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Abstract  

Over the last 8 years, hybrid organic-inorganic perovskite solar cells have shown a tremendous 

increase in power conversion efficiencies, reaching 22.1% in 2016. A remarkable feature of this 

material is the possibility of controlling its properties by chemical management, namely by changing 

its elemental composition.  One key parameter for solar cells is the optical bandgap, which strongly 

depends on the elemental composition of the perovskite. The role played by each component in 

generating the bandgap is still under debate, but it has already been demonstrated through simulations 

and experimental evidence that it correlates with simple structural features, such as the X-B-X angles 

and the B-X distance in the octahedral framework, the size of the organic cation and its interactions 

with the inorganic components. Taking into account these correlations helps in improving the light 

harvesting efficiency of this material, which can assume a bandgap between 1.1 eV and 3.1 eV 

depending on the elements of which it is composed. This tunability offers the possibility of fabricating 

colourful solar cells and suitable materials for tandem solar cells.  
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Introduction. 

Hybrid organic-inorganic perovskites recently triggered tremendous research interest following the 

astonishing progress of the efficiency of their solar cells, which in less than 8 years of intense research 

have reached an efficiency of 22.1% (NREL). This impressive trend has revolutionized solar cell 

research and encouraged many research groups to focus on these appealing solution-processable 

semiconductors.  

Perovskites are, in general, any materials with the same cubic crystal structure of calcium titanate and 

chemical formula ABX3
1. Those used in solar cells are called hybrid organic-inorganic perovskites 

because they are composed of a big organic cation, A, and an inorganic framework, constituted by a 

metallic cation B, and an anion, X. The most common used organic cation is methylammonium 

(CH3NH3
+), while the X component is usually a halide, Cl-, Br- or I- and B is most frequently lead. 

Organic-inorganic iodoplumbate and bromostannate perovskites were synthesised for the first time 

in 19782,3. Around 15 years later, the studies of Mitzi et al.4,5 highlighted the semiconducting 

properties of perovskites. However, they were employed in photovoltaic application only in 2009, 

when for the first time methylammonium lead iodide (MAPbI3) was used in a liquid-electrolyte-based 

dye-sensitized solar cells, reaching an efficiency of 3.9%6. In addition to its impressive performance 

as light harvester, MAPbI3 shown also its main drawback, namely its instability in the electrolyte. 

Therefore, in the next years, the electrolyte was replaced with a solid organic hole conductor7,8,9. 

While investigating the charge-transport properties of a perovskite deposited on mesoporous Al2O3, 

it was for the first time recognized that methylammonium halide plumbates were not only good light 

harvesters but could also act as n-type component in dye-sensitised solar cells, transporting the 

electrons through their thickness to the electrode surface10. In the meanwhile, other studies shown 

that it could also perform as p-type layer7,11. These discoveries triggered the research to evolve 

towards perovskite thin film solar cells. 

Perovskites have drawn great interest because they show a combination of organic and inorganic 

characteristics that make them unique materials. Indeed, the long charge carrier lifetime12 and 

diffusion length13 in combination with the high absorption coefficient14 and their synthesis, which 

involves low-temperature and solution-based deposition, are all features that usually do not appear in 

the same material. However, they still show two fundamental problems that the research community 

has not yet solved. The first one is instability, which hampers the commercialization of perovskite 

solar cells. The second one is the presence of lead in the structure, since it is a toxic element and its 

release in the environment is a considerable concern. 

Even though perovskites have been the subject of intense and successful research over the last few 

years, the understanding of their properties is still under debate. Finding the relationship between the 

chemical structure and the resulting properties is a useful tool to overcome some fundamental issues 

that limit further development. Moreover, understanding the mechanisms behind the empirical results 

helps to rationalize future research.  

Since one of their roles in a solar cell is light harvesting, the correlation between the bandgap and the 

components has been the subject of a lot of research. Some correlations between the bandgap width, 

the properties of the components and their interactions have been highlighted. The optimization of 

the bandgap to make solar cells with efficiencies close to that imposed by the Shockley-Queisser limit 
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is not the only objective of this research. Indeed, a motivation to fabricate lower bandgap perovskites 

is that of use them for the bottom of tandem solar cells.  

In the next pages, an overview of the scientific work that focuses on this topic is given. The role 

played by each ion in tuning the optical bandgap is discussed based on theoretical and experimental 

studies. The literature study shows also some discrepancies in the bandgap values measured by 

different studies and some explanations are provided to account for these differences at the end of 

each chapter and in the Appendix. 
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Chapter 1. Crystal structures and electronic structure 
 

Hybrid organic-inorganic halide perovskites belong to the wide family of metal-organic 

frameworks (MOFs), which have drawn great interest over the last few decades because of their 

special properties suitable for optoelectronic applications. The general chemical formula of 

perovskites is ABX3, in which A and B are cations, the former larger than the latter, and X is the 

anion. 

The inorganic cation and the halide form an octahedral inorganic framework with a ReO3-

structure type15, while the organic cation A is located in the vacancies between the octahedra and 

at room temperature is freely rotating16. Figure 1 shows the archetypical cubic structure. 

 

Figure 1: Cubic perovskite structure of ABX3 

Depending on the size and nature of the components17, on the interactions between them18 and on 

the temperature, this ideal structure distorts to tetragonal and orthorhombic structures. In the most 

common perovskites used in photovoltaic applications, A is methylammonium (MA+), B is lead 

(Pb2+) and X is a halide. All the methylammonium lead halide perovskites MAPbX3 show the 

same trend, presenting a cubic phase at high temperature, a tetragonal phase at intermediate 

temperature and an orthorhombic phase at low temperature19. However, every perovskite has its 

specific transition temperatures so that, for instance, at room temperature MAPbI3 has a tetragonal 

structure, while MAPbBr3 and MAPbCl3 have a cubic one18. In table 1, an overview of the phase 

transition temperatures for the three most common halide perovskites is given.  

 

 

Table 1: Crystal system and transition temperature (K) for the most common halide perovskites20. 

 

At high temperature, all ions that compose the cubic structure are freely rotating in every 

direction. Lowering the temperature, the halide ions get ordered, namely they start having 
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preferred positions, so that the symmetry of the system shifts from cubic to tetragonal. The further 

decrease in temperature causes the ordering of MA ions, which determines the transformation 

from the tetragonal phase to the even less symmetric orthorhombic one. Figure 2 depicts the three 

structure phases and show the preferred directions to which the different components direct upon 

cooling. 

 

Figure 2: Structure models of the cubic (a), tetragonal (b) and orthorhombic (c) phases of methylammonium lead iodide20. 
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The discrepancy in transition temperatures for the three halide perovskites stems from the 

different type of interactions between the components of the crystal18. Four different interactions 

can be considered in order to classify the type of chemical bonds within the lattice16:  

- Electrostatic interactions, which occur between the inorganic components and between the 

positive charged organic cation and the negative charged inorganic framework, with lead 

having a formal oxidation state of +2, the halide of -1 and the organic cation of +1. 

