2H4NH3)2CuBr4 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

1.74 0.51 1.46 0.87 0.40 [193] 

(CH3(CH2)3NH3)2CuBr4 FTO/bl-TiO2/mp-TiO2/PSK/Spiro-

OMeTAD/Ag 

1.76 0.63 1.78 0.88 0.40 [193] 

C6H4NH2CuBr2I FTO/bl-TiO2/mp-TiO2/PSK/ZrO2/C 1.64 0.46 6.20 0.20 0.46 [190] 

Cs2TiBr6 FTO/bl-TiO2/PSK/P3HT/Au 1.80 2.15 4.03 0.89 0.63 [191] 

Cs2TiBr6 with C60 FTO/C60-TiO2/PSK/P3HT/Au 1.80 3.22 5.69 1.02 0.56 [191] 

 
 
 

 


