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The Vienna ab-initio simulation package (VASP) and Density Functional Theory (DFT) calculation method are
used to study the structural and detailed electronic properties through atomic substitution in the CH3NH3Pb;.
0Yels (Y=Sr, Ca x = 0.125, 0.25, 0.50, 0.75, and 1.0) perovskites. We determined that the non-stoichiometric
crystal structures were calculated as a distorted orthorhombic phase as predicted by the tolerance factor range
0.7 < t < 0.9. The bandgaps of the stoichiometric CHsNH3SrI3 and CHsNH3Cal3 compounds are calculated 3.261
eV (Q — I indirect) and 3.144 eV (Q — T indirect), respectively and they are very high for ideal photo absorbers.

We were determined that the bandgap (I' — I' direct) of the CH3NH3Pbg g75Cag 12513, CH3NH3Pbg 750Cag.25013,
and CH3NH3Pbg g75Sr0 12513 compounds are calculated 1.44 eV, 1.54 eV, and 1.525 eV respectively and are more
suitable for ideal photo absorbers. It was seen that Ca2* substitution was more successful than Sr?* substitution.

1. Introduction

Recently, perovskite compounds have attracted a lot of attention due
to their high power conversion efficiencies, low fabrication costs, su-
perconductivity, electronic, and optical properties. Organic-inorganic
hybrid perovskite compounds have occurred ABXsform, in which A =
[CH3NH3]" cation, B = Pb** cation, and X = I~ anion [1]. There are
many studies in which anions such as CI- and Br~ are substituted
instead of the X =1 anion [2-8]. Also, the electronic and optical
properties of perovskite compounds in ABX3 form was studied by
substituting inorganic cations such as Pd?*, Ge**, Sn**, Sr?*, Ca®*" and
Ag* instead of the B = Pb** cation [9-19]. Moreover, in our previous
study, the change in the structural and electronic properties of the
CH3NH3Pb(; x)Bixls (x = 0.125, 0.250, 0.500, 0.750, 1.000) perovskite
compound by the substitution of Bi instead of Pb cation has investigated
as systematically [20].

There are many studies on structural parameters of CHsNH3Pbl3
perovskite compounds such as lattice constants and crystal symmetries
[5,6,17,19-25]. Moreover, there are studies on the electronic properties
of bandgap and direct-indirect band transitions for CH3NHj3Pblg
perovskite crystals [6,13-15,17-23,26-31]. Since this study was built
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on the substitution of S+ and Ca®* cations instead of the Pb?>* cation in
CH3NH3PbI3 perovskite compounds, the previous experimental and
theoretical studies have been limited to studies on Sr?* and Ca®* sub-
stitution. The bandgap of CH3NH3SrI3 was calculated to be 3.6 eV using
density functional theory (DFT) calculations by Jacobsson and et al.
[18]. The Jacobsson study showed that although the Sr?t jons have
almost the same ionic radius as Pb>", the calculated bandgap (as 3.6 V)
of the CH3NH3SrI3 crystal structure is not suitable for an effective photo
absorber [18]. Besides, the lattice constants of CH3NH3Cals perovskite
compound were investigated using first-principles calculations based on
DFT by Uribe and et al. [19]. In the study of Uribe, the bandgap of
CH3NH3Calj perovskite compound was calculated as 3.40 eV in the R—T
direction (as indirect band transition) [19]. Moreover, except for the
above, to the best of our knowledge, no detailed theoretical and
experimental data concerning the structural and bandgap properties of
the CH3NH3Cal3 and CH3NH3SrlI3 perovskite compounds. Farther, when
Pb%* is removed from the CH3NH5PbI; compound and replaced with an
ion such as Sr*>* or Ca2*, it was seen that the bandgap of the obtained
crystal structure is very high for ideal photo absorbers. One of the best
approaches that can be proposed for the solution of this high bandgap
problem may be the creation of the non-stoichiometric
CH3NH3Pb(1_x)Y(X)13 (Y:Sr, Ca, x = 0.125, 0.250, 0.500, 0.750)
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compound forms, as in our study.

Our main aim is to form the non-stoichiometric CH3NH3Pb(1.x)Y(x)I3
(Y=Sr, Ca, x = 0.125, 0.250, 0.500, 0.750) compounds formed by
substituted Sr* and Ca?' ions instead of Pb*" according to Gold-
schmidt’s empirical substitution rules, and it is to reduce the bandgap of
CH3NH3Pb(; Y xI3 (Y=Sr, Ca) solar cell material to an appropriate
value for the ideal photo absorbers specified in the Shockley Queisser
(SQ) limit [32]. Because the bandgaps of CHsNH3Pbls, CH3NH;3SrI3 and
CH3NH3sCals phases have been reported to be too high for ideal photo
absorbers. Moreover, it is built on comparing the effects of Sr* and Ca%*
substitution on the structural and electronic properties of the perov-
skites CHsNH3Pb(;.x)Y(x)ls (Y=Sr, Ca) and determining the most effi-
cient bandgap according to the SQ limit.