- Dipole-dipole interactions between organic cations close to each other. 

- Charge-dipole interactions between the inorganic octahedron and the organic counterpart. 

- Induced dipole interactions, also called Debye interactions, between the halide and the acidic 

hydrogen present in the organic cation. This interaction is stronger when the halide is more 

polarizable, so it increases going down in the periodic table, and depending on the acidity of 

the proton in the organic ion. For instance, as said before, taking into consideration the 

methylammonium perovskites, at room temperature the iodide perovskite is already deformed 

while the bromide and the chloride ones are not. This suggests that the interactions between 

the halide and the proton are stronger for the iodide than for the other halides, and this is 

indeed the case because the iodide is the biggest halide and therefore the most polarizable. In 

most of the works19,21,22, this interaction has been described as a hydrogen bonding, while 

other studies16 prefer to use the more general definition of induced dipole interaction because, 

since at room temperature the organic ion is freely rotating, a defined bonding is difficult to 

imagine. 

These four interactions contribute to the deformation of the archetypical cubic structure, so 

that their consideration is fundamental in order to understand how the perovskite’s properties 

change depending on the nature of the ions of which it is composed. 

 

Over the last few years, many combinations of organic molecules and inorganic ions have been 

tested to prepare perovskites with high conductivity and bandgap close to the optimal for reaching 

the Shockley-Queisser limit23, namely around 1.4 eV. The formability of perovskites, namely the 

possibility that the combination of 2 cations and one anion gives rise to the perovskite structure, 

has been the subject of many studies24,25,26 that were aimed at finding any parameters through 

which the formation could be predicted. Some of these studies focused on the formation of 

perovskites with formula ABO3, while others investigate the formation of halide perovskites.  

Good accuracy is obtained when the formation of perovskites is predicted by considering two 

parameters, namely the Goldschmidt tolerance factor and the octahedral factor24. Both the 

parameters have a physical meaning and each one has been found to be a necessary but not 

sufficient condition for the formation of the perovskite15.  

The Goldschmidt tolerance factor, α, is a geometrical parameter defined as 

 

α = 
(𝑟𝐴 + 𝑟𝑥 ) 

√2(𝑟𝐵 + 𝑟𝑥 )  
 

 

where ri is the radius of ions in the perovskite ABX3. The ionic radius of the molecular organic 

cation depends on its anionic counterpart, because it varies depending on the nature of the 

hydrogen interactions. However, by applying a rigid sphere model, the effective radii of many 

organic cations have already been calculated from crystallographic data27, so that a rough 

estimation of α is possible. The optimal α value for cubic perovskite structures has been set 

between 0.9 and 128. However, as suggested above, this parameter is a necessary but not sufficient 

condition for the formation of the perovskite. This means that compounds with a tolerance factor 
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between 0.9 and 1 might not be perovskites if their octahedral factor does not fall in the suitable 

range. 

The octahedral factor concerns only the inorganic framework of the structure. Indeed, it is equal 

to the ratio 

 

μ = rB/rX 

 

and the optimal values for forming a perovskite have been found to be between 0.414 and 0.73215. 

The optimal values of α and μ have been determined by drawing a α-μ structure map of more 

than 150 ABX3 compounds.  

 

 

In addition to the crystal structure overview, a glimpse of the electronic structure helps in 

further comprehending the properties of perovskites. As shown in figure 3 for the lead case, 

the valance band is generated by the overlap of Pb 6s orbitals and X np orbitals, where n 

depends on the nature of the X. This combination gives rise to the anti-bonding orbital of the 

inorganic framework. The conduction band is formed of the antibonding combination of 

empty Pb 6p orbitals, that with a formal oxidation state of 2+ has the electronic configuration 

5d10 6s2 6p029, and only in small portion by the X ns orbitals. This implies that the organic 

cation does not play a significant role in the formation of the frontier orbitals29. However, as 

discussed in chapter 4, the organic molecule influences indirectly the bandgap of the material, 

which is not surprising since, as discussed above, it interacts in more than one way with the 

inorganic counterpart. 

 

Figure 3: Frontier orbitals of methylammonium halide perovskites29 
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Chapter 2. The inorganic anion 
 

Influence of the electronegativity of the X anion. 

As mentioned in Chapter 1, the valance band is the result of the antibonding combination of Pb 6s 

orbitals and X np orbitals, while the conduction band is mainly formed by empty Pb 6p orbitals.  

A computational study on CsSnX3 perovskites30 found a clear correlation between both the 

electronegativity of the halide ion and the bandgap, and the lattice constant of the crystal and the 

bandgap. Making use of quasiparticle self-consistent GW (QSGW) electronic structure calculations, 

the results fit the experimental values. Figure 4 shows the band structures and partial densities of 

states of the cubic phases of the three CsPbX3, where X is I-, Br- or Cl- . 

 

Figure 4: Band structures and partial densities of states of cubic CsSnI3, CsSnBr3 and CsSnCl3
30. 

The analysis of the orbital character of the bands is a good starting point to determine how the halide 

influences the change in the bandgap value. Looking at the CsSnI3 band structure, the lowest bands 

are the I 5s bands. Of course, by increasing the electronegativity of the halide, these bands move 
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farther down in the energy axis. The second band starting from below is that of the Cs 5p, followed 

by the band corresponding to the bonding combination of Sn 5s and I 5p orbitals. The next series of 

bands are generated by I 5p states, while the band corresponding to the valance band maximum 

(VBM) is produced by the antibonding combination of Sn 5s and I 5p orbitals. The conduction band 

minimum (CBM) has mostly a Sn 5 p character, while above there are still I 5p and then Cs 5d 

contributions. The minimum value of the bandgap is at the R point.  

The analysis of the band structure clarifies the reasons why perovskites with more electronegative 

halides have broader bandgap. Indeed, as the electronegativity raises, the X np orbitals (where n is 5 

for I-, 4 for Br- and 3 for Cl-) are held more tightly by the nucleus and therefore have a lower energy. 

This causes a worse interaction with the Sn 5s orbitals. Therefore, as the interaction between the 

orbitals of the two elements diminishes due to a higher energy gap, the bonding orbital will be less 

stabilized by this interaction and the antibonding orbital less destabilized. Thus, the latter will assume 

a lower energy as compared to the case of strong interaction (Figure 5). The VBM energy drop 

implies, of course, an increase in bandgap. 

 

Figure 5: Qualitative representation of the bonding and antibonding interaction for 2  X with different atomic orbitals energy. 

Influence of the lattice constant. 

In addition to the electronegativity-bandgap correlation, when considering the same perovskite but in 

different crystal phases, a relationship between the lattice constant and the bandgap exists30. Indeed, 

when the lattice constant is bigger, the B and X ions are further apart and the orbitals in opposite 

phases repel with lower energy, so that also in this case, the valance band has a lower energy and the 

bandgap broadens. Figure 6 depicts the p orbitals of X pointing towards the Sn 5s orbital at the centre 

of the unit cell. When the lattice parameter is bigger, both the bonding and the antibonding 

interactions between the orbitals of B and X are reduced.  
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Figure 6: Representation of the X p orbitals pointing towards the Sn 5s orbital at the centre of the unit cell30 

 

Current state of the art. 

