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Abstract
The effect of 14 organic cations on the optical properties of the lead iodine perovskite is
analyzed. The electronic and optical properties are obtained using first principles. The
absorption coefficients are split into inter-atomic species components in order to quantify
all of the contributions. For energies close to the bandgaps, the main contribution is from
the Pb-Pb intra-species transitions. For higher energy this contribution is still important
in addition to I-I and Pb-I contributions, and to the 3 and 4 species term. Almost all
absorption properties are qualitatively similar. Furthermore, this absorption coefficient
splitting also allows the optical characteristics that the substitution of Pb by another
element should satisfy to be identified in order to reduce the toxicity because of Pb while
maintaining a high absorption capacity.

1. Introduction.

Lead iodine perovskites APbI3 are promising semiconductors for solar energy
conversion. The most studied so far is the methylammonium CH3 NH3PbI3 because of its
electronic properties, low non-radiative recombination, and its high device
efficiencies15-20 % [1,2]. In addition to their efficiencies, the perovskites have attracted
interest because of the novel device structures and new perovskite materials [3–7].
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The electronic properties of perovskite compounds are determined mainly by the PbI6
octahedra (Figure 1). Although cation A does not directly contribute to the electronic
properties, its size can cause distortion in the Pb-I distances and angles. Therefore,
indirectly, the A cations affect the electronic properties. Higher efficiency is still possible
through structural modification using different organic cations A.
Furthermore, the instability of the lead iodine perovskites, in particular due to water
degradation, could be suppressed by exchanging the organic cation A. There are a lot of
possibilities for the replacement of the organic cation. In the literature the influence of
the cation on the electronic structure has been studied for some cations (

[C6 H 5C 2 H 4 NH 3 ]2+ [8], formamidinium [9]). In this work we have analyzed the electronic
and optical properties of 14 organic cations as detailed in Table 1.
One of the properties that determine the conversion of solar energy is the absorption
coefficient. For this reason we will focus our study on this optical property by evaluating
its variation with different organic cations. We will use first principles to evaluate the
electronic and optical properties. In addition to analyzing the absorption coefficients in
depth, we will split them into contributions due to excitations between the atomic species
that make up the material. This decomposition allows us to identify and quantify the most
important contributions as a function of the photon energy. This will be described in the
methodology section. Later the results are presented and compared with other theoretical
and experimental results. Finally, the main conclusions of this work are set out.

2. Methodology
The electronic and optical properties are obtained from first-principles calculations
based on density-functional theory (DFT) [10,11]. We use the Perdew-Burke-Ernzerhof
2

This is the postprint of the article published in Solar Energy Materials and Solar Cells, Volume
200, 15 September 2019, 110022. https://doi.org/10.1016/j.solmat.2019.110022

Data Sheets are available at https://doi.org/10.5281/zenodo.3335833
[12] exchange-correlation functional. Core electrons are dealt with by Troullier–Martins
[13] pseudopotentials expressed in the Kleinman–Bylander [14,15] form. Wave functions
are expanded in a polarized double-zeta basis set made up of localized pseudoatomic
orbitals [16]. For all cations the calculations have been carried out with spin-polarization,
periodic boundary conditions and 256 (405) special k points in the irreducible Brillouin
zone for the electronic (optical) properties. The structure parameters used in the
calculation were taken from reference [17].
The imaginary part of the dielectric function is calculated within the random phase
approximation according to:

e2 ( E ) ! C

1
dk ( f l - f µ ) | pµl |2 d ( Eµ - El - E )
2 åå ò
E l µ >l

(1)

where l and µ label the bands of the system, plµ is the momentum matrix element
between l and bands, and El and f l are the corresponding energies and occupations of
the l -bands. The other optical properties were obtained from the imaginary part of the
dielectric function using the Kramers-Kronig relationships [18].
We have developed a method [19] for calculating the contributions to the optical
properties starting from first-principles calculations. Firstly the plµ are split into different
species contributions in accordance with pµl =

åå
A

B

AB
AB
. When A≠B, pµl
is an interpµl

specie element that couples the basis set functions on different species atoms A and B. If
AA
A=B, pµl
represents an intra-species contribution. Since the optical properties depend on

the square of the momentum operator, they can be expressed as a many-specie expansion;
for example, the absorption coefficient a = A12 + A34 . The first term involves intraspecies (A=B) and inter-species (A≠B) contributions A12 =
3
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This is the postprint of the article published in Solar Energy Materials and Solar Cells, Volume
200, 15 September 2019, 110022. https://doi.org/10.1016/j.solmat.2019.110022

