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Lattice constant (A) Band gap (eV)
Phase Symmetry PBE Exp PBE PBE + SOC HSE + SOC Exp
CH;NH,;PbI;
o Pm3m a = 6.39 a=6.31, 6.28 1.53 0.46 1.14
B I4/mcem a = 8.80, a = 8.85, 8.88, 1.57 0.77 1.60 1.52, 1.5
c=12.99 c=12.64, 12.67
Y Pbnm a = 8.84, a=8.84, b=8.56, 1.46 0.59 1.43
b =877, ¢ =12.58,
c=12.97
CH;NH,;PbBr;
o Pm3m a=6.04 a=5.94, 1.93 0.89 1.92 2.23, 2.32,
a=5.95 2.29, 2.35
B I1a/mem a = 8.28, 1.98 1.13 2.11
c=12.25
Y Pbnm a=8.32, 1.81 0.91 1.86
b =8.29,
c=12.15
CH;NH,;PbCl;
o Pm3m a=15.78 a=5.70 2.40 1.33 2.57 3.11
B Ia/mcm a=17.93,c=11.71 2.47 1.57 2.77
Y Pbnm a=7.94,b=17.95, 2.27 1.31 2.47
c=11.66
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DFT![46], X-ray? [38], X-ray®[39], .CH3NH3Pbls slo aige Jsb g aSis yiol )b 5,k 5 oy25 polie Y-V Jgox
Neutron*[47], X-ray®[48]

| Structural parameters of CH;NH;Pbl;.

Structural parameter (A) DFTl(this study) )(-ray2 diffraction X-ray3 diffraction Neutron® diffraction )(-ray5 diffraction
Cubic lattice parameter 6.28 6.28 6.31 6.32 6.29

|-I separation 4.45 — 4.46 4.47 -

Pb-I bond length 316 — 316 3.16 —

C-N bond length 1.48 — 1.48 1.35* —

C-H bond length 110 — — 0.99* —

N-H bond length 1.04 — — 0.99* —

DFT, density functional theory.

Calculated (DFT) parameters are compared with experimental data for the cubic phase.

*Due to the manner in which orientational disorder is fitted to neutron diffraction data for the cubic system, these bond lengths from ref. 55 represent an underestimate; in the refinement of the
orthorhombic structure they used bond lengths with soft constraints of 1.46 A (C-N), 113 A (C-H) and 1.00A (N-H), which are comparable to our calculated values.
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Pb- Sn-1 SN-Br oleewi sladign &,08 ¢ Jgb oiil oo VIO 9 YA /A VA 55 a5 gl
OB aS aies e olds gl ol Coles 5o el Sgliie )9k sla oy, 51 s ,a 40 Ph-1 9 Br
Sla g o SiiSKed g 009 (Scciw VI ol (5 0aisS i Lo | Jole B-X sleowds sla Sigy

28,5 000l | sl g oo a5 3,00 SVl olss y (Sl Ll Gawe g ]
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BvrH GvRH E Vi vt Vm Op

Phase B+ X~ GPa GPa GPa T B/G m/s m/s m/s K
(& Sn Br 26.2 12.2 372 0.26 1.78 3605 2043 2271 272
I 22.2 12.6 34.5 0.24 1.60 3177 1855 2057 232

Pb Br 22.6 10.4 29.1 0.29 1.99 3099 1699 1894 219

I 164 8.7 22.2 0.28 1.89 2612 1455 1620 175

t Sn Br 19.5 94 26.2 0.28 1.90 3172 1765 1965 230
| 18:5 6.3 18.2 0.28 1.89 2469 1374 1531 169

Pb Br 14.7 55 15.1 0.33 2.57 2524 1278 1432 160

I 2.2 3.7 12.8 0.33 2.52 2135 1087 1218 131

0 Sn Br 292 6.5 24.1 0.36 3.30 3408 1584 1784 213
I 18.5 4.1 16.7 0.35 2.99 2597 1249 1404 158

Pb Br 26.9 9.5 27.9 0.33 2.56 3292 1668 1870 214

I 18.1 3.6 15.0 0.36 3.30 2494 1159 1305 141
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[6-] CHaNH3PbXs (X=1, Br, Cl) sla culSgp (st odal Conds (2,55 g 5,5 polie :F-Y Joax

Experimental and theoretical values of the elastic modulus and hardness anisotropy of the CH;NH;PbX; (X=1, Br and Cl) perovskites.