 

MAPbX3 halide perovskites, pure and mixed forms. 

As discussed in the first chapter, as the temperature drops, the crystal structure of the perovskite 

distorts and passes from cubic to tetragonal to orthorhombic. This change in symmetry influences 

also the value of the lattice parameters, which, as previously shown, have a direct impact on the value 

of the bandgap. It has been calculated through simulations for the case of MAPbI3
31 that by shifting 

from the cubic structure to the tetragonal and from the latter to the orthorhombic the lattice parameters 

grow progressively and the  bandgap rises from 1.3 eV, to 1.43 eV to 1.61 eV. The bandgap at room 

temperature, when this perovskite assumes a tetragonal structure, has been calculated experimentally 

to be 1.51 eV. This value was extrapolated from diffuse reflectance UV-Vis spectra using the 

Kubelka-Munk equation to convert it to absorption spectra and it is slightly higher that the calculated 

one due to underestimation with the DFT using GGA calculation. 

At a given temperature, the bandgap of MAPbI3 can be easily tuned by replacing the iodide with 

another anion. As calculated from computational studies, when I- is replaced by a more 

electronegative anion of the VII group of the periodic table, the bandgap broadens. This phenomenon 

was demonstrated experimentally many times and by using different methods32,33,34. One of the latest 

work measured not only the bandgap but also the valance and conduction bands energies. The first 

one extrapolated from Tauc plots with data taken from UV-vis absorption measurements and the 

second ones through direct and inverse photoemission studies32. Not only the electronic properties of 

pure MAPbX3 perovskites were investigated, but also those of mixed halide species, namely 

MAPbI2.1Br0.9, MAPbBr1.5Br1.5 and MAPbI2.1Cl0.9. However, from the XRD spectra it is not very 

clear if the ratio of the two halides is actually the one indicated in the formula, which refers to the 

ratios of precursors used.  Other previous studies35 indicated the impossibility to form a one phase 

film of MAPbI3-xClx with a percentage of Cl higher than 4%. Figure 7 shows the results obtained 

from direct and inverse photoemission measurements while in the table the results for the optical 

bandgap and the calculated exciton binding energy are given. 
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Figure 7: Energy level diagrams of various perovskite films experimentally derived from ultraviolet direct and inverse photoemission 

spectra with a common vacuum level. The numbers in parentheses give the work functions. The table shows the Eg, Eopt and the 

difference between these two with an error calculated by measuring 5 samples32.   

The results shown in the table are in line with the theoretical explanation given in the previous section. 

As the electronegativity of X increases, the interaction between Pb and X drops and the bandgap 

increases, so that Eg(MAPbI3) < Eg(MAPbBr3) < Eg(MAPbCl3). Moreover, the bandgap of all the 

mixed forms has a value between that of the two pure forms. 

The closest elementary anion to iodide with regard to the electronic properties and the size is the 

bromide. It was demonstrated that the entire range of alloys with formula MAPb(I1-xBrx)3 can be 

synthesised from solution and that these alloys do not show phase segregation33in the dark36. The 

variation of the bandgap in the alloyed hybrid perovskites was measured from the onset of the UV-

visible absorption spectra of the perovskite deposited on mesoporous TiO2, as shown in figure 8a. By 

increasing the bromide ratio, the bandgap is tuned from 1.58 eV to 2.28 eV when x= 1. This bandgap 

shift allows the fabrication of colourful devices as shown in figure 8b. 

In order to see how miscible is the MAPbI3/MAPbBr3 alloy, the Vegard’s law can be applied. In 

general, it correlates the molar fraction of the components with the change in properties of the alloy. 

Figure 8c depicts the value of the bandgap as a function of the Br composition. Empirically, the 

nonlinear variation of the bandgap with the Br ratio, which could be caused by the anisotropic nature 

of binding, can be expressed as:  

 

Eg[MAPb(I1-xBrx)3] = Eg[MAPbI3] + (Eg[MAPbBr3] - Eg[MAPbI3] – b)x + bx2 
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where b is the bowing parameter. For this case, b has been calculated to be 0.33, which is a value 

small enough to consider a good miscibility of the two perovskites. The miscibility is determined by 

the small difference in size and properties of iodide and bromide.   

 

 

Figure 8: a) Uv-vis absorption spectra of  MAPb(I1-xBrx)3 b) Photographs of the perovskite alloys on mesoporous TiO2 on FTO glass 

substrates. c) A quadratic relationship of the bandgap and the bromide ratio33. 

 

A few months after these observations, also the tunability of MAPbI3 bandgap through addition of 

Cl- was tested35. However, the large difference in Cl-I ionic radii hinders formation of the alloy at 

high Cl- ratios, so that only films with low Cl- ratio could be prepared from solution35, vapor-assisted 

solution deposition37 and coevaporation34. The low incorporation of Cl- in the MAPbI3 structure was 

determined by XRD spectra, which indicated the presence of MAPbCl3 phase and no shift of the main 

peak of MAPbI3. Even though the bandgap of these Cl--doped MAPbI3 films remains the same, as 

calculated from Tauc plots, charge transport increases dramatically, and this is the reason why other 

attempts have been made to dope a perovskite with another perovskite with lower HOMO.  

The optical properties of the Br analogue MAPbBr3-xClx were studied when the applications of 

perovskites in optoelectronic devices were still unknown38. From XRD spectra observations, it is 

clear that the combinations of these two anions results in an alloy and not in a two phase system. 

Indeed, the peaks indicate just a constant decrease in lattice parameters as the concentration of 
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chloride increases, because of its smaller radius compared to that of the bromide. The bandgap was 

measured from optical absorption spectra and shifted from 2.35 eV to 3.11 eV by going from the pure 

bromide perovskite to the pure chloride perovskite. 

MAPbX3, polyanions perovskites. 

A more recent study investigated the optical properties of CH3NH3PbI(3-x)(BF4)x
39, where BF4

- was 

used in order to take advantage of the electronic properties of F- and avoid the problem of the different 

size of iodide and fluoride. In order to confirm the presence of BF4
- in the structure, they carried out 

ATR-FTIR measurements. The bandgaps were measured from diffused reflectance spectroscopy 

followed by Tauc plots and they appear to be almost the same as the bandgap of pure CH3NH3PbI3. 

This could be due to the almost same ionic radius of I- and BF4
-. In this case, the role of BF4

- can be 

compared to that of boron in silicon solar cells.  

