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Abstract. Using first principles calculations, we investigate the geometric and electronic structures
of organic-inorganic hybrid perovskite, FAPbX, (FA = CH(NH,),"; X = Cl, Br, I). Since the organic
molecule in the centre of the 3D hybrid perovskite is the key for its characteristics, here we compare
FAPbX, with MAPbX, (MA = CH;NH,"). The band gap of the former is smaller than the latter.
Particularly, the calculated band gap of FAPbI,, 1.40 eV, is close to the experimental data, 1.41 eV.
Furthermore, we analyze their orbitals, density of states and the spatial distribution of the charges,
revealing that FAPbX, can produce and transfer more excitons than MAPbX, does.
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1 Introduction

Perovskite solar cells (PSCs) have been the most promising devices towards the renewable energy
generation recently, whose highest efficiency, 21.1%, was achieved in 2016 [1]. In addition to their
efficient light absorption and high carrier mobility [2-4], they are semiconductors with adjustable band
gaps, which have the benefits to absorb different wavelengths of light [5] and to fit into the solar devices
well [6]. However, the performance of perovskite depends on its structural order which is temperature-
dependent even in typical solar cell operating conditions. For example, methylammonium (MA,
CH,NH;") lead iodide (Pbl;) undergoes a phase transition between tetragonal and cubic symmetry
within 54 and 57 °C [7, 8]. Increasing the temperature increases the kinetic energy of the organic
molecule in the perovskite [9, 10] and creates volatile molecular defects towards the structure
degradation [11]. These factors affect the PSC durability.

Improving the perovskite stability thus is the key issue for solar cells, and formamidinium (FA,
CH(NH,),") cations were recently suggested, by plane-wave first-principles calculations, to replace MA
inside the inorganic metrix [12, 13], due to that the former can interact with the inorganic cage stronger
than the latter does, to reduce the release of volatile species [13] or alter the covalent/ionic character of
Pb-I bonds [12]. On the other hand, mixing FA with MA is experimentally shown to be a route to
stabilize the perovskite [8, 14] and improve the power conversion efficiency [14]. However, first-principles
calculations with the linear combination of atomic orbital (LCAQO) basis-set, which are economical and
feasible for charge transport studies, on this issue are still limited to date.

In this work, we investigate the geometric and electronic properties of organic-inorganic hybrid
perovskite, FAPbX, (X = Cl, Br, I) from first principles. Particularly, their geometries, band structures,
orbitals, density of states, and the charge densities are analysed, revealing the electronic and optical
properties, as well as the stability, of such materials. In addition, we compare the band gap of FAPDI,
with the measured data. Finally, we compare the electronic features of FAPbX, with MAPbX,.

2 Computational Methods

The structural optimization was done by using Siesta, a density functional theory based code, with self-
consistent field method. The conjugate gradient method was used for optimization, with the local
density approximation and the LCAO basis-set. The optimized structures were then used to calculate
the electronic structures by the density functional theory and the non-equilibrium Green function
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formalism based code, Nanodcal. The calculated FAPbX; are simple cubic. The lattice constants of
FAPHCL,, FAPbBr, and FAPDI, are 5.61567, 5.7688 and 6.3992 A, respectively, within +40% of the
optimized lattice constants of MAPbCl,, MAPbBr, and MAPbIL, (5.675, 5.901 and 6.329 A, respectively
[15]). The K-points set was 20x20x20. The Brillouin zone went along two paths: RGXMG and XRMRG.
The density of states and charge density were projected on s, p, d orbitals of all atoms.

3 Results and Discussion

Figure 1 shows the initial and optimized cubic structures of FAPbCl,, FAPbBr, and FAPbI,. The
inorganic frames of the perovskites are distorted. The N-C-N bond of the FA molecule transforms from
lying on (001) plane to (110) plane which is the most stable site for FA inside the PbX, frame. Figure 2
plots the brillouin zone of the cubic structure [16]. To cover all the K points, it must draw from Gamma
point (G), to M, R, G, X, M, G, R, X points.
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Figure 1. Structural optimization of FAPbX, (X= Cl, Br and I)
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Figure 2. The brillouin zone of a simple cubic lattice.

