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Fig. 1. (color online) Four molecule models of A
cations in perovskite APbls (purple ball is Cs atom,
blue balls are N atoms, gray balls are C atoms,
and white balls are H atoms): (a) CsT; (b) NH4+;
(c) CH3NHT; (d) CH(NH2)F.
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Table 1. The calculated crystal parameters, band gap, Pb—I bond length and the nearest neighbor number of H and I
atoms for perovskite APbls (A denotes Cst, NH}, MA*, FAT) optimized with GGA and LDA.

it AR E AL il Pb—I

Pb—1 14 B

7 A a/nm  b/nm  c¢/nm A /nm3 K /nm K /nm A i JE JeV AR eV
CsPblz  0.898 0.898 1.338 1.079  0.308—0.319 0.311 1.52 1.57 1281

. NH4Pbl; 0.879 0.879 1.326 1.025  0.301—0.374 0.325 7 1.83
MAPbI; 0.888 0.886 1.342 1.056  0.305—0.351 0.327 10 1.79 155029 1.601301—1.7031]
FAPbI3  0.924 0.902 1.327 1.105 0.294—0.380 0.329 11 1.72 1.4732]
CsPblz  0.855 0.855 1.275  0.934  0.308—0.319 0.312 0.96

DA NH4PbI3 0.859 0.825 1.223  0.866  0.308—0.325 0.316 17 1.93
MAPbI; 0.855 0.842 1.269 0913  0.304—0.370 0.318 19 1.84
FAPbI; 0.865 0.842 1.294  0.961  0.2950.367 0.320 21 1.80
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(a) CsPbly

(c) MAPbI;,

(b) NH,PbI,

(d) FAPbI,

2 (TR R GGA kT4 AL APbIs (A Cst, NHI, MAT, FA') fidbikgii, Jrh gtk
N Cs Ji7, BEMNNJET, AOHNHIET, WAKGHN CJRT, WAEAN P T, MO TR T

Fig. 2. (color online) The geometrical structures of perovskite APbls (A denotes Cs™, NHZ‘, MAT, FAT)
optimized with GGA. Purple balls are Cs atoms, blue balls are N atoms, white balls are H atoms, light gray

balls are C atoms, dark gray balls are Pb atoms, and brown balls are I atoms.

3.2 HEFLEH

MR B T g5 R o AR B T A B S
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FE RN A —E0 . Bkl W, AL PH B+
PRI T 25 M I s e K, T B 45 SRR B
JH AR /), A B RO, 8 T R T VR AL
J& I NH,Pbl; B A /N de i RS, #1 B A &R

VAR TEFE, FE FAPDI; K£90.1 eV, B H n] W
I IR AT FEL R 70N, 17 CsPblg [ 4% 58 5 43 51 N
1.52 eV(GGA) F10.96 eV(LDA), 5HAhfk 2Lt

SIYNEE 2N

VY b 85 EK A B4 ) 1 Ry 45 4 a0 B 3 B s, A
B mT DUE Y, DO A0S ER AT A4 L 5 A AR AU, B8 Y
4EH4, Horh CsPbls M1 FAPDIs ¥ AR RHR G(0,0,0)
U B AT B S AR, 2B UE FE 43 R 1.52 eV
F1.72 eV, CsPbls II4E 95 & 71 5 5 Se 50 (A A0
WA, AU 2£0.05 eV 281 FAPDIS [ 25 45 95 i
THEAE S 9 A0 22 0.25 eV B2, i NH,PbIs Al
MAPDI; & A [ 4527 B Ak, 2570 98 FE 230 oh
1.83 f11.79 eV, M 1H) T IRAE G ri A M, ReEld
B G 5 REEAE R 0.03 eV, i T 4 il 76 78 6
1.Z(0, 0, 0.5) F1G(0, 0, 0) &b, A MAPDI; 257
B FEVH AR SR LT A (3R 1), BT IXEERE
BEEMHZEAK, ATy NH,Pbl; #1 MAPDI;
JBTE G A EE R SR, X B MAPDI
M FAPDIg 2575 55 ¥ 5 Lee 25 33 3815 10 45 AR
B, Z4H 558 0.098 F10.099 eV. XA fig /& T
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X a = 92E(k)/0k?, Jyaei 45t E(k) i) =X
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28) il 3 Frow, Horp, By NS 92, ae F ay, 2393
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AR I RS FE (1) SOk B AR T
BRE. IWE 40 LLE H, CsPbl; # FAPDI; &
FH G A TIP3 2 IR I R4 a L
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Energy/eV

ae=108.05
mi=0.17Tmyg

Energy/eV
—
T

_ 1 n 1 \ n
4 A M G Z Q F

K3 SERH A APbIz (AN Cst, NHY, MAY, FAT) S B0 00 BE 15 28 (S240), LA I 5415 G I B i 1L

ity T e o L BRI B — IR R B il 2 (RE4R)