Another mixed form with a different polyanion, namely SCN-, was studied in order to investigate its 

influence on the stability of MAPbI3
40. In this case, the perovskite under study was MAPbSCN2I, and 

the bandgap was calculated from reflection spectra and Kubelka-Munk function. The bandgap of 

iodide perovskite was measured to be 1.504 eV while that of the mixed form 1.532 eV. The slightly 

higher bandgap of the mixed form could be due to the larger ionic radius of the thiocyanate ion 

2.15/2.20 Ȧ41 vs 19.8 Ȧ of the iodide and to its slightly bigger electronegativity42.  

FAPbX3, formamidinium halide perovskites. 

As for the methylammonium perovskites, also for the formamidinium ones a study about the mixed 

halide forms was carried out43. The bandgaps of FAPbIxBr3-x were extracted from Tauc Plots using 

data taken from absorption spectra and confirmed by photoluminescence measurements in order to 

discard the possibility that the absorption onsets were due to trap or sub-band states. The bandgap 

was tuned from 1.48 eV to 2.23 eV going from x = 3 to x = 0.  

 

Discussion. 

The experimental results discussed above matched the computational studies from which it was 

possible to extract the correlations between the bandgap change and the electronegativity and size of 

the X component. Indeed, by replacing the iodide with a more electronegative halide, it was shown 

that the bandgap broadens and this trend is evident also in mixed halide perovskites. However, some 

discrepancies between different studies should be discussed more in detail in order to understand 

where these differences come from. For instance, in one study32 the bandgap of MAPbI2.1Cl0.9 was 

measured, even though other studies34,35,37 demonstrated that it is not possible to synthesise mixed 

iodide/chloride perovskites with such a high chloride ratio. However, in the same study32, they also 

carried out XPS measurements to determine the real I:Cl ratio in the products and they found out that 

when the stoichiometric ratio of I:Cl was 2:1, the real ratio was 1:0. Therefore, they referred to the 

stoichiometric ratio rather than the real I:Cl ratio. The value of the bandgap for this perovskite is still 

much higher than that of the pure iodide one (2.60 eV vs 1.52 eV) and this result is in disagreement 

with other observations37 (1.58 eV vs 1.53 eV). What distinguishes these two studies, in addition to 

the different synthetic routes used to prepare the samples, is the way in which they extracted the 

bandgap. Indeed, they both used Tauc plots but the first study32 considered that the absorption 

coefficient is proportional to the square of the energy while the second study37 considered that it is 

proportional to the square root of the energy. This difference arises from considering the bandgap of 

the perovskite indirect, in the first case, and direct in the second case. Most of the studies consider it 
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to be direct and use the second correlation to draw Tauc plots. However, the nature of the perovskite’s 

bandgap is still under debate44.  

With regard to the MAPb(I1-xBrx)3 study33, in which they shown a linear correlation between the 

bandgap and the bromide content, they incorrectly extracted the bandgap values directly from the 

absorption spectra instead of using Tauc plots.  
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Chapter 3. The inorganic cation 

The B cation strongly contributes to both the valance and the conduction band, so that the VBM and 

CBM can be said to have an intra-atomic B character. This is the reason why, even when replacing 

the iodide with other more electronegative halide, the difference in the bandgap is not as large as 

expected. Moreover, it might be also the reason why these direct-bandgap semiconductors show very 

strong absorption and photoluminescence intensities30.  

The most studied divalent B cation is Pb2+ and it has been also the one with which the highest 

efficiencies of perovskite solar cells have been reached so far17. However, it is a toxic element, which 

is a factor that could hamper the commercialization of perovskite cells because of concerns due to its 

possible bioaccumulation in ecosystems and risk for human health. For this reason, some attempts to 

replace lead with another divalent metal have been made over the last years. 

The closest element to Pb in the periodic table that could replace it in the perovskite structure is Sn. 

However, Sn perovskites are not stable in air45 and for this reason mixed Pb-Sn perovskites have been 

the subject of considerable research45,46,47,48. Experimentally, the bandgap of MAPbI3 has been 

measured from optical spectroscopy to be 1.54 eV,  while that of MASnI3 1.20/1.28 eV, depending 

on the synthetic procedure45. In order to explain these values and how the valance and the conduction 

band energies change when Pb2+ is replaced by Sn2+, simulations were carried out49. It was found that 

the spin-orbit-coupling-GW (SOC-GW) method was the one leading to the results closest to the ones 

experimentally measured. MAPbI3 and MASnI3 have both a tetragonal crystal structure at room 

temperature47 but since Sn is smaller than Pb, the B-X distance in the first case is shorter than in the 

latter. Therefore, the difference in bandgap can be attributed to two different factors, namely the 

structural and the electronic factor. The first one was determined by doing the calculations for the 

two perovskites considering the same lattice parameters. There was still a difference in the bandgap 

but lower than the real one, and this reduction was thus due just to structural differences. The 

electronic factor is mostly due to the difference in energy between the Sn 5s and the Pb 6s orbital. 

Indeed, the latter has a lower energy than the former because of relativistic effect. Its lower energy 

makes its interaction with the p orbitals of the iodide weaker so that the antibonding orbital generated 

from this interaction and that forms the VBM is less destabilized, namely at lower energy. The CBM, 

which is mostly formed by B p orbitals, has also a lower energy when B = Pb, but to a lesser extent 

than the VBM, so that the overall effect of shifting from Pb to Sn is a reduction of the bandgap.  

In the other chapters it was possible to observe logical correlations between the bandgap and the 

components ‘properties, such as the size or the electronegativity. In the case of the metal cation, the 

problem is more complicated so that simplified correlations cannot be given. Indeed, the cations that 

were investigated do not belong either to the same group of the periodic table46,50 and possess different 

properties that can be originated by more complex factors due to their heavy metal nature, such as 

spin-orbit coupling.  

Current state of the art. 

One B component perovskites.  

The optical bandgap of FASnI3 was calculated from the onset of the absorbance spectrum and is 1.41 

eV, slightly smaller than that of FAPbI3 (1.48 eV)45. As previously touched upon, MASnI3 shows a 

different bandgap depending on the synthetic approach employed while MAPbI3 did not present this 

behaviour. A big difference between these two perovskites is that the latter is more stable in air than 

the other one. Therefore, one possible explanation to this change in bandgap with different conditions 
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is that depending on the environment in which the perovskite is synthesised and stored, it can be more 

easily oxidized, so that the final product is not pure MASnI3 but a compound in which some Sn2+ was 

oxidized to Sn4+. The oxidized compound has, of course, a different bandgap than MASnI3. 

Mixed Sn/Pb perovskites. 

Mixed Sn/Pb methylammonium iodide perovskites have been synthesised and characterized by 

different research groups, but curiously they all obtained different values of the bandgap46,47,48. 

Indeed, one group47 carried out research about solar cells made with perovskites deposited on 

mesoporous TiO2 with formula CH3NH3SnxPb1-xI3, and they found that by increasing the amount of 

tin the bandgap drops. Figure 9 shows the absorbance spectra of the samples and the table below the 

extracted bandgaps from the absorption spectrum edges and the XPS verified formula. The reason 

why the iodide ratio is lower than expected for the more tin-enriched alloys is probably that these 

perovskites are more easily oxidized during the measurement.  