2. Computational method

Ab-initio total-energy calculations based on the Density Functional
Theory (DFT) were performed by using the Vienna ab-initio simulation
package (VASP) with the Generalized Gradient Approximation (GGA)
developed by Burke, Perdew, and Ernzerhof [33-41]. In this study, the
Projector Augmented Wave (PAW) method, a modern version of the
Augmented Plane Wave (APW) method, was used. The PAW method was
developed by Blochl to accurately and efficiently calculate the electronic
structure of materials [42]. It is based on the DFT. It contains the nu-
merical advantages of pseudopotential calculations. In the
self-consistent iterations, 1t consider both the correct nodal behavior of
the valence-electron wave functions and including upper core states in
addition to valance states. Thus preserves the physics of all-electron
calculations.

While the kinetic energy cutoff values were determined to be 600 eV
for stoichiometric phases (CH3NH3PbI3 CH3NH;3SrI3 and CH3NH3Cals),
were determined to be 500 eV for non-stoichiometric phases
(CHgNH3Pb(1.X)Y(X)Ig (Y=Sr, Ca, x = 0.125, 0.250, 0.500, 0.750)). The
energy convergence criterion of the electronic self-consistency was fixed
as 1078 eV/atom for all crystal phases. The Brillouin zone integrations
were carried out by Monkhorst-Pack special points mesh with a grid size
of 12x12x12 for stoichiometric phases (CHsNH3PbI3 CH3NH;3SrI3 and
CH3NHsCalg), and 6 x 6 x 6 for non-stoichiometric phases
(CH3NH3Pb(1.x)Y(x)Is (Y=Sr, Ca, x = 0.125, 0.250, 0.500, 0.750)) [43].
The valance electron configurations C, N, H, Pb, Sr, Ca, and I atoms are
2522p2, 2522p3, 1s!, 5d'%s? 6p2, 4524p6552, 3523p6452, and 5s> 5p5,
respectively.

Firstly, the geometric optimizations were performed for the stoi-
chiometric CH3NH3PbI3 CH3NH3SrI3 and CH3NHsCals phases. Sec-
ondly, the supercell crystal structures were constructed witha 2 x 2 x 2
ratio iteration by using the optimized cubic CH3NH3Pbl3 crystal struc-
ture (as calculated in our previous study a = 6.406 A) [20]. Thirdly,
Sr2* ve Ca®" ions are substituted instead of Pb2* in the supercell crystal
phases by considered Goldshmidt’s empirical substitution rules. In
addition, the non-stoichiometric ratios (x = 0.125, 0.250, 0.500, and
0.750) were considered in the this process. A look at the periodic table
can be seen as a number of candidates Calcium (Ca) and Strontium (Sr),
where Ca has a slightly smaller ionic radius (Ca%* = 114 pm) and Sr has
almost the same ionic radius as Pb (Sr>* = 132 pm, Pb%" = 133 pm).
Thus, the difference between Pb?t and Ca®* ionic radius was calculated
as 13.63%. The empirical rules for element substitution to Goldschmidt,
if the ionic radius differs by less than 15%, a full perfectly substitution
can occur, but, if the size differs between 15% and 30%, limited sub-
stitution can occur [44]. Hence the Sr?t ve Ca®* ions are substituted
instead of Pb?* are full perfectly substitution, because the ionic radius
differs by less than 15%. Besides, the Goldschmidt tolerance factor (t)
was calculated as t = 0.8075 and 0.8529 for the Sr?* ve Ca®' sub-
stitutions respectively. The calculated tolerance factor t is determined at
0.7 < t < 0.9 [45-47]. Thus, our studied crystal structures are expected
to be in tetragonal, orthorhombic, or rhombohedral form. All details of
the tolerance factor (t) calculations are presented in our previous study
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[20]. Using all the above-mentioned approaches, structural (lattice
constants and crystal forms) and electronic (DOS, pDOS, and Bandgap)
properties were investigated to systematically analyze the effect of Sr>*
and Ca?' substitution on the structural and electronic nature of the
perovskite (CH3NH3Pb(1.Y(ols (Y=Sr, Ca, x = 0.125, 0.250, 0.500,
0.750, 1.000)) crystal structures.

3. Results and discussion
3.1. Structural properties of stoichiometric phases

In this study, the structural properties of CH3NH3Pbl3 perovskite
cubic structure were recalculated for comparison with the previous
result [20]. The new results were seen to be compatible with the pre-
vious study [20]. Moreover, the non-stoichiometric CHsNH3SrI3 and
CH3NH3sCals phases are constructed by substitution Sr?* and Ca®* ions
instead of Pb2' ion. The crystal structures of stoichiometric
CH3NH3PbI3, CH3NH3S1I3 and CH3NH3Cals are given in Fig. 1a) and b)
(unit cell with 12 atoms). In our calculations, the lattice constant of the
cubic phase of CH3NH3PblI3 was calculated as 6.406 A® with a unit cell
volume of 262.88 A3, The calculated lattice constant is consistent with
the theoretical data in the range of from 6.172 A° to 6.420 A° [6,17,19,
21-23] and also the experimental lattice constants varying between
6.180 A%and 6.288 A° [5,24,25]. The lattice constant calculated as
6.406 A° differs 2-3% ratio deviation from the experimental data.

