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In this article, important properties of methylammonium lead iodide responsible for its success as a  
solar-cell material are discussed. We deliberate upon the rationale behind structural stability of 
perovskite, its suitable optical properties, low exciton binding energy, solution processability, high 
mobility, defect tolerance and low recombination loss, which have made the material truly special 
and unique. 
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IT is now a well-known fact that hybrid halide perovs-
kites have exceeded as excellent solar cell materials.  
Methylammonium lead iodide (CH3NH3PbI3; MAPbI3) is 
indeed the crown prince in the materials-dynasty of solar 
cells, or may be in the materials world in general, since 
perovskite is being used in other electronic and opto-
electronic applications as well1. In this article, we will 
deliberate upon the special properties of MAPbI3 that 
make it an ideal solar cell material.  

Structural stability  

CH3NH3PbI3 is a perovskite with an ABX3 structure, 
where A is a monovalent cation, B is a bivalent metal and 
X is a halogen. Each B-site cation is sixfold coordinated 
by the anions to form BX6 octahedra. The methylammo-
nium cation (CH3NH+

3), which possesses a strong electric 
dipole, is surrounded by PbI6 octahedra. The octahedra 
are arranged in a 3D corner-sharing network, and each 
cavity of this network is occupied by one A-site cation2. 
In the cage of eight PbI6 octahedra, the size of the methy-
lammonium cation is such that it can rotate inside it3. In 
MAPbI3, Goldschmidt tolerance factor (t) and octahedral 
factor (μ), which are derived from effective ionic radii of 
the elements and are an indicator of the degree of stability 
and distortion in the crystal structure, are within the 
boundaries of stability range. This results in a stable  
cubic structure at high temperature, a tetragonal phase at 
intermediate temperature, and an orthorhombic phase at 
low temperature4. The tolerance and octahedral factors 
for MAPbI3 are well within the boundaries leaving fur-
ther room for doping or alloying at each of the three sites 
(materials engineering), yielding a range of structurally 

stable materials through multiple-cation, metal-substitu-
tion and halide-engineering approaches5.  

Optical bandgap  

The first aspect to consider in a stable solar cell material 
is its optical bandgap in connection to the Shockley–
Queisser relation on power conversion efficiency (PCE)6. 
The relation as such provides an estimate of the maxi-
mum theoretical efficiency achievable from a single-
junction solar cell as a function of bandgap of the absor-
ber; in such a plot, the maximum occurs at a bandgap of 
1.34 eV with a predicted maximum efficiency of 33.7%. 
MAPbI3 has a bandgap of 1.55 eV, which is close to the 
optimum value5. More interestingly, the bandgap of 
MAPbI3 can be tuned through a substitution at each of the 
three sites through simple materials engineering. At 
present, with a bandgap of 1.55 eV, its intrinsic efficiency 
limit according to the Shockley–Queisser relation is ∼30.5%.  
 The nature of bandgap in MAPbI3 is also ideal for 
many optoelectronic applications. First-principle calcula-
tions have shown that the minimum of conduction band 
(CB) and maximum of valence band (VB) both reside at 
the corner point (R-point) in an E–k space, leading to a 
direct bandgap for optical absorption7. Such a nature of 
band-edges in MAPbI3 can be mainly ascribed to the 
presence of local octahedral symmetry and a strong orbit-
al coupling between lead and iodine ions. The organic 
moiety does not directly take part in the formation of 
band-edges; however, its steric effect influences the same 
to some extent8.  

High extinction coefficient  

Coupled with its near-optimum bandgap, MAPbI3 also 
displays a strong optical absorbance in the visible region 
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of the electromagnetic spectrum owing to a high extinc-
tion coefficient. From a materialistic point of view, this 
feature has importance while designing a solar cell, as it 
reduces the thickness of the active layer required for  
absorbing adequate quanta of solar irradiation. In  
MAPbI3, high extinction coefficient is due to the nature 
of its bandgap, composition of CB and VB, and an asso-
ciated transition between the band-edges8. First, due to 
direct bandgap in MAPbI3, the allowed transition occurs 
between the band-extremes. With respect to composition 
of the band-edges in MAPbI3, CB is primarily composed 
of unoccupied p-orbitals of lead (Pb 6p), whereas  
VB is dominated by iodine p-orbitals (I 5p) along with 
some contribution from the s-orbitals of the metal  
(Pb 6s)9. Such a composition leads to a favourable p–p 
transition between the band-edges and due to a less dis-
persive nature of p-orbitals, i.e. a high joint density  
of states, a strong optical absorption occurs in MAPbI3 
(ref. 10).  