 

Figure 9: Electronic absorption spectra of CH3NH3SnxPb(1−x)I3 perovskite coated on porous TiO2
47. 

Stoichiometric 

formula 

XPS verified formula Eg (eV) 

CH3NH3PbI3 CH3NH3PbI3.07 1.51 

CH3NH3Sn0.3Pb0.7I3 CH3NH3Sn0.37Pb0.63I2.95 1.31 

CH3NH3Sn0.5Pb0.5I3 CH3NH3Sn0.56Pb0.44I2.77 1.28 

CH3NH3Sn0.7Pb0.3I3 CH3NH3Sn0.74Pb0.26I2.47 1.23 

CH3NH3SnI3 CH3NH3SnI1.96 1.10 
Table 2: Bandgaps of MAPbxSn1-xI. The second column shows the real Pb:Sn ratio measured from XPS analysis. 

Another work48, published also in 2014 as the previous one, found out that the bandgap of the mixed 

compounds deposited as thin films do not follow this linear trend but are narrower than the bandgaps 

of both the pure compounds. The values were extracted from the absorption spectrum edges 

determined from the conversion of diffuse reflectance measurements of the pure and mixed 

compounds and their values are listed in the table below. Also in this case, XPS analysis confirmed 

that the stoichiometric ratio was maintained. Moreover, they verified that Sn and Pb were 

homogenously distributed throughout the film via SEM energy-dispersive X-ray spectroscopy (EDS). 

In 2016, a similar trend was observed for mixed perovskite composed by FA0.75Cs0.25Sn0.5Pb0.5I3
51. 
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Stoichiometric 

formula 

Eg (eV) 

CH3NH3PbI3 1.55 

CH3NH3Sn0.25Pb0.75I3 1.24 

CH3NH3Sn0.5Pb0.5I3 1.17 

CH3NH3Sn0.75Pb0.25I3 1.17 

CH3NH3SnI3 1.30 
Table 3: Bandgaps of MAPbxSn1-xI 

In 2015, a third study46 claimed that the MAPb0.5Sn0.5I3 shown almost the same absorbance spectrum 

as MAPbI3, as reported in figure 10, and justified the different result obtained by asserting that 

depending on the preparation method, both the crystalline phase and the optical properties got 

affected. 

 

Figure 10: Reflectance spectra of MAPbI3 and MAPb0.5Sn0.5I3
46 (Supporting information). 

Doped CH3NH3PbI3 perovskites in Pb2+ sites. 

A 2015 work46 focused on the synthesis and characterization of CH3NH3PbI3 perovskite doped in the 

B position with Sn2+, Sr2+, Cd2+ and Ca2+. The ratio of dopant is varied from 0.05 to 0.15 and it was 

verified through XPS analysis. All the samples maintain their tetragonal structure except for the Ca2+ 

one, which shifts to the cubic phase. The bandgaps were calculated from Tauc plots of data taken 

from diffuse reflectance UV-Vis spectra and the ones of the samples with dopant ratio equal to 0.1 

are reported in figure 11.   
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Figure 11: Diffuse reflectance UV-Vis spectra for the MAPbI3 sample, and MAPb1−xBxI3, with B = Sn2+, Sr2+, Cd2+, Ca2+, and x 

= 0.10. In the inset, the plot of the optical bandgap values for each sample46. 

As shown in the inset of the figure, the only doped perovskite showing a higher bandgap than the 

pure form is the Sn one. However, the table below shows the optical bandgap values that were 

extracted from the reflectance spectra of all the samples and it seems that this increase occurs only at 

this precise concentration.  

  

Table 4: Bandgaps of MAPb1-xBxI3 

Lead- Free perovskites 

Recently, a completely lead-free perovskite solar cell has been engineered. The lead-free perovskite 

has formula MA2CuClxBr4-x and has a 2D structure because of the relatively small ionic radius of 

Cu2+ (73 pm) and it is also stable in air thanks to the high stability of Cu2+ in this oxidation state and 
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to the presence of chloride. From absorption spectra and the corresponding Tauc plots, the estimated 

bandgaps were 2.48 eV for MA2CuCl4, 2.12 eV for MA2CuCl2Br2, 1.90 eV for MA2CuClBr3 and 

1.80 eV for MA2CuCl0.5Br3.5. As predictable, when the ratio of bromide increases the bandgap drops. 

 

Discussion. 

The contradictions shown by the different studies on mixed Sn/Pb perovskites highlight many 

interesting points of discussion about the bandgap determination. The first two studies47,48 did not use 

the Tauc plots to extrapolate the bandgap from the optical experiments but looked directly at the 

absoption edge. In this way, they did not take into account that for direct bandgap semiconductor the 

correlation between the absorption coefficient and the energy is not linear but quadratic. The third 

study46 extrapolated the bandgap value properly from Tauc plots and data taken from diffuse 

reflectance spectroscopy, but did not verify whether the ratio of Pb/Sn in the product corresponded 

with the stoichiometric one. Lack of inclusion of Sn in the final product would explain why it was 

found that MAPb0.5Sn0.5I3 has the same optical properties as MAPbI3. 

In general, it might be argued that when the bandgap changes depending on the method used to 

prepare the perovskite film, the difference in bandgap has to be correlated not only to a difference in 

the preparation method but mainly to a difference in the composition of the final product, difference 

that can be ascribed to a different synthetic route. For instance, the degree of oxidation of Sn2+ in Sn4+ 

in the final product must depend on the synthesis and on the environment in which it was carried out 

and in which the perovskite was handled afterwards.  

Moreover, it has been argued52,53 that the bandgap of perovskites depends also on the size of the 

crystallites, which changes when the perovskite is deposited on mesoporous scaffolds, such as in the 

first study47, and when it is prepared as thin film, as in the second study48. 
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Chapter 4. The organic cation 

 

This chapter deals with the interactions between the organic cation and the inorganic framework. 

These interplays influence the overall structure of the crystal and the physical and chemical 

properties of the perovskite. An overview of the results obtained through simulations and 

experimental work over the last few years is presented in order to determine general features that 

characterize the dependence of the perovskite’s bandgap on the nature of the organic cation. The 

second part of the chapter focuses on state-of-the-art experimental findings that have not yet been 

rationalized but contribute to enhancing the stability or the efficiency of perovskite-based solar 

cells. 

 

Influence on X-B-X angles. 

 

It has been demonstrated through simulations54,55, in addition to experimental evidence45,43, that 

the value of the metal-halide-metal bond angles and the metal-halide bond length influence the 

electronic and optical properties of the perovskite, the bond angles more so than the bond length55. 

These values are strongly affected by the size and the nature of the organic cation, so that, the 

choice of the latter can be used to modulate the bandgap. This is very interesting since the lowest 

bandgap reachable by replacing the X component in MAPbX3 perovskites is about 1.6 eV when 

using the iodide ion56, still far from the optimal bandgap for reaching the Shockley-Queisser 

limit23, around 0.2 eV lower. 