The calculated tolerance factor t is determined at 0.7 < t < 0.9 for
substitution Sr** and Ca®" instead of Pb>* ion [45-47]. All details of the
tolerance factor (t) calculations are presented in our previous study [20].
Thus, our studied crystal structures are expected to be in tetragonal,
orthorhombic, or rhombohedral form. The lattice constants of stoi-
chiometric CH3NH;SrI3 phase are also calculated as 6.759 A°, 6.527 A°
and 6.542 A°. The crystal structure of the stoichiometric CH3NH3Srl3
phase has been determined as a distorted orthorhombic structure. The
best of our knowledge, no detailed theoretical or experimental data
concerning stoichiometric CH3NHj3Srl3 structural properties have been
reported in the literature. Moreover, the structural properties of stoi-
chiometric CH3NH3Calz phase are determined as 6.503 A?, 6.133 A°
and 6.145 A®. This crystal structure is also a distorted orthorhombic
structure. These results are consistent with the estimates of the calcu-
lated tolerance factor (t). There is a theoretical study concerning with
the distorted orthorhombic structure of stoichiometric CH3NH3Cals
calculated by Uribe et al. [19]. Our results are deviated by 2-3% from
Uribe’s structural results. However, there are no other experimental or
theoretical studies we can compare. Our results are presented in Table 1
for comparison with other experimental and theoretical studies.

3.2. Structural properties of non-stoichiometric phases

The crystal structure of CH3NH3PbI3 given in Fig. 1a) was selected as
the initial phase and x = 0.125 was taken to form the first non-
stoichiometric CHsNH3Pb(;.0Y(nIs (Y=Sr, Ca, x = 0.125) structure.
The crystal lattice was shifted to 2 x 2 x 2 (containing C 8, N 8, H 48, Pb
7, Sr or Ca 1 and I 24 atoms) have been obtained the CH3NH3Pby g75
Yo.12513 supercell. This supercell is given in Fig. 2 a). Similarly, x = 0.25,
0.50 and 0.75 (Y—Ca, Sr) were selected to obtain CH3NH3Pbg 759
Yo.250l3, CH3NH3Pbg 500Y0.500I3 and CH3NH3Pbg 250Y0.75013, respec-
tively. Supercells of these phases are presented in Fig. 2b) and c) and d),
respectively. Also, the substitution situations of Ca®* and Sr?* ions in the
nearest neighbors are shown in Fig. 2 c1), and the substitution situations
in the second nearest neighbors in Fig. 2 c2).

All non-stoichiometric substituted CH3NH3Pb(;.)Y(xls (Y=Sr, Ca x
= 0.125, 0.25, 0.50 and 0.75) crystal structures were calculated as a
distorted orthorhombic phase as predicted by the tolerance factor range
0.7 <t <0.9. It is seen that the crystal structures of the non-
stoichiometric phases are transformed from the cubic phase to a
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Fig. 1. a) CH3NH3Pbl; and b) CH3NH3SrI3 and CH3NH;3Calj perovskite cubic and orthorhombic phases unit cell crystal structures. Brown, gray, cream, black, yellow,
and purple circles in the pictures represent C, N, H, Pb, Sr or Ca and I atoms, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

Table 1
The lattice constants of the stoichiometric CH3NH3Pbl; CH3NH3Srls; and
CH;3NH;3Calj; crystal structures and the other theoretical and experimental data.

Structure Method Lattice Constants (A®) Ref.
a b c
CH3NH3Pbl; our cal. 6.406 6.406 6.406
other cal. 6.330 6.330 6.330 [6]
6.340 6.370 6.350 [17]
6.219 6.184 6.251 [19]
6.406 6.406 6.406 [20]
6.420 6.420 6.420 [21]
6.310 6.310 6.320 [22]
6.172 6.149 6.218 [23]
exp. 6.180 6.180 6.180 [51
6.328 6.328 6.328 [24]
6.288 6.288 6.288 [25]
CH;3NH;3Srl3 our cal. 6.759 6.527 6.542
CH3NH;3Calz our cal. 6.503 6.133 6.145
other cal. 6.263 6.278 6.369 [19]

distorted orthorhombic phase, while the deviation rates in the lattice
constants are very small. The calculated structural properties of non-
stoichiometric phases are listed in Table 2. Also, the effect of Ca?* and
Sr* jons on the structural and electronic state of the material when
substituted in the second nearest neighbor position for x = 0.50 was
studied in Fig. 2 c2. In this substitution state, the lattice constants
calculated for the CH3NH3Pbg 50Y0.50I3 (Y—Ca x = 0.50) structure are a
=12.629 A%, b = 12.599 A®, and ¢ = 12.820 A°. Similarly, within the
structure of the CH3NH3Pbg 50Y0.50l3 (Y=Sr x = 0.50), a = 12.871 A%, b
=12.830 A® and ¢ = 13.093 A°. The atomic positions of Ca®* and Sr?*
ions in the second near neighbor state are calculated as (0.73008 for
Ca?", 0.24996 for Ca®*, 0.74289 for Ca®*; 0.23002 for Ca®*, 0.24996
for Ca®t, 0.24339 for Ca®"; 0.23001 for Ca®", 0.74996 for Ca’',
0.24339 for Ca®"; 0.73007 for Ca®", 0.74996 for Ca®", 0.74288 for
Ca2"; 0.72669 for Sr**, 0.24997 for Sr?*, 0.74066 for Sr>*; 0.22645 for
Sr?™, 0.24999 for Sr>*, 0.24023 for Sr**; 0.72669 for Sr>™, 0.74997 for
Sr?*, 0.74066 for Sr**; 0.22645 for Sr*', 0.74999 for Sr**, 0.24023 for
Sr?™), respectively. It is determined that the difference between lattice
constants is quite small (x:0.024%, y:0.04%, and z:0.20% for Ca2+;
x:0.031%, y:0.14%, and z:0.20% for Sr2+, respectively). The results are
highly consistent with the lattice constants obtained for the nearest
neighbor position when compared with Table 2. At the same time, the
lattice angles are also very compatible. The space symmetry of crystal