Solution processability and materials engineering  

Solution processability of materials for the formation of 
thin-film solar cells is a prerequisite for large area device 
fabrication. For perovskites, thin-film formation through 
a solution-cast route also provides opportunities to par-
tially substitute an element with homovalent and hetero-
valent dopants, as long as t and μ remain within the 
boundaries. In this respect, MAPbI3 is an ideal compound 
whose films can be casted through a range of solution-
based approaches, namely single-precursor or anti-sol-
vent route, sequential deposition, Lewis acid–base adduct 
method, vapour-assisted solution process, etc.11. For ex-
ample, CH3NH3PbI3 films can be casted in a glovebox 
from a stoichiometric amount of its precursors, namely 
CH3NH3I and PbI2 dissolved in a common solvent by tho-
rough stirring. The films are then annealed at 100°C for 
about 20 min within the glovebox to complete the forma-
tion of MAPbI3.  
 Owing to this solution processability and unusual de-
fect physics (vide infra), the MAPbI3 structure is flexible 
to support alloying at all the three ionic sites with suitable 
elemental or molecular analogues5. Hence, by tuning the 
composition in the solid solution, it is possible to identify 
a ‘sweet spot’ in achieving high solar cell efficiencies 
without compromising on the structural stability of the 
material. Methylammonium-site alloying plays a crucial 
role in dictating the dimension and stability of the  
perovskite structure with small influence on the optical 
bandgap. Inclusion of a large organic cation generally 
leads to a dimensional shrinkage, whereas inorganic  
cations help improve environmental stability. Lead-site 
alloying is primarily adopted to address the toxicity issue 
of MAPbI3; however, a suitable non-toxic alternative is 
yet to be found that can match the unique optoelectronic 

properties of the lead-based perovskite12. Since the halo-
gen ions, depending upon their electronegativity, play a 
significant role in determining the bandgap of hybrid  
halide perovskites, mixed halogen compositions usually 
yield improved optical properties for the respective appli-
cations of the materials. In the MAPbI3 structure, it is 
possible to combine dual-site or triple-site alloying simul-
taneously in order to achieve multiple goals5.  

Low exciton binding energy  

Another unique feature of MAPbI3 is its low exciton 
binding energy. As such, this class of materials possesses 
a significantly larger dielectric constant (εr > 20) com-
pared to conventional semiconductors due to lower crystal 
symmetry (centrosymmetry) and hence relative ease in 
polarizing the cell structure13. It also includes a rotational 
component associated with molecular dipole relaxation. 
The combination of a light effective carrier mass provi-
ded by the metal halide framework and a strong dielectric 
screening, including a molecule framework and an inter-
molecular interaction favour free-carrier generation over 
formation of excitons (bound electron–hole pairs) upon 
illumination. This leads to the origin of a significantly 
low exciton binding energy (10–50 meV) in MAPbI3 (ref. 
13). In other words, an electron and a hole are loosely 
bound due to a large dielectric constant and correspon-
dingly a weak Coulomb interaction, guiding the carriers 
to reside in different molecules (Wannier exciton having 
a radius larger than the lattice spacing).  

High mobility and ambipolarity 

Organic semiconductors, which can arguably be consi-
dered as the predecessor of hybrid halide perovskites in 
the generation of solar-cell materials, did not succeed 
primarily due to a low carrier mobility in their thin 
films14. Again, as opposed to single crystals, thin films 
and solution processability are a prerequisite for large 
area device fabrication. The high carrier mobility in thin 
films of MAPbI3 can hence be considered as a key para-
meter for its success in optoelectronic applications, in-
cluding solar cells. Theoretical studies have inferred 
enormously high electron and hole mobilities of 2800 and 
9400 cm2 V–1 s–1 respectively; the experimental values 
recorded and reported so far are however below the esti-
mates, leaving room for further improvement in PCE15. 
Such a high value of mobility arises presumably from a 
low effective mass of the carriers – about a tenth of the 
free electron mass10. Typically, band-edges derived from 
p-orbitals exhibit larger effective masses than those de-
rived from s-orbitals, since the latter are more deloca-
lized. Surprisingly, in the case of MAPbI3, although the 
CB and VB edges are predominantly formed through  
p-orbitals, a low effective mass of carriers is still obtained 
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in perovskite. The reason for such uniqueness is the pres-
ence of a strong spin–orbit coupling (SOC) effect in 
MAPbI3 arising due to the high atomic number of lead 
(Z = 82). A strong hybridization (orbital overlap) in the 
band structures of MAPbI3, along with the octahedral 
framework result in such light effective mass of the carri-
ers16. The high mobility in turn leads to a long carrier dif-
fusion length of around 100 nm, ensuring hindrance-free 
carrier transport in a MAPbI3 layer.  
 The high mobility in MAPbI3 is further complemented 
by its ambipolar nature, making the class of materials truly 
unique. Ambipolarity, which is an interesting property for 
fundamental research and technological applications, is 
defined by a balanced electron and hole diffusion under 
the influence of an electric field. As mentioned earlier, 
estimation of electron and hole effective masses for 
MAPbI3 from the dispersion relation resulted in a closely 
matching value10. Due to the presence of methylammo-
nium cation in MAPbI3, there exist NH⋅⋅⋅I long-range-
bonding interactions which result in a favourable popula-
tion of carriers specifically in the valence band maximum 
(VBM) and VBM coincides with the conduction band 
minimum (CBM) at the R-point17. More evidence on the 
role of methylammonium cations on the ambipolar nature 
can be obtained by its removal from perovskite. A fully 
inorganic perovskite possesses a more uniform VBM,  
resulting in a marked electron transport character in  
perovskite18.  