Data Sheets are available at https://doi.org/10.5281/zenodo.3335833
species (A≠B≠C) and 4-species (A≠B≠C≠D) contributions. Note that there are no terms
larger than those of 4 species. Obviously the terms of two, three and four species will
only be present if the compound has more than one, two, and three species respectively.
Usually A34 is much smaller than A12 and a » A12 , except in compounds with a large
number of species. This is the case of the perovskites analyzed in this work.

3. Results and discussion
Figure 2a shows the values of the bandgap obtained for all the organic cations
analyzed (Table 1). To compare, the results from reference [17] with different exchangecorrelation functional (GGA from Perdew-Wang (GGA-PW) [20] and Heyd-ScuseriaErnzerhof (HSE06) [21]) and basis set (plane wave basis set), are also shown. The
bandgap results of this work are in general larger than those obtained using the GGA-PW
and lower than those obtained using the more sophisticated, and expensive
computationally, HSE06. In accordance with other theoretical analyses in the literature
[22], generally the use of a localized basis set combined with the GGA-PBE functional
provides reasonable estimates of the bandgaps and cell geometry in organic-inorganic
metal halide perovskites. It represents a compromise between accuracy and
computational cost. Among the reasons for this good match with the experimental results
may be: (i) with respect to the basis set, a localized basis set is able to represent better the
limited combination of states between the organic cations and the PbI6 octahedron than a
plane wave basis set for energies close to the bandgap; (ii) with respect to the GGA
methodology, it is widely known that the GGA usually underestimates the bandgap due
to the self-correlation errors. On the other hand, because of the presence of Pb, the
relativistic effects such as spin−orbit coupling, which is not considered here, would
4
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reduce the band gap. Therefore, a reasons for the good agreement between GGA and
experimental results can be the error compensation. More sophisticated methods with
relativistic effects and with plane wave basis sets could compare worse despite being
more accurate.
The bandgap comparison among the organic cations in Table 1 with the most
studied A=Me cation (Figure 2b) indicate that the largest difference is around +0.31 eV
for A= Hy1 . This not only happens with the exchange-correlation functional used in this
work but with other exchange-correlation functional and basis sets (Figure 2b). In
addition to the bandgap, as we will show later, this cation also has notable differences in
the absorption coefficients with respect to the rest of the organic cations analyzed. This
larger difference with respect to other cations is because the A= Hy1 ( [(OH)NH 3 ]+ ) is the
only one that contains oxygen but not carbon. The bandgap differences (Figure 2b)
compare well with some experimental results in the literature. For example, the
Formamidinium (Fo) experimental bandgap decreases 0.02-0.07 eV [9,23] with respect
to Methylammonium (Me), similar to that obtained in this work (Figure 2b).
For these perovskites the valence band (VB) edge states consist mainly of p(I)
states, whereas the conduction band (CB) edge states come from the p(Pb) states with a
smaller contribution from the p(I) states. The electronic levels of the organic cation atoms
lie deep within the VB and CB. It indicates that their contribution to the electronic
properties near to bandgap is very small. Then the band edges electronic properties are
directly related to the PbI6 octahedra. The organic cations interact weakly with the
inorganic PbI6 octahedra and their electron orbitals have little combination with the
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iodine and lead states. However, the size of the organic cation can distort the PbI6
octahedra, and therefore, indirectly influence the electronic properties.
For the absorption of solar radiation and its subsequent energy conversion, the
most important optical property is the absorption coefficient (AC). The ACs obtained for
the lead iodine perovskites APbI3 with all the A organic cations in Table 1 are shown in
Figure 3. Almost all ACs are roughly similar (Figure 3) except for the A= Hy1 organic
cation. As has already been mentioned this cation has the largest bandgap difference
compared with the most studied A=Me cation. The shape of the AC- Hy1 is similar to the
other cations but displaced towards higher energies as a result of the larger bandgap. In
the Ref. [25], Figures 3-7 corresponding to the total and split AC are represented
individually for each organic cation.
The AC results reproduce the experimental large absorption band between 3.2-3.5
eV [24] for A=Me, and the decrease between 3.5 and 4 eV. Also the peak around 3.10 eV
that appears in the experimental absorption spectrum [25] of the perovskite with A=Me
is reproduced by the results of this work (Figure 3). These peaks are also observed for
almost all organic cations. Therefore, these results, according to Figure 3, are quite
general, except for the aforementioned A= Hy1 .
The ACs in Figure 3 do not provide information on the different contributions of
excitations between the different states of the species. In order to extract this information
and thus be able to analyze these contributions, the ACs have been split into species
contributions. The more important intra- and inter-species contributions are the Pb-Pb
(Figure 4) and I-I (Figure 5) intra-species contributions, and the inter-species Pb-I (Figure