structures does not change either. Therefore, there is no significant
structural change in the crystal structure due to between Ca2* and $>*
ions settling in the nearest neighbor position or the second nearest
neighbor position. In addition, the Structural properties of non-
stoichiometric CHsNH3Pb(;_,)Y (I3 (Y=Sr, Ca) perovskite crystal pha-
ses are substituted by both Sr?** and Ca" at x (0.125, 0.250, 0.500, and
0.750) ratios are given for the first time in this study.

3.3. Electronic properties of stoichiometric phases

For the perovskite structures in the A — B — X3 general form, the
electronegativity of the B cation was reported to be more effective on the
bandgap than the A cation [48,49]. Accordingly, reducing the electro-
negativity of B cation will increase the bandgap of the material. Also, the
character of the B — X bond is effective on bandgap and the increase in
the antibonding character of the B — X bond will also increase bandgap
[48]. Differences in orbit symmetries are a source of these effects and
can lead to the possibility of different hybridizations. Moreover, in order
words, Since Pb%", Sr?*, and Ca?* cations lose electrons, the electro-
static attraction between the nucleus and the remaining electrons in-
creases. Accordingly, the electrons are drawn more towards the center,
and the cation’s radius becomes smaller. Thus, the electrostatic charge
of the ionic bond envelops all the walls of the ion. As a result, the cation
in the bond tends to be surrounded by the highest number of anions.
With this effect, since the energies of B — X bonds will increase, B — X
bonds will be even stronger. Thus, the bandgap of the material will be
reduced. The value of the bandgap is very important for an ideal photo
absorber. It has been reported by Shockley and Queisser that the
bandgap around 1.5 eV would be ideal (SQ limit) [32].

Firstly, the bandgap and type of band transitions (direct and indirect)
were calculated for stoichiometric perovskite CHsNH3Pbls, CH3NH3S1T3,
and CH3NHgsCals crystal structures are given in Table 3. As seen in
Table 3, the CH3NH3Pblz structure is highly compatible with both
experimental and theoretical studies [6,13-15,17-23,26]. However, the
calculated bandgap (1.682 eV, R—R direct) is slightly high for an ideal
photo absorber. The bandgaps given in Refs. [15,31] are optical and
have been added to Table 3 because they are compatible with other
studies. Our aim is not to compare the optical band gap with the elec-
tronic bandgap. In our study, we do not claim that the optical band gap
matches the electronic bandgap. When Sr?* and Ca?' ions are
substituted instead of Pb?" to both reduce the value of the bandgap and
reduce the toxic Pb concentration, the bandgaps are calculated for
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Fig. 2. The supercell crystal structures of CHsNH3Pb; ) Y,I3 (Y=Sr, Ca) perovskite phases are designed by x ratio a) 0.125, b) 0.25, ¢) 0.50 (It is shown that the
nearest neighbor substitutions in c1, the second nearest neighbor substitutions in c2), and d) 0.75, respectively. Brown, gray, cream, black, yellow, and purple circles
in the pictures represent C, N, H, Pb, Sr or Ca and I atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 2
The calculated lattice constants of non-stoichiometric crystal structures of CHsNH3Pb(; ) Y,I3 (Y=Sr and Ca) perovskite phases are designed by x ratio a) 0.125, b)
0.25, ¢) 0.50 and d) 0.75, respectively.

Structure X ratio Lattice constants (A®) Angles between x, y, and z directions
a b c a p 7

CH3NH3Pbyg g755r0.12513 0.125 12.848 12.791 12.986 89.993 89.318 90.002
CH3NH;3Pbg 75051025013 0.250 12.853 12.824 13.006 90.001 89.485 90.005
CH3NH3Pbyg 500Sr0.50013 0.500 12.875 12.848 13.067 89.998 89.600 89.997
CH3NH3Pbyg 2505075013 0.750 12.895 12.913 13.109 90.004 89.819 90.006
CH3NH3Pby g75Ca0 12513 0.125 12.771 12.723 12.937 90.002 89.253 89.997
CH3NH;3Pbg 750Ca0. 25013 0.250 12.718 12.681 12.905 89.997 89.248 90.001
CH3NH;3Pbyg 500Ca0.500l3 0.500 12.626 12.604 12.843 89.998 89.130 90.008
CH3NH3Pby 550Cag 75013 0.750 12.545 12.503 12.775 89.999 88.876 90.000

CH3NH3SrI3 and CH3NH3Cals structures are 3.261 eV (Q— I indirect) 19], they are very high for ideal photo absorbers.
and 3.144 eV (Q-T indirect), respectively. Although the bandgaps of Before explaining the causes of high bandgaps of CH3NH3SrI3 and
3.261 eV and 3.144 eV are compatible with other theoretical studies [18, CH3NH;sCals perovskite crystal structures by using electronegativity,
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Table 3
The calculated band gaps of the stoichiometric CH;NH3Pbl; CH3NH3Srl; and
CH;3NH;3Calj; crystal structures and the other theoretical and experimental data.