Composition Phase Orientation Young's Modulus (E) /GPa Theoretical Modulus (E) /GPa* Hardness (H) /GPa
CH3NH;Pbls Tetragonal {100}* 10.4(8) Tetragonal Phase -12.8 GPa 0.42(4)
Tetragonal (112)* 10.7(5) Cubic Phase - 22.2.GPa 0.46(6)
CH3NH;3PbBr3 Cubic {100} 17.7(6) Tetragonal Phase - 15.1 GPa 0.31(2)
Cubic {110} 15.6(6) CublErnsse=SEGRa 0.26(2)
CH3NH;3PbCl3 Cubic {100} 19.8(7) No values reported 0.29(2)
Cubic {110} 17.4(7) 0.25(2)

*The {100} and {112} planes in a tetragonal lattice are parallel to {110} and {101} planes, respectively, in the case of a cubic lattice.
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Electron effective mass (m.) Hole effective mass (m,)

CH;NH,;PbL 035,032 031,036

CH;3;NH;:PbI: (SOC) 0.18,0.23* 0.21,0.29%
CsSnl; 0.19 0.09
CsSnl; (SOC) 0.16 0.07
Silicon 0.26 0.29
GaAs 0.07 0.34
CulnSe, 0.09 0.75
Cu,ZnSnSe; 0.10 0.26
CdTe 0.09 0.28
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Abstract

In this thesis, the electronic, mechanical and optical properties of bulk and nano-layer
structures of organic-mineral hybrid perovskites MAPbXs (X=Cl, Br, I) have been
investigated. In recent years, these compounds have been widely considered as adsorbent
materials of a new generation of solar cells. Bulk phase of these materials at temperatures
higher than room temperature which equals to work temperature of the solar cells is cubic.
Hence, at the first step cubic phase of bulk MAPbX3 (X=CI, Br, I) and then two dimensional
single and multi-layer of their nano-structures have been investigated.

The results obtained with the help of PBEsol, SOC and HSE06 approximations showed
that the electronic properties of these materials are directly depend on the type of halogen (X
= ClI, Br, 1) in the compound. As the halogen radius increases (Rci<Rg:<Ri), the direct band
gap of bulk phases beside single and multi-layer nanostructures decreases. The reason for
this behavior is the increase in the overlapping of p and s orbitals of the halogens, and the
increase of intense anti-adhesion interactions and displacement of the edge of the valence
band towards larger energies. The results obtained with the GGA-PBEsol approximation
were very consistent with experimental results. Additionally, in order to investigate
relativistic effects of heavy Pb atom inside these compounds, electronic properties of the bulk
structures were investigated considering spin-orbit coupling but the results were not

consistent well with the experimental reports.

Also, mechanical properties of these structures have been studied using energy-strain
approach. In this approach, by applying the strain and structures’ deformations based on
deformation matrices, and using obtained energy-strain curves, elastic constants of these
structures were calculated. After that, utilizing relations of these constants with mechanical
parameters such as Young’s module, Bulk and shear modules and also Poisson ratio, the
elastic behavior of considered structures have been studied. The results showed that, with
increasing of the halogens radius and decreasing of the strength of X-Pb-X bonds, the elastic
coefficients and, consequently, the mechanical parameters have decreasing trend. However,
significant point in bulk and nano structures are the high formability power of these materials

which are very flexible compared with the silicon solar cells
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Since for the optical applications it is very important to know the optical parameters of
the structures, by computing the real and imaginary parts of the dielectric function, some
coefficients like, refractive index, extinction coefficient, absorption and reflectivity
coefficients were investigated. The important result was the high order of the absorption
coefficient (at a rate of 10° cm™), which is important for absorber layers using in the solar
cells. The mineral component of these materials is the main factor of this high absorption
coefficient. Also, the presence of organic cations in these compounds cause a significant

reduction of their static dielectric constants compared to the CsPblz perovskites.

Keywords: CH3NH3PbXs (X=ClI, Br, 1), Perovskite Compounds, Density Functional Theory
(DFT), Electrical Properties, Mechanical Properties, Optical Properties,

Perovskite Solar Cells.
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