Defect tolerance  

Although MAPbI3 contains a large number of point de-
fects due to its formation through common solution-based 
approaches, their presence does not affect the functional 
properties of the material. Depending on the stoichiome-
try of the precursors and activation energy of the defect, 
only one type of defect dominates in MAPbI3: (1) metal 
vacancy when perovskite is formed in a CH3NH3I-rich 
environment, or (2) iodine vacancy when the material is 
formed in a PbI2-rich condition19. In either of the self-
doping cases, in-depth band-structure studies have shown 
that the material is highly defect-tolerant and hence the 
defects do not adversely affect the solar-cell perfor-
mance20.  
 To understand the defect-tolerant nature of MAPbI3, it 
is imperative to know details of band formation in the 
material. In-depth analysis of band structures showed that 
VB and CB are formed with antibonding Pb 6s–I 5p and 
bonding Pb 6p–I 5p molecular orbitals respectively. Due 
to the weak electronegative nature of iodide, its 5p-
orbitals are held loosely by the nucleus and therefore a 
strong interaction with the metal orbitals is expected. As 
a result, compared to other halogens, presence of iodine 
in MAPbI3 makes the bonding orbital (CB) more stabi-
lized and the antibonding orbital (VB) more destabilized. 

Therefore, under the influence of a strong Pb 6s–I 5p 
coupling, VBM in MAPbI3 is pushed to a high level so 
that the dominating acceptor levels (lead and methylam-
monium vacancies) become shallow21. On the other hand, 
the dominating donor-type vacancies such as methylam-
monium interstitials and iodine vacancies form shallow 
levels owing to the high ionicity of methylammonium and 
lead cations. Unlike deep-level defects that promote non-
radiative recombination of charge carriers, shallow defects 
provide free carriers10. That is, the defects in MAPbI3 are 
somewhat ‘inert’ and do not have an adverse impact on 
the carrier diffusion length and carrier lifetime as well. 
This property hence provides an extra edge to perovskite 
compared to other known solar-cell materials such as  
kesterite (Cu₂ZnSnS₄) or chalcopyrite (CuInxGa1–xSe2), 
where bands form due to bonding orbitals; non-radiative 
recombination in those materials is therefore high due to 
defects formed within the bandgap22.  

Low recombination loss  

The most intriguing property of MAPbI3 is probably a 
low recombination rate of the photogenerated carriers. 
The recombination rate is five orders of magnitude lower 
than the predicted Langevin limit23. It may be recalled 
that such a low rate occurs in MAPbI3 in spite of the 
films being formed through crude solution-processed 
routes, which in general result in a plethora of defects and 
impurities in other semiconductors leading to a high re-
combination loss in their thin films.  
 A low recombination rate of the photogenerated carri-
ers in MAPbI3 enhancing the carrier lifetime and thereby 
carrier diffusion length is considered to occur due to 
Rashba band splitting24. In a nonmagnetic system like 
MAPbI3, the Rashba effect takes place due to a large 
spin-orbit coupling (SOC) parameter arising out of high-
Z elements (lead and iodine) in the compound; moreover, 
the tilted PbI6 octahedra and rotating electric dipoles of 
methylammonium ions provide an effective magnetic 
field which lifts the Kramer’s spin-degeneracy of the 
electrons25. Since splitting for CB and VB energies are 
non-identical and occur in the momentum (k) space as 
well, the electrons and holes upon photoexcitation reside 
in a different k-space. Their recombination, which now 
requires a phonon, hence becomes a slow process. More-
over, the two bands can be seen to split in such a manner 
that CB and VB, which are closer to the Fermi energy, 
have the same type of spin texture as proposed through a 
spin-allowed transition model26,27; such a splitting may 
apparently favour carrier recombination. Now, high  
dielectric constant of the material leading to low exciton 
binding energy results in Wannier-type excitons (electron 
and hole residing in different molecules). Therefore, in-
stead of an intramolecular recombination, intermolecular 
transitions become the only possible route for carrier  
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recombination; for an intermolecular recombination, dif-
ferent total angular momentum values of CBM in a mole-
cule and VBM in a neighbouring molecule make the 
intermolecular transition a forbidden process, leading to a 
low recombination rate of the photogenerated carriers in 
MAPbI3.  

Conclusion  

Thus we have highlighted the important properties of 
MAPbI3 responsible for its success in solar cells. It is in-
deed rare to find a single semiconductor possessing sev-
eral such favourable properties. The drawbacks in terms 
of stability can be surely circumvented through a suitable 
encapsulation. With a possibility of further improvement, 
researchers around the world now eagerly wait for coro-
nation of MAPbI3 to the throne or in solar panels. 
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