Structure Method Band gap Direction Ref.
Epandgap (V) Direct or Indirect
CH;3NH3PbI3 our cal. 1.682 R—R Direct
other cal. 1.570 I'-T Direct [16]
1.530 I'->T Direct [13]
1.761 [14]
1.540 I'>T Direct [15]
1.420 R—R Direct [17]
1.600 [18]
1.560 R—R Direct [19]
1.682 R-R Direct [20]
1.730 R—R Direct [21]
1.500 R—R Direct [22]
1.810 R—R Direct [23]
1.530 [26]
exp. 1.550 [27]
1.550 [28]
1.610-1.680 [29]
1.600 Direct [30]
1.550 Direct [31]
CH3NH3SrI3 our cal. 3.261 Q-T Indirect
other cal. 3.600 [18]
CH;3NH;3Calj our cal. 3.144 Q-T Indirect
other cal. 3.400 R-T Indirect [19]
10
—— CH,NH, (s) pDOS
3 CH,NH, (p) pDOS
— CH,NH, (d)pDOS

\7%

Wzl

0 R—R direct
&—/\
> %f?g
4
6
F R r M r F

Fig. 3. The calculated pDOS for the organic [CH3NH3] ™ cation (A-type) part in
the CH3NH3PbI; perovskite phase.

ionic radius, and antibonding characters, it is useful to give out which
orbits the [CH3NH3] ", Pb?", Sr?*, Ca%* cations and I anion contributes
to the bandgap region. These data are presented in Figs. 3-7,
respectively.

As can be seen in Fig. 3, in stoichiometric structures, there is little
contribution to all regions of valence and conduction bands of A— B— X3
phase from all of the s, p, and d orbits of the [CH3NH3]" cation.
Therefore, the effect of cation [CH3NH3] " on the value of the bandgap is
extremely small. However, there is a significant contribution from s
orbit of [CH3NH3] " cation to around —5 eV.

Fig. 4 shows that the contributions from Pb>*p, orbitals are spread
over every region of the valence band. But is non-dominantly. However,
there is a significant contribution from Pb?**py orbitals to the 3rd level
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>
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5]
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Fig. 4. The calculated pDOS for the Pb?* cation (B type) part in the
CH;3NH;3PbI; perovskite phase.

10 T
—— T (5 pDOS
—— I (p)pDOS
8 | — I (p)pDOS
I (p) pDOS
6 -——~——-"*§
/'\4 B
> /\/\
<2
B2 [
g
3| R—R direct
-6
F R T M T F

Fig. 5. The calculated pDOS for the I anion (X type) part in the CH3NH3Pbl3
perovskite phase.

energy region on the symmetry point R about approximately 1.69 eV at
the lower levels of the conduction band. Moreover, the contributions
from Pb** py orbitals constitute the lowest conduction band. Therefore, it
has a very impact on the value of the bandgap. Apart from this, it does
not make a significant contribution to other regions. Pb**p, orbitals
contribute to the lowest conduction band in the R symmetry point.
Therefore, it can have a meaningful effect on the bandgap. It was
observed that Pb?* d orbitals did not have a significant contribution to
the conduction and valence bands. As a result, Pb>"py and p, orbitals
will have an impact on the value of the bandgap of the material due to
their significant contribution to the lowest conduction band.

Fig. 5 shows that although there is a significant contribution from I~
s orbitals to around —12 eV, no significant contribution is made to
valence and conduction bands. Moreover, the I~ py orbitals make an
intense contribution around —1.2 eV to —1.5 eV it is also very effective
in forming the upper and lowest valence band. However, there is no
significant contribution to the conduction band. I"py orbitals play an
important role in the formation of the middle region of the valence band.
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Fig. 6. The calculated pDOS for the Sr>* cation (B type) part in the CHsNH3SrI3
perovskite phase.
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Fig. 7. The calculated pDOS for the Ca®' cation (B type) part in the
CH3NH;3Calj perovskite phase.

However, it is also effective in the upper valence band. Also, they
contribute less than the contribution of the I"py orbitals to the upper
valance band. Besides, the character of the contributions from the I"p,
orbitals to the valence bands are similar to the I py orbitals. There is also
a small contribution to the 4.34 eV energy level of the conduction band
of the I"p, orbitals. There is no significant contribution to valence and
conduction bands from I~ d orbitals.

The effect of the Sr?*substitution ion on the electronic structure is
shown in Fig. 6. Firstly, an indirect band transition in the Q— I direction
of the CH3NH3Srl3 perovskite structure was calculated. There is no
significant contribution from Sr?* s orbitals. It contributes little to
valence and conduction bands from Sr** py, py, and p, orbitals. More-
over, there are minor contributions from the Sr2+dxy, dyz, and dy, orbitals
to about 4.6 eV of the transmission band. Finally, there are contributions
from Sr** d,. and d,. orbitals to the high levels of the conduction band
(about 5.4 eV around).