6

This is the postprint of the article published in Solar Energy Materials and Solar Cells, Volume
200, 15 September 2019, 110022. https://doi.org/10.1016/j.solmat.2019.110022

Data Sheets are available at https://doi.org/10.5281/zenodo.3335833
6). The other intra- and inter-species contributions that involve C, H and N are negligible
compared to the previous ones.
Furthermore, as the number of species of all perovskites studied is larger than or
equal to 4, the terms involving three and four species ( A 34 ) could be important. This does
not happen in the most common binary semiconductors (II-VI, II-VI, etc) where the 3 and
4 species terms are absent. Almost all the perovskites analyzed in this work, except that
one with the organic cation A= Hy 2 , have five different species: Pb, I, C (O for the A=

Hy1 cation), N, and H. The number of one, two, three, and four different species terms in
the split of the absorption coefficients are 5, 10, 10, and 5 respectively. Then the number
of 3 and 4 species terms is similar to the number of one and two inter-species terms. Note
that for the single specie semiconductors (A=Si, Ge, etc) the many-body species
expansion has only one (intra-specie) term a A-A . In the case of binary III-V, II-VI, etc,
semiconductors ( A x By =GaAs, ZnTe, etc), the expansion has two (intra-specie) terms (

a A-A and a B-B ), and one two species (inter-specie) term ( a A-B ). The terms of three (four)
species are only present for ternary (quaternary) and higher compounds. In addition, as it
was previously mentioned in the methodology section, there are no terms greater than
four species in the many-body species expansion of optical properties. Note that this
decomposition is exact and serves to evaluate the different contributions to the absorption
coefficient. The A 34 term, represented in Figure 7, also has a high contribution similar to
the Pb-Pb, I-I, and Pb-I contributions, but for higher energies. In fact, A34 is the highest
term between around 3 eV for some cations. The transitions contribute to the optical
properties for energies corresponding to the difference between the energies of the final
and initial transition states. As it has been aforementioned, the electronic states of the
7
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organic cation atoms lie deep within the VB and CB whereas Pb and I have high
contributions for energies close to the energy bandgap. Therefore the contributions of the

A 34 term, which involves at least one organic cation atom, corresponds to higher energies
than the Pb-Pb, I-I, and Pb-I contributions. They also have a similar contribution because
the number of 3 and 4 species terms is similar to the number of one and two inter-species
terms.
The optical absorption for energies close to the bandgap is due to the Pb-Pb intraspecie excitation, mainly to the s(Pb)-p(Pb) contribution, in accordance with previous
results [26]. From Figures 4-6 (Pb-Pb, I-I, and Pb-I contributions respectively) the larger
intra- and inter-species contributions to the experimental absorption band for A=Me
between 3.2-3.5 eV [24] are, in descending order of importance, the I-I, Pb-I and Pb-Pb
species transition. An analysis of the states involved indicate that these excitations are
due mainly to s(I)-p(I), p(Pb)-p(I) and s(Pb)-p(Pb). This characteristic absorption band in
the absorption spectrum of the A=Me cation is very similar to the rest of the organic
cations (Figures 4-6). Similarly, the peak around 3.10 eV in the A=Me experimental
absorption spectrum [25], present for almost all cations (Figure 3), is due to mainly to II (Figure 5) and Pb-I (Figure 6), and with a lower proportion

to Pb-Pb. These

contributions mainly came from s(I)-p(I), p(Pb)-p(I) and s(Pb)-p(Pb) respectively.
The optical absorption band between 2.5-2.7 eV [24] for A=Me is also mainly due
to the intra-specie transition Pb-Pb [26], although with a large I-I contribution (Figure 5).
It can be observed more clearly in the Ref. [25] where the total and split AC for each
cation are represented separately. This band is present for almost all cations, although the
size of the absorption band is different depending on the organic cation.
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The more important difference of the A= Hy1 cation with respect to other cations
is the displacement of the absorption band between 2.5-2.7 eV for the intra-species term
Pb-Pb (Figure 4) towards higher energies (~3.0-3.3 eV).
Both the experimental absorption band between 3.2-3.5 eV [24] and the peak
around 3.10 eV also have a high contribution of terms of 3 and 4 species ( A 34 , Figure 7),
which in some cases is even higher than the I-I and Pb-I.