Figure 12 depicts how the two metal-halide-metal angles decrease when the archetypical cubic 

structure distorts. When the organic cation is sufficiently large to fill the cubooctahedral cage 

between the 12 nearest X atoms, these distortions are hindered, so that the angles tilt to a lesser 

extent.  

 

 

Figure 12: Comparison between an untilted cubic configuration and the tilted orthorhombic one in the ab plane (a) and along the c 

axis (b)54.  

 

In a 2014 study on steric engineering of metal-halide perovskites55, starting from the observation 

that the organic cation does not strongly influence the energy of the frontier orbitals, they 

calculated the bandgap of a “Platonic” metal-halide structure, consisting in a regular polyhedron, 
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that does not contain organic cations but just PbI6 octahedra that share the corners regularly. They 

used DFT (density functional theory) and calculated how the bandgap changes as a function of 

the two halide-lead-halide angles, namely the one along the apical direction and the one along the 

equatorial direction. In their calculations the Pb-I length value was kept constant (3.18Å), while 

the angles were shifted from 120° to 180°. The results, shown in figure 13, clearly demonstrate 

that the angles distortions can be used to modulate the bandgap of the perovskite. 

 

Figure 13: Representation of the change in DFT bandgap depending on the value of the apical and equatorial metal-halide-metal bond 

angles. The plot shows also which A cation would generate those specific B-X-B angles and the white discs indicate the cations that 

have already been used experimentally. The dashed line is just a guide to the eye to highlight that the plot is almost symmetric55. 

Figure 13 indicates also which organic or inorganic cations would give rise to those angular 

distortions and differentiates the perovskites that have already been synthesised from those that 

have not. The main feature is that the bandgap increases as the angles tilt. The reason for this 

trend can be derived from looking at the conduction band formation from the atomic orbitals. 

Indeed, when considering the most symmetric structure, the one corresponding to the situation 

depicted in the bottom left in figure 13, the conduction band results from the overlap of collinear 

orbitals, while by shifting towards lower angles this overlap occurs more and more as a pi (π) 

interaction and the energy of the level increases, because of this decreased overlap. The overall 

result is an increase in the bandgap. The main conclusion of this study is that the tilt of the optimal 

angles influences the bandgap and the size of the organic cation can be used to control this tilting. 

The next step to engineering new perovskites with optimal bandgap is to consider many 

compounds, which have something in common with the most used ones, and calculate the 

bandgap of the correspondent perovskite. Figure 14 shows the cations that have been investigated 

together with the resulted perovskite bandgap. As predicted, the latter decreases by increasing the 

cation size. 
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Figure 14: Calculated bandgaps of PbI3-based perovskites55. 

  

In general, the size of the organic cation influences also the B-X bond length and it was 

demonstrated through simulations that larger cations deliver smaller band-gaps54; however, this 

has been considered a second-order effect55 compared with that of the tilted angles deviations.  

 

 

Influence through H bondings. 

 

The theoretical correlation between the perovskite bandgap and the cation size has been widely 

confirmed by experimental data. Indeed, when in the perovskite CH3NH3PbI3, the 

methylammonium (MA), which has an effective radius of 217 pm27, is replaced by the slightly 

bigger cation CH(NH2)2
+ (FA),  the formamidinium ion, whose radius measures 253 pm27, the 

bandgap decreases from around 1.6 eV to around 1.5 eV. Besides, similar results have been found 

by substituting MA with Cs+, which has a smaller radius, namely 188 pm15, the resulting bandgap 

being higher, namely 1.73 eV57.  

 

Even though these results seemed to confirm the correlation between the cation size and the 

bandgap, some differences appeared too significant to be due to only the small difference in size. 

In fact, the difference in size between MA and FA is not that large to justify the different geometry 

of crystallization, tetragonal for MAPbI3 and trigonal for FAPbI3. This difference suggested that 

probably, together with the size, something else occurs when changing the organic cation. 

Effectively, the interaction between the organic cation and the inorganic counterpart changes as 

A is replaced, because new H bonds are involved. While in MA there are only three acidic 

hydrogen atoms that can interact with the halide, FA contains four hydrogens (figure 15). 
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Figure 15: Lewis structures of methylammonium (a) and formamidinium (b). 

As the number of hydrogen bonds with the halide increases, the nature of the Pb-I bond gets more 

and more ionic, with a greater negative charge on the halide and a more positive one on the lead 

cation. The contribution of lead in the valance and conduction bands increases as the bond 

becomes more ionic. This behaviour has been correlated with an increase in spin-orbit coupling, 

which indeed plays a bigger role when heavier elements are involved. In absence of spin-orbit 

coupling (SOC), the bandgap of MAPbI3 and FAPbI3 would be very similar, even though they 

assume different crystal structures. However, when taking into account the SOC, bandgaps very 

close to the experimental ones have been calculated. This demonstrates that the decrease in the 

bandgap is not due just to the size difference between MA and FA28.  

Computational work based on this theoretical explanation matched experimental results28. 

 

 

Current state of the art. 

 

Perovskites with one A component. 

Since halide perovskites started to be a hot research topic, many combinations of materials have 

been tested in order to enhance the overall efficiency of perovskite-based solar cells by increasing 

the light harvesting and the conductivity of the material. Not only perovskites with organic cations 

other than methylammonium were synthesised, but also mixed forms of organic cations and 

combinations of organic and inorganic cations.  

Despite the high efficiencies that have been reached with MAPbI3 in solar cells, some challenges 

have been reported, namely:  

- MAPbI3 bandgap is higher than the optimal bandgap to reach the Shockley-Queisser limit of 

about 0.2 eV56.  

- It is sensitive to moisture, therefore unstable in air17, 

- It undergoes a reversible phase transition from cubic to tetragonal phase at 57°C31, that falls 

within the device operating temperatures. This change affects the bandgap and the stability of 

the material. 

Starting from the structural consideration done above, namely bearing in mind the correlation 

between cation size and bandgap, Nam-Gyu Park et al.9 reported the synthesis of a lead iodide 

perovskite where the methylammonium was replaced by the bigger ethylammonium. In this case, 

instead of obtaining a lower bandgap perovskite as expected, since the organic cation was too 

large to maintain a 3D lattice structure, the structure shifted to a 2D structure. The optical bandgap 

that resulted was 2.2 eV, much higher than that of the methylammonium iodide perovskite.  