In Figure 3, the band structures of FAPbX, indicate that the band gaps locate at the R point with
the values of 2.02, 1.65 and 1.40 eV for FAPbCl;, FAPbBr; and FAPDI;, respectively. They are direct
band gaps, checked with the M-R point path. Our calculated band gap of FAPbI; (FAPbBr;) is about
0.01 (0.50) eV smaller than the measured value 1.41 (2.15) eV [17] or 1.47 eV [18]. To open up the band
gap, the relativistic GW calculations may be needed [19, 20].
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Figure 3. E-k diagram of FAPbX, (Path: R-G-X-M-G)

Whereas the band gaps of FAPbX; depend on their geometries and configurations, the band structures
near the Fermi level are similar. The band structures shown in Figure 3 thus are used as examples to
investigate the orbitals consisting of the conduction and valence bands around the Fermi level. The
larger the contribution of the orbital does, the bigger the circle on the band structure is. Figure 4 shows
that the p orbital of the Pb atom affects the conduction band minimum, while the s and p orbitals of
the X (Cl, Br and I) atoms influence the valence band maximum. The band structures of FAPbX, (Fig.
4 a-c) are similar with those of MAPbX;, (Fig. 4 d-f) [21]. However, the s orbitals of Cl and Br atoms in
MAPDX; (Fig. 4d and 4e) does not influence the valence band maximum, rather than in FAPbX, cases
(Fig. 4a and 4b).
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Figure 4. The contribution of the s and p orbitals of Pb and X atoms projected on the band structures of (a)
FAPDLCL,, (b) FAPDBr,, (¢) FAPDL,, (d) MAPDBCL,, (¢) MAPbHBr,; and (f) MAPDI,.
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In Figure 5, each top panel shows the total density of states and the following panels plot the partial
density of states of the Pb atom, the halogen atoms, and the organic cations (FA or MA) for FAPbCl,
(a), FAPbBr, (b), FAPbI, (¢), MAPbCI, (¢), MAPbHBr,; (d) and MAPDI, (e), respectively. The p orbital
of the Pb atom governs the conduction band, while the p orbitals of the halogen atoms constituent the
valence band. In addition, the s orbital of I atom also contributes to the valence band. Thus the valence
band maximum of FAPbI, is closer to the Fermi energy (at around 0.5 e€V) and has larger density of
states than those of other FAPbX,. Moreover, the valence band maximum of FAPbI, is also closer to
the Fermi energy than that of MAPDI,, giving a smaller band gap. The former also has higher density of
states around the valence band maximum than the latter, due to the contribution of s and p orbitals of
I atoms, induced by the FA cations. Therefore, FAPbI; has more states for occupation. As this material
is photo excited, more excitons can be produced, which are also easier transferred than other organic-
inorganic hybrid perovskite.
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Figure 5. Density of states of (a) FAPbCL,, (b) FAPbBr,, (¢) FAPDL, (d) MAPDCL,, (¢) MAPbBr, and (f) MAPDI,.

Figure 6 shows the charge distribution in real space. The energy range of the conduction band charge
density is between 0 to 40 eV, shown in Figure 6a (6¢), where the isosurface of FA (MA) molecule is
bigger because it is positive ions. The energy range of the valence band charge density is between -40 to
0 eV, shown in Figure 6b (6d), where the isosurface of PbX; is bigger because Pb and X are negative

Copyright © 2016 Isaac Scientific Publishing



Journal of Advances in Nanomaterials, Vol. 1, No. 1, September 2016 37

ions. In Figure 6a (6¢), the order of conduction band molecular charge density from the big to the small
is APbCl;, APbBr; and APbI,, following the order of electronegativity in chlorine, bromine and iodine.
The higher electronegativity it is, then the more ionization it has. However, the charge distribution of
FA cations are larger than MA ones, supporting that FA cations interact with the Pb-X frame stronger
than MA, making the systems more stable.
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Figure 6. Charge densities in real space of (a) FAPbCl,, (b) FAPbBr,, (¢) FAPDL,, (d) MAPHCL,, (¢) MAPDBI,
and (f) MAPbDL,.

4  Conclusion

In summary, we have investigated the geometric and electronic structures of FAPbX, (X = Cl, Br, I)
from first principles. The calculated band gap of FAPDI;, 1.40 eV, is close to the experimental data, 1.41
eV [17] or 1.47 eV [18]. The band gap of FAPDI, (1.40 eV) are smaller than the band gap of MAPDI,
(1.52 eV) [21], so that FAPbI,; has broader light absorption than conventional MAPbI,. While the band
gaps of FAPbX,; and MAPDLX; are different, their band structures are similar. However, around the
valence band maximum, FAPDI; have higher density of states than MAPDI;, suggesting that the organic
molecule (FA or MA) can tune the electronic properties of the perovskite. The charge distribution of FA
molecule is larger than MA molecule, supporting that FA molecule make the Pb-X framework more
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stable. Our results indicate that FAPbX; could be used to build a better perovskite solar cell than
MAPDBX, is, improving its efficiency and durability.
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