The second substitution ion Ca?*electronic behavior is presented in
Fig. 7. It was determined that the band transition of the CH3NH3Calg
structure is in the direction of Q—T and indirectly. Ca®" s, px, Py, and p,
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orbitals have no significant contribution to the valence bands. However,
Ca?* dy, orbitals have little contribution to the valence band. Ca®** dyy
orbitals contribute about 3.76 eV energy levels of the conduction band.
Moreover, although they do not have direct contributions to the lowest
point of the conduction band (I" point), they will have relative effects on
the bandgap as they contribute to the upper parts of the I point. Ca*" dy,
orbitals support the medium energy levels of the conduction band.
Finally, the Ca*" d,» and d,» orbitals support the high levels of the
conduction band. However, they have no significant contribution to
valence bands.

According to the analysis given above, in terms of contributions from
orbitals, the [CH3NH;3] " cation has no dominant effect on the formation
of bandgaps of stochiometric CHsNHsPbls, CH3NHsSrl; and
CH3NH;3Cal3 structures. The Pb>* a cation is very effective in the for-
mation of the lowest conduction band. Moreover, the I~ anion is effec-
tive in the formation of the upper valence band. Therefore, the nature of
Pb-I bonds significantly affects the value of the bandgap. When Pb-I
bond energy changes with different ion substitution, the bandgap will
increase or decrease depending on the electronegativity and ionic radius
of the substitute ion.

As stated above, Firstly, the lowest parts of the Pb conduction band;
Iis dominant in the formation of the upper parts of the valence band as
given Figs. 4 and 5.. Accordingly, the strength of ionic Pb — I bonds is
very effective in the formation of the bandgap. The strength of the ionic
Pb — I bonds results in a relatively smaller bandgap than CH3NH3SrI3
(Eg = 3.261 eV) and CH3NHsCalz (E; = 3.144 eV), structures for
CH3NH3PbI3 (Eg = 1.682 eV) cubic perovskite structure. Secondly, The
ionic radii of Pb?* and Sr2* ions are almost equal (about Sr?* = 132 pm,
Pb%* = 133 pm). Therefore, cause the high bandgap of the CH3NH3SrT3
structure, is not the inclusion of the Sr?* ion in the crystal system.
However, the electronegativity value of Sr is 0.95 and the electronega-
tivity value of Pb is 2.33. When the CH3NHj3SrI3 structure is formed by
substituting Sr?* instead of Pb**ion, the electronegativity of the B cation
in the crystal system decreases by 59.23%. Accordingly, since the Sr — I
antibonding character will increase, the bandgap of the CH3NH;3Srl3
structure will increase. As a result, the bandgap of the CH3NH;3Srl3
structure increased from 1.628 eV to 3.261 eV. If we focus on Ca**
substitution, the ionic radius of the Ca ion is 114 pm, which is 14.29%
smaller than the ionic radius of Pb. If the ionic radius is included in a
smaller ion crystal system in the case of Ca®* substitution for Pb**, the
bandgap is expected to decrease. However, on the contrary, it was
calculated that the bandgap of the CH3NH3Cals structure increased. To
explain this behavior, it is necessary to focus on the electronegativity of
Ca and Pb. While Pb electronegativity is 2.33, Ca electronegativity is
1.00. When Ca?* is substituted, the electronegativity of the B cation in
the CH3NH;sCalg structure decreases by 57.08%. Accordingly, as the
Ca — I antibonding character increases, the value of the bandgap also
increases (1.628 eV — 3.144 eV). This result shows that the effect of
electronegativity change on the bandgap is more dominant than the
effect of ionic radius difference.

3.4. Electronic properties of non-stoichiometric phases

It can be seen from the above calculations that the substitution ion
exchanges such as CH3NH;3SrI3 and CH3NH3Calg at stoichiometric ra-
tios, are not sufficient applications for the perovskite CHsNH3YI3 (Y=Sr,
Ca) to have the ideal bandgap (about 1.5 eV according to SQ limit) for
solar cells. Because Pb — I bonds are extremely effective in the formation
of the bandgap. For this reason, it is seen that to create a suitable mixture
for the ideal bandgap, it is necessary to create compounds in non-
stoichiometric ratios. Also, the Pb®" concentration should be reduced
as much as possible, but not completely removed, to reduce the toxic
effect. Therefore, this part of the study focused on the electronic prop-
erties of non-stoichiometric CHsNH3Pb(1.,)Y (I3 (Y=Sr, Ca, x = 0.125,
0.250, 0.500, and 0.75) compounds. Firstly, it was determined that the



C. Soykan and H. Gocmez

band transitions were I'>T" direct in all non-stoichiometric CHsNH3Pb(;.
0Ywls (Y=Sr, Ca, x = 0.125, 0.250, 0.500, 0.750) structures. The
bandgaps of CHgNHngo.soosl‘(),sooIg and CHgNHngo,zsosrojsolg phases
were calculated as 1.796 eV and 1.964 eV, respectively. Similarly, the
bandgaps in the CH3NH3Pb0‘500Ca0‘50013 and CH3NH3Pb0‘250Ca0.75013
phases were also calculated as 1.739 eV and 1.936 eV, respectively.
These values are high for ideal absorbers according to the SQ limit.
Therefore, the details of these phases are not focused on. However, also
the change in the electronic properties of the crystal in the case of Ca%*
and Sr*" ions substituting in the second nearest neighbor positions for x
= 0.50 has been studied. Substituting Ca%* and Sr?* ions at the diagonal
cites as a second nearest neighbor for x = 0.50 have been changed the
electronic structure of the material considerably. This change is higher
than the electronic bandgaps (I'-I" direct) obtained for the nearest
neighbor positions given in Table 4 by 17.67% for Ca>" and 15.07% for
sr2t,