4. Conclusions
The electronic and optical properties of the 14 organic lead iodine perovskites

APbI3 are obtained using DFT first principles. The electronic properties are determined
mainly by the Pb-I interactions in the PbI6 octahedra: the edges of the VB and CB are
predominantly made up of p(I) and p(Pb) states respectively.
After that, the ACs are obtained, compared with experimental results, and the
differences between the organic cations analyzed. Furthermore, the ACs have been split
into inter-species components in order to identify and quantify the origin of the peaks in
the experimental absorption spectra. For energies close to the bandgap, the main
contribution is from the Pb-Pb (s(Pb)-p(Pb)) intra-species transitions. A wide absorption
band above 3 eV is present in almost all organic perovskites. It mainly came from of the
I-I, Pb-I and Pb-Pb species transition (s(I)-p(I), p(Pb)-p(I) and s(Pb)-p(Pb) respectively).
However, the 3 and 4 species term A34 has a contribution similar to the previous ones, and
even higher in the case of some cations. Therefore, although the organic cations do not
directly contribute to the optical properties through intra- and inter-species terms, they do
contribute indirectly via terms of 3 and 4 species.
9
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Almost all ACs are qualitatively similar, except for the A= Hy1 , as a consequence
of the larger bandgap. Therefore, except for this cation, the absorption properties do not
vary considerably. However, with respect to other properties that determine the final
efficiency and stability of the device, the effect of organic cations could be decisive.
The content of lead in these compounds can generate environmental and toxicity
problems. To maintain the high absorption capacity and reduce toxicity, the M element
that would substitute lead should have a high M-M inter-species contribution.
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Cation (A)

abbreviation

[(CH 3 )NH 3 ]+

Methylammonium

Me

[(CH 3 ) 2 NH 2 ]+

Dimethylammonium

Di

[(CH 3 )3 NH]+

Trimethylammonium

Tr

[(CH 3 ) 4 N]+

Tetramethylammonium

Te

[CH 3CH 2 NH 3 ]+

Ethylammonium

Et

[CH 3 (CH 2 ) 2 NH 3 ]+

Propylammonium

Pr

[(CH 3 ) 2CHNH 3 ]+

Isopropylammonium

Is

[CH 3C(NH 2 ) 2 ]+

Acetamidinium

Ac

[C3 H 5 N 2 ]+

Imidazolium

Im

[C3 H8 N]+

Azetidinium

Az

[CH(NH 2 ) 2 ]+

Formamidinium

Fo

[C(NH 2 )3 ]+

Guanidinium

Gu

[(OH)NH 3 ]+

Hydroxylammonium

Hy1
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[NH 3 NH 2 ]+

Hydrazinium

Hy 2

Table 1: Organic cations (A) of the Lead Iodine perovskites APbI3 evaluated in this work.
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Figure 1: Crystalline structure of the Perovskite APbI3 semiconductors. The shaded
areas show the PbI6 octahedra.

Figure 2: (a) Comparison of the energy bandgap ( E g ) obtained in this work for several
organic cations (Table 1) with other results in the literature using different methodology
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[17]. (b) Difference between the bandgap with respect to the A=Me bandgap ( E g -E g (Me)
).

Figure 3: APbI3 absorption coefficient for several organic A cations (Table 1).

Figure 4: Same legend as that of Figure 3, but for the absorption coefficient split into PbPb species contributions ( a Pb-Pb ).
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Figure 5: Same legend as that of Figure 3, but for the absorption coefficient split into I-I
species contributions ( a I-I ).

Figure 6: Same legend as that of Figure 3, but for the absorption coefficient split into PbI species contributions ( a Pb-I ).
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Figure 7: Same legend as that of Figure 3, but for the 3- and 4-species contributions (
A 34 ).
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