(a) CsPbly, Eg = 1.52 eV, u = 0.08; (b) NH4Pbl3, Eg = 1.83 &V,

©=0.22; (c) CH3NH3Pbl3, Eg = 1.79 €V, p = 0.18; (d) CH(NH32)2Pbl3, Eg = 1.72 eV, u = 0.11

Fig. 3. The top curves of valence band and the bottom curves of conduction band for perovskite APbls (A denotes
Cst, NHI7 MAt, FA*) (solid lines), and quadratic fitting curves (dash lines) at bottom point of conduction band
and top point of valence band: (a) CsPblz, Eg; = 1.52 eV, u = 0.08; (b) NH4Pbl3, E; = 1.83 €V, p = 0.22;
(¢) CH3NH3Pbl3, Eg = 1.79 eV, p = 0.18; (d) CH(NH2)2Pbl3, E; = 1.72 eV, p = 0.11.
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Density of states

Density of states

—6 -3 0
Energy/eV
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Total ijw U
— — Pbé6s L ef s |
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—-—1I5p
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8 — . --NHf
@
< 30F
o
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>
h
2 20r
o
A
10

1 . N e = ha
—6 -3 0 3 6
Energy/eV

Density of states

Energy/eV

4 (TR KA GCA T E 4351 APbls (A A CsT, NHS, MA™T, FAT) A ENNSEE, AR
Iy LUMO F (%) Il HOMO [ (#5)  (a) CsPbls; (b) NH4Pbls; (c) CH3NHsPbls; (d) CH(NHz)2Pbls
Fig. 4. (color online) The total and partial density of states of perovskite APbls (A denotes Cs, NH;{7
MAT, FAT). The insets are LUMO (green part) and HOMO (blue part): (a) CsPbls; (b) NH4Pbls;

(c) CH3NH3Pbls; (d) CH(NH;)Pbls.
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PR 211 0.18my.
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Abstract

The rapid development of organic-inorganic hybrid perovskite solar cells has recently attracted the worldwide
attention because their power conversion efficiency has risen from 4% to higher than 20% within just six years. It is
well known that the perovskite materials with APblIs crystal structure have a 3D framework of corner-sharing Pblg
octahedra, in which each Pb atom bonds with six I atoms, and the A cations fill in the octahedral interstices. At present,
a lot of researches have focused on the synthesis and doping modification of perovskite materials. However, it is hard
to detect directly the weak interactions between A cations and Pblg skeleton in the APbIs crystal structure through
experiments, which have effect on the structural stability and electronic properties. To provide a full understanding of
the interplay among size, structure, and organic/inorganic interactions, the stability, electronic structures and optical
properties of APbIs (A denotes Cs™, NHf, MA™, FA™) were investigated by the plane-wave ultra soft pseudo potentials.
Two dispersion corrections were taken into account in the weak interactions between A cations and Pblg skeleton in the
APDbI; crystal structure, respectively. The results show that the type and size of cations affect the distortion of Pbl
framework, indicating that the larger the radius of the A cation is, the stronger the interaction between the A cation and
the Pbl framework is. Further, it is identified that after geometry relaxation, the orientation of A cations (A denotes
NH], MA™, FA™) is easy to change, and the PbI frameworks present structural distortion. CsPbls is more stable
energetically than other three kinds of perovskite materials. For the Pblg octahedra, the large dipole moments of 0.23D
and 0.32D for the generalized-gradient approximation method or 0.28D and 0.29D for the local-density approximation
method are also present in MAPDbIs and FAPbI3, respectively. In addition, the energy band structures, which affect the
generation and migration of photon-generated carriers and optical properties, will alter with the structural distortion
of Pbl frameworks. By analyzing the energy band structures and corresponding density of states, we find that four
systems have similar band structures near the Fermi energy, namely, the top of valance band is mainly contributed
by I 5p orbitals, while the bottom of conduction band is dominated by Pb 6p orbitals and partly contributed by I 5p
orbitals. A little difference of their electronic structures and optical absorption spectra originates from the distortion
of Pblg octahedra in APbls crystal structures. It is noted that the contribution of the ions Cs* and FA™ on the top
of valance band is slightly larger than that of the ions NH} and MA™T. Compared with other three kinds of perovskite
materials, CsPbls presents the narrowest direct band gap, the lowest effective carrier mass and excellent visible-light and
infrared absorption. The results may provide some theoretical guidance for further research on perovskite materials in
the application of solar cells.
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