At the second nearest neighbor for x = 0.50, it is not possible to
explain this increase in electronic bandgaps by the change in concen-
tration of Ca®* or Sr?* ions, electronegativity, and ionic radius change.
We think that the most plausible way to explain the increase in the
electronic bandgap due to the position change caused by the transfer of
Ca%" and Sr?' ions from the nearest neighbor to the second-nearest
neighbor for x = 0.50 is the increase of the antibonding effect be-
tween Pb-I and Ca-I bonds. Because the antibonding effect has one or
more nodes in the bonding region between the nuclei. The density of the
electrons in the orbital is concentrated outside the bonding region and
acts to pull one nucleus away from the other and tends to cause mutual
repulsion between the two atoms. For x = 0.50, when we take the Ca®*
and Sr?" ions from its nearest neighbor to the second nearest neighbor
position, we take both Pb>" and Ca?* or Sr?>" ions from the side part of
the crystal to a diagonal position. This behavior pushes one core away
from another. As the antibonding effect removes the cores from each
other, the separation of the cores from each other can also increase the
antibonding effect. Thus, indirectly increasing the antibonding effect on
the Pb-I, Ca-I, and Sr-I bonds will cause an increase in the electronic
bandgap. Because, from this situation, Pb-I, Ca-I, and Sr-I bonds will
also be affected. However, when Ca?* and Sr*' ions are substituted at
the diagonal cites as a second nearest neighbor position, the calculated
electronic bandgaps (for Ca®* 2.0462 eV and Sr>* 2.0667 eV atx = 0.50)
are not suitable for ideal photo absorbers. Therefore, this state, it was
examined for testing purposes, its results discussed, but not given
details.

However, as given Fig. 8, the bandgaps of CH3NH3Pbg g755r¢ 12513,
CH3NH3Pbyg 750Sr0.25013, CH3NH3Pbg 875Ca0.12513, and CH3NH3Pbg 750
Cag 2503 phases were calculated as 1.525 eV, 1.619 eV, 1.440 eV, and
1.540 eV, respectively. These are extremely suitable bandgaps for ideal
photo absorbers. Also, the band transitions are '>TI" direct. This feature
is more preferred for optoelectronic devices than indirect-transition
semiconductors. As seen in Fig. 8, the contribution from I~ (X) anion
in CH3NH3Pbg g75510.12513, CH3NH3Pbg.750Sr0.25013, CH3NH3Pbg 875

Table 4
The calculated band gaps of the non-stoichiometric CHsNH3Pb(1.,Y,Is (Y=Sr
and Ca) designed by the ratios of x = 0.125, 0.25, 0.50, and 0.75, respectively.

Structures x ratio Band gaps Direction
Epand—gap (€V) Direct or Indirect

CH3NH;3Pbg 7551012513 0.125 1.525 I'>T Direct
CH3NH3Pby 750ST0 2505 0.250 1.619 I'-T Direct
CH;3NH3Pby 500Sr0.50013 0.500 1.796 I'>T Direct
CH;3NH3Pby 250Sr0.75013 0.750 1.964 I'-T Direct
CH3NH;3Pbg g75Cag 12513 0.125 1.440 I'>T Direct
CH3NH;3Pby 750Cag.25015 0.250 1.540 I'-T Direct
CH;3NH3Pbg 500Cag 50013 0.500 1.739 I'>T Direct
CH3NH;3Pbg 250Cag 75013 0.750 1.936 I'>T Direct
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Cag.125l3 and CH3NH3Pbg 750Cag.250l3 compounds are dominant in the
valence band (between —3.5 eV and 0 eV). Therefore, the I~ anion has a
lot of influence on the stability of the CHsNH3Pb(1.5)Y (I3 (Y=Sr, Ca)
perovskite structure. The stability of the material is not negatively
affected as the concentration of the I anion is kept constant in response
to the changing Pb?*, Sr?*, and Ca®" ions when substituting.

The most important results of our study are four non-stoichiometric
crystal compounds, which are given in Fig. 8 and whose bandgaps are
around 1.5 eV, which is the ideal range according to the SQ limit. When
comparing Sr>" substitution given in Fig. 8a) and b) and Ca®* substi-
tution is given in Fig. 8c) and d), it was determined that the bandgap
(1.44 eV and 1.54 eV, respectively) of the CHgNH3Pbg g75Cag 125I3 and
CH3NH3Pbg 750Cag 2503 compound formed as a result of the Ca%* sub-
stitution is more suitable for ideal photo absorbers. Electronegativity
decreased from 2.33 to 1.00 (approximately 57.08%) because Ca was
substituted for Pb in the CH3NH3Cals compound. It was also reduced by
14.29% in the ionic radius. Due to these changes, the bandgap of
CH3NHgsCals compounds increased from 1.68 eV to 3.144 eV. The reason
for the increase of the bandgap is that the effect of electronegativity for
Ca substitution is dominant compared to the effect of ionic radius
reduction. However, Pb-I and Ca-I bonds to the electronic character of
the CH3NH3Pb0.875Ca()‘125[3 and CH3NH3Pb0,750CaO,25013 compounds
have a common effect. With the screening effect of Pb-I interactions
reduces the effect of a decrease in electronegativity by originated from
Ca* substitution on the bandgap. With the effect of this behavior, the
effect of ionic radius reduction becomes stronger, causing the bandgap
of the material to decrease.