The formamidinium ion, on the contrary, being slightly bigger than methylammonium, fits well 

in the 3D structure so that, as predicted from the previous analysis, FAPbI3 has a lower bandgap 
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than MAPbI3, namely 1.47 eV. This bandgap was calculated from the Tauc Plot of the perovskite 

deposited on quartz substrate58. Many synthetic routes have been reported for this 

perovskite58,59,60,61 and depending on how it was prepared and of course on the structure of the 

engineered device, efficiencies up to 20% were reached61. An illusory advantage of 

formamidinium to the methylammonium ion is that the first exhibits thermal stability because the 

thermal transition does not occur at device operation temperatures60. However, the black low 

bandgap FAPbI3 perovskite shows a yellow polymorph with a larger bandgap at temperatures 

lower than 60 °C. This polymorph reduces the photovoltaic performances not only because of its 

lower light harvesting because of the bigger bandgap but also because it probably hinders electron 

transport58.  Figure 16 depicts both the back and the yellow FAPbI3 polymorphs. 

 

Figure 16: Representation of the two FAPbI3 polymorphs along the crystallographic c (left) and a (right) axes. The blue areas 

represent the inorganic octahedral PbI6, while the organic cation is represented by the smaller blue and green dots58. 

The presence of these two forms, one of which does not show suitable optical properties for 

photovoltaic applications, pushed the scientific community to look for mixed organic cation forms 

that might combine the good carrier mobility of MAPbI3 and the optimal bandgap of FAPbI3. 

Later on, these attempts are described. To conclude the discussion about the FA cation, it has a 

lower dipole moment than MA28, factor that could be important in contributing to hysteresis if 

assumed that the latter depends on the dipole moment of the A cation. 

Regarding this last observation, the guanidinium (GA) ion, depicted in figure 17, drew great 

interest because of its symmetry, which theoretically determines a zero dipole moment, so that 

the hysteresis might be reduced62. However, it is too large (278 pm63) to fit in the cavity between 

the octahedra. An experimental study63 shown that the bandgap of mixed MA/GAPbI3, 
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extrapolated from Tauc plots, changes with the GA/MA ratio just slightly, namely between 1.53 

and 1.55 eV and that GA does not directly replace MA in the crystal structure. 

 

Figure 17: Lewis structure of guanidinium ion. 

Mixed organic perovskites. 

As suggested previously, the perovskites made from single organic cations suitable for photovoltaic 

applications show drawbacks that have not been overcome after few but intense years of research. 

First of all MAPbI3 undergoes a phase transition within the temperature range of device operation. 

Secondly FAPbI3 shows two polymorphs below 60 °C. Thirdly, CsPbI3 is more stable than the organic 

alternatives but has a too high bandgap for being a satisfying alternative to the hybrid forms. For this 

reason, over the last three years, mixed cation perovskites have been investigated. They have 

impressively shown higher performance than the pure forms. Indeed, particular combinations of the 

most common cations allow the drawbacks of instability or high bandgap to be avoided. 

The first study on the optical and photovoltaic properties of mixed MAxFA1-xPbI3 perovskites as light-

harvesting pigments in mesoscopic solar devices was carried out in 2014 and shown noteworthy 

results64. Indeed, the overall efficiency of the cell was higher than both the pure MA and FA cells. 

What is remarkable about this study is that the bandgap of the mixed form with MA:FA = 3:2 was 

measured to be equal to the bandgap of the pure formamidinium iodoplumbate, namely 1.530 eV, 

slightly lower than that of the MA equivalent, namely 1.575 eV. The bandgaps were calculated from 

the onset of the absorption spectra measured with an integrating sphere and they are rather different 

from those calculated or measured with different techniques.  

Other mixed organic forms have been tested for a different purpose, namely in order to modify the 

crystal arrangement of the perovskite film on mesoporous materials. Indeed, as for the 

ethylammonium case, when MA is partially replaced by 5-aminovaleric acid cations (5-AVA) in 

APbI3, these bigger cations do not fit in the cubooctahedral cage and thus, produce a layered structure 

composed by alternated inorganic PbI6 octahedra and organic layers65. The latter are probably formed 

by 5-AVA cations that bind to each other through hydrogen bonds as it was reported for the case of 

4-ammonium-butyric acid (4-ABA) in mixed cation (4-ABA)2MAPb2I7 perovskite66. Figure 18 

depicts the layered structure for the case of 4-ABA.  
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Figure 18: Layered crystal structure of (HO2C(CH2)3NH3)2(CH3NH3)Pb2I7 

Mixed organic-inorganic perovskites 

The combination of organic and inorganic cations has also been the subject of some studies, for 

instance, the doping of MAPbI3 with Cs2+ 67. It was demonstrated that, with a 10% Cs2+ doping of 

MAPbI3, even though the bandgap was higher than the pure MA perovskite, light absorption was 

increased over the whole solar spectrum. Indeed, as shown in figure 19, as the fraction of caesium 

increases, the bandgap broadens but at the same time the shape of the absorption spectrum changes. 

The presence of Caesium increases the amount absorption in the range of 300-400 nm while reduces 

the absorption between 450 and 800 nm. The highest light absorption is achieved via 10% Cs doping 

in the MAPbI3 perovskite structure. To confirm that the Cs was homogeneously distributed on the 

film, they carried out elemental mapping using energy dispersive spectroscopy (EDS). Moreover, 

they checked the morphologies of the films through scanning electron microscopy and atomic force 

microscopy images and  found out that they were smooth and they completely covered the substrate.  
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Figure 19: (a) UV–vis absorption and (b) transformed Kubelka–Munk spectra of CsxMA1-xPbI3 perovskite films with different Cs ratio67. 

One study68 on triple cation perovskites was carried out with the purpose of enhancing the stability 

of the black polymorph FAPbI3 in order to maintain the low bandgap and avoiding the instability. 

Even though the Cs doping decreases the light harvesting, as shown in figure 20, where the ratio 
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MA:FA is constant, the stability of the perovskite is increased. This was demonstrated by measuring 

the change in the device efficiency under operational conditions over time.  

 

Figure 20: The absorbance (dashed lines) and photoluminescence (PL) spectra (solid lines) of CsxM perovskites, where M = 

(MA0.17FA0.83)(1-x)Pb(I0.83Br0.17)3 68 . 

A study on CsPbI3. 

After the success of hybrid organic-inorganic perovskites, some authors69 wondered about the need 

for the big cation to be organic rather than inorganic. In order to compare the two materials, they used 

Cs+ in place of MA in APbBr3 perovskites. The iodide perovskite was not used because the caesium 

lead iodide was found not to have a perovskite structure at standard temperature and pressure. This is 

in and of itself a limit, since the perovskite with iodide instead of bromide have a lower bandgap, 

closer to the optimal one. However, the caesium perovskite showed more stability at the rise in 

temperature than the organic equivalent and also the devices prepared with this inorganic cation gave 

good efficiencies, showing that this inorganic perovskite could in principle play the role that is given 

to the hybrid ones. 

 

Discussion. 

The results obtained from simulations55 give useful information and suggest directions for future 

research but they show also some differences with the experimental results. For instance, the 

ethylammonium lead iodide was expected to have a bandgap of 1.48 eV55, slightly lower than that 

of MAPbI3 because of its bigger radius. Experimentally, a bandgap of 2.2 eV was observed 

because it shows a 2D structure instead of 3D one. 

