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A B S T R A C T

The selection of elements used in the design of solar cells is crucial in terms of environmental pollution and legalization problems due to the fact that both solar
energy conversion efficiency as high as possible and toxic effects when dissolved in water. Hybrid Pb halogen solar cells demonstrate promising solar cell conversion
material properties with a conversion rate of approximately 20%. However, Pb is a toxic element when dissolved in water. In this study, it was aimed to design new
material forms for solar cells obtained by replacing Pb with a less toxic element without disrupting the photophysical properties of the material. This approach has
been exemplified by focusing on bismuth considering Goldschmidt rules (GRs), Tolerance factor concept (t) and Shockley Queisser (SQ) limits. Non-stoichiometric
CH3NH3Pb(1−x)Bi(x)I3 crystal structure were formed at the ratios determined by x= 0.125, 0.25, 0.75 and 1.00 values by replacing +Bi3 with +Pb2 . Using the Density
Functional Theory (DFT), the effect of added Bismuth ions in the structural and electronic properties of the material was investigated. According to the Shockley
Quisser (SQ) limit, the crystal form CH3NH3Pb0.875Bi0.125I3 formed with x= 0.125 ratio was determined to be the most suitable structure in terms of solar cell
productivity with a direct band gap of 1.30 eV. In addition, the band gaps of CH3NH3Pb0.500Bi0.500I3 and CH3NH3Pb0.250Bi0.750I3 formed at x= 0.50 and 0.75 were
calculated to be 1.0863 eV and 1.0895 eV, respectively. Band gaps of these phases were also within the SQ limit. However, the band gap of the CH3NH3PbI3
stoichiometric phase was calculated to be 1.6826 eV above the SQ limit, while the CH3NH3BiI3 phase band gap was calculated to be 0.2738 eV well below the SQ
limit. According to our DFT calculations, organic halogen perovskite compounds in the form of CH3NH3Pb(1−x)Bi(x)I3 formed at ratios of x= 0.125, 0.50 and 0.75
have been found to be more efficient than CH3NH3PbI3 compounds in terms of solar energy conversion capacity, optoelectronic systems and environmental safety.

Introduction

Inorganic and organic hybrid perovskite solar cells are notable for
their high power conversion efficiencies and low production costs. It
has being studied to improve the electronic and optical properties of
such solar cells. The dependence of the +CH NH PbX3 3 3 =X CI Br I( , , )
crystal structure on the temperature was investigated by Poglitsch and
Weber with x-ray diffraction [1]. The +CH NH PbI3 3 3 structure was found
to have a tetragonal crystal structure with space group I4/m or I4/mcm
at room temperature and a cubic phase transformation was observed at
Tc=327.4 K [1]. It was found a phase transformation from the tetra-
gonal to orthorhombic symmetry (space group Pna21), which shows
that a central symmetric unit cell passes through a central non-sym-
metric unit cell [1]. This transition can cause the material to have
ferroelectric and antiferroelectric properties. Thus, it is likely that the
electronic properties of the material, such as the band gap, will change.
The electronic and optical properties of CH3NH3PbI3, CH3NH3PbI3BF4,
CH3NH3PbI(BF4)2 and CH3NH3PbI(BF4)2 perovskite phases were in-
vestigated using the first principles method by Rani and Singh based on
Density Functional Theory (DFT) [2]. In the study of Rani, the band gap
of CH3NH3PbI3 crystal form are calculated as 1.73 eV. The

configuration for solar cell of the perovskite CH3NH3Pb1−xSbxI3 (x= 0
ve 0.15) crystal structure by using Rietveld treatment technique are
studied by Ando and et al. [3]. When Ando's results are examined, the
addition of Sb atoms with a smaller atomic radius instead of Pb atoms
reduces the lattice constant of the material. This effect also results in
the expansion of the band gap. Mosconi et al. [4] have been indicated
that organometal CH3NH3PbX3 and mixed halide CH3NH3PbI2X
(X=CI, Br, I) perovskite materials are important for highly productive
solid-state cells. It is also stated that the interaction of the organic and
inorganic components mediated by the hydrogen bond between the
ammonium and halide groups in the work plays an important role on
the structural variability of the material [4]. Kojima et al. [5] have
focused on the Pb halide perovskite CH3NH3PbBr3 and CH3NH3PbI3
compounds for visible light sensitizing functions in photoelec-
trochemical cells. They reported that CH3NH3PbI3 based cells can
convert solar energy to 3.8% efficiency and a high photovoltage yield of
0.96 V. Saffari et al. [6] have investigated the structural and optical
properties of chlorine doped non-stoichiometric CH3NH3PbI3−xCIx
(x= 0, 1, 2, 3) perovskite cubic phase by using DFT method. By using
the data obtained here, they have studied properties such as light ab-
sorption efficiency and single-juk optical current density. The results
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show that when chlorine is doped, the band gap increases; the lattice
constants, the optical properties such as reactive index and damping
coefficient decrease. Although organic Pb halogen perovskite com-
pounds are an important material in terms of conversion efficiency of
solar energy, a solar cell technology based on water-soluble Pb seems to
be disadvantages due to environmental pollution and legalization pro-
blems. For this reason, it is important to investigate materials with good
photoelectric properties by using less toxic elements instead of Pb. Ja-
cobsson et al. [7] have investigated other metal ions that could be re-
placed in place of Pb, adhering to the Goldschmidt (GRs) rules and also
taking into account the quantum mechanics . Sr2+ ion, whose ionic
radius is almost the same as Pb2+, was used. Strontium is a relatively
inexpensive and non-toxic element. However, the band gap of
CH3NH3SrI3 was calculated to be 3.6 eV, which was too high for effi-
cient photo-absorption. This study only revealed CH3NH3SrI3 per-
ovskite crystal structure [7]. Recently, it has worked on modeling Bis-
muth addition to CH3NH3PbI3 perovskite structure using first-principle
methods by Mosconi and et al. [8]. It has been reported that hetero-
valent Bi doping to the perovskite structures was limited in terms of
efficiency and the doped Bi3+ ions acted as a deep electron trap. The
details of the Goldschmidt empirical replacement rules (GRs) used in
studies based on the element displacement approach are also given in
Goldschmidt's study on the laws of crystal chemistry [9].

There are some physical limits in the crystal structures when the
photoelectric converter solar cells are produced