As given in Fig. 8 a), the bandgap has decrease although Sr?>* has
been substituted in the CH3NH3Pbgg;5Srg.125I3 and CH3NH3Pbg 750
Srg.250l3 compounds. On the contrary, it was expected that the bandgap
would grow as a result of the substitution of Sr?* ion with lower elec-
tronegativity (0.95). The decrease in bandgap can be explained as fol-
lows. Although Sr electronegativity is smaller than Pb, the Pb
concentration in the material is about 75% higher than the Sr concen-
tration. Thus, the effect of Pb-I bonds is much stronger than Sr-I bonds.
Consequently, the bandgap has not increased. Also, although the ionic
radii are equal, the ionic radius of Sr>* is about 0.75% smaller than
Pb?*. We think that this small decrease in the ionic radius reduces the
bandgap from 1.682 eV to 1.525 eV. As seen in Fig. 8 b), as the Sr**
concentration increases, the bandgap increases.

4. Conclusions

In this study, all non-stoichiometric substituted CH3NH3Pb(1.x)Y(x0l3
(Y=Sr, Ca x = 0.125, 0.25, 0.50 and 0.75) crystal structures were
calculated as a distorted orthorhombic phase as predicted by the toler-
ance factor range 0.7 <t < 0.9. It is seen that the crystal structures of
the non-stoichiometric phases are transformed from the cubic phase to a
distorted orthorhombic phase, while the deviation rates in the lattice
constants are very small.

The calculated bandgap (1.682 eV, R—R direct) is slightly high for an
ideal photo absorber in the stoichiometric CH3NH3Pbls compound.
Moreover, the bandgaps calculated for the stoichiometric CH3NH;3SrI3
and CH3NH3sCaljg structures are 3.261 eV (Q—T indirect) and 3.144 eV
(Q-T indirect), respectively. They are very high for ideal photo ab-
sorbers. Therefore, it is not possible to design a good solar cell material
with Sr?>* and Ca®" substitution at stoichiometric ratios. Because Pb — I
bonds are extremely effective in the formation of the bandgap and Pb%*
ions should not be completely removed from the crystal structure.

For this reason, it is focused that to create a suitable mixture form in
non-stoichiometric ratios. Also, to reduce the toxic effect, the Pb**
concentration was reduced as much as possible but not completely
removed. Under these conditions, The bandgaps of the
CH3NH3Pbg g75510.12513, ~ CH3NH3Pbg 750S10.25013, ~ CH3NH3Pbg 875
Cag.125l3, and CH3NH3Pby 750Cag 2503 phases were calculated as 1.525
eV, 1.619 eV, 1.440 eV, and 1.540 eV, respectively. These are extremely
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Fig. 8. Comparison of the phases studied in terms of ideal bandgaps. a) The calculated pDOS for the CH3NH3Pbg g75S10.12513 perovskite phase. b) The calculated
pDOS for the CH3NH3Pbyg 750S10 25013 perovskite phase. ¢) The calculated pDOS for the CH3NH3Pbg g75Cag 12513 perovskite phase. d) The calculated pDOS for the
CH;3NH3Pby 750Cag 25013 perovskite phase. The vertical dot line represents the Fermi level shifted to 0 eV.

suitable bandgaps for ideal photo absorbers. Besides, the band transi-
tions are I'-I" direct. This feature is more preferred for optoelectronic
devices than indirect-transition semiconductors.

The most important results of our study are four non-stoichiometric
crystal compounds, and whose bandgaps are around 1.5 eV, which is the
ideal range according to the SQ limit. It was determined that the
bandgap (1.44 eV and 154 eV, respectively) of the
CH3NH3Pb0.375Cao,12513 and CH3NH3Pb0,750Ca0,25013 COIl‘lpOlll‘ld formed
as a result of the Ca®* substitution is more suitable for ideal photo ab-
sorbers. Moreover, although the bandgaps of the CHsNH3Pbg g75S10.12513
(1.525 eV) and the CH3NH3Pby 750Sr0.250I3 (1.619 €eV) phases is rela-
tively higher than the Ca substitution, they have been found to have
suitable bandgap for use in solar cell materials.

As a result, it was determined that the non-stoichiometric crystal
structures in the form of the CH3NH3Pb(;.x)Caxls (x = 0.125, 0.250)
obtained by Ca2" substitution when compared to Sr*" substitution are
more suitable for their use in solar cells. One of the reasons is that the
ionic radius of Ca®* is 14.29% smaller than Pb2". The other is to allow a
mixture of the effects of Pb-I and Ca-I bonds to determine the bandgap.
On the contrary, because the electronegativity of Pb from Ca is 57.08%
ratio small, it was determined that the bandgap was too high to be used
in solar cells in cases of Ca substitution in CH3NH3Cals compound.
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