Another aspect that would have been difficult to determine from simulations is the polymorphism 

of FA at high temperature. Moreover, it is clear that many other factors have to be considered in 

addition to the change in bandgap when preparing new perovskites, for instance the stability of 

the perovskite and the synthetic route to prepare it. 
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Conclusions 

In this work, the influence of the perovskite components on the optical bandgap of this impressive 

material was analysed through a review of the most relevant computational and experimental studies 

done so far. The aim was to find correlations between the properties of the components and the way 

they affect the value of the bandgap. 

The analysis of the electronic structure of the inorganic CsSnX3 perovskite30, where X is a halide, 

shows that the valance band maximum and the conduction band minimum have both B and X 

character. This means that the value of the bandgap is directly affected by a change in B or X. On the 

contrary, the A cation does not play a direct role in the formation of these two electronic bands but 

still influences the value of the bandgap by affecting the B-X interactions through its size and its 

interactions with the inorganic framework. In this way, the bandgap of APbI3 can be theoretically 

tuned from 0.99 to 1.79 eV55 by replacing A with cations of different sizes.  

Experimental studies proved the correctness of the simulations and sometimes highlighted their 

limits. Moreover, some discrepancies between experimental studies were discussed and some 

comments about their possible origin were given at the end of each chapter and in the Appendix. 

However, since some fundamental properties of perovskites are still under debate, for instance 

whether or not it is a direct bandgap semiconductor, it is not possible to argue which of the methods 

used to determine the bandgap is the most correct one. 
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Appendix 

The comparison of results taken from different studies highlighted many discrepancies. Indeed, it was 

noted that the value of the bandgap of a perovskite with the same components was calculated to be 

different depending on the study. For instance, the bandgap of the most studied perovskite MAPbI3 

was measured 1.504 eV40, 1.51 eV31,47, 1.52 eV70, 1.55 eV48, 1.575 eV64, 1.58 eV33,1.61 eV56 and 

1.70 eV32. The same occurred for FAPbI3, whose bandgap was measured 1.47 eV58, 1.48 eV45,43 and 

1.530 eV64. 

One of the reasons for these discrepancies might be the different way in which they extrapolated the 

bandgap from optical measurements. Indeed, some authors did it directly from the band edge of the 

absorption spectrum, while others did it by plotting the Tauc plot using the optical data. The Tauc 

plot shows the correlation between the absorption coefficient and the energy. For direct bandgap 

semiconductors, it was demonstrated that the absorption coefficient changes with the square route of 

the energy, while for indirect bandgap semiconductors, with the square of the energy. Since it has not 

yet been clearly demonstrated whether perovskites are direct or indirect semiconductors, there can be 

discrepancies between different studies even when they both used Tauc plots, depending on the 

assumptions they made for the bandgap nature of the perovskite.  

A 2015 work71 investigated the bandgap discrepancies and tried to give an answer to the question 

“What are the real spectra?”. They found three different factors influence the shape of a perovskite 

absorption spectrum, namely the poor surface coverage of the sample, the high optical density of 

individual crystals and the light scattering. They assumed the absorption measured is equal to: 

 

Ameasured = -log[β(1-γ(λ))10-OD(λ) + (1- β)] 

 

where OD is the optical density of individual crystals, β is the substrate coverage ratio, namely the 

are covered by the perovskite over the total area and γ(λ) is the scattering coefficient, which is equal 

to 0 for no scattering and to 1 when all the coming light is scattered.  

They observed that the scattering effect does not have an influence in the value of the bandgap. On 

the contrary, the presence of individual crystals does. In order to observe what was the effect of the 

single crystals size on Ameasured, they set β = 0.5, no scattering, and changed the OD(λ) by multiplying 

the experimental value of the OD of a single crystal by a factor ζ. Figure 21 shows the shift of the 

observed bandgap by increasing the thickness of the single crystals from ζ = 0.5 to ζ= 8 (when the 

thickness was estimated to be 1.2 μm). 
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Figure 21: Effect of high optical density of single crystals on absorption edge position71.  

From this plot, however, it is not possible to observe the shift of the bandgap that they claim there is. 

Indeed, it appears that the onset of all the spectra are at 800nm, namely around 1.55 eV. In order to 

verify if their observation was correct, the Tauc plots for direct and indirect bandgap were drawn for 

the cases ζ = 1 and ζ = 4 (Figure 22 and 23).  

 

Figure 22: Tauc plot for direct bandgap semiconductor plotted from data extracted from figure 23 when ζ = 1 and 4. 
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Figure 23: Tauc plot for indirect bandgap semiconductor plotted from data extracted from figure 23 when ζ = 1 and 4. 

 

The plots show that there is indeed a shift in the bandgap value. Moreover, they display that the value 

of the bandgap is slightly different depending on how it is extrapolated, around 1.59 eV for direct 

bandgap assumptions and 1.55 eV for indirect bandgap assumptions. A final remark is that depending 

on the point of the curve in which the tangent was considered, the value of the bandgap shifts and this 

is moderately important for the direct bandgap case. 

Even though these results seem to confirm the idea that the bandgap discrepancies depend on the 

inhomogeneity of the sample, other differences in the samples might generate a different value of the 

bandgap. Indeed, other studies52 demonstrated that the optical absorption edge shifts to longer 

wavelengths when increasing the average crystallite dimension from less than 250 nm to more than 

2 μm. They correlated this shift of the optical absorption edge with a bandgap shift without explicitly 

extrapolating the bandgap values from Tauc plots. To deposit nanocrystals, the perovskite solution 

was deposited on a Al2O3 mesoporous scaffold, while for bigger crystals a flat substrate was used. To 

explain the reason why the size of the crystals has an influence on the electronic properties of the 

perovskite, another study53 carried out Raman spectroscopy analysis and optical analysis on samples 

with different crystal size and prepared with and without the addition of chloride, which plays a role 

in the crystallization process10. They found out that in flat films there is a reduced strain on the Pb-I 

cage than that present in mesoporous structure and that this is due to a different arrangement of the 

organic cations within inorganic cage. When the B and the X ions are not collinear, as explained in 

the A cation chapter, the energy of the CBM increases and the overall result is the bandgap 

broadening. Figure 24 shows the absorption edge trend when increasing the average crystallite size. 
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Figure 24: MaPbI3 Absorption edge shift with average crystallite size (nm)52. 

Moreover, they found out that the presence of Cl- in the crystallization process induces a preferred 

crystalline orientation so that the disorder in the mesoporous structure is reduced and the overall effect 

on the bandgap is weaker53.  

Overall, depending on the size of the crystals and on the surface coverage of the film, slightly different 

results may be obtained for the value of the perovskite bandgap. This could have a relevant effect in 

studies that try to predict the theoretical limit for the efficiency of perovskite solar cells, while it does 

not have a large relevance in this analysis because the differences in the values are very small 

compared to the differences in the bandgap values of perovskites composed of different elements or 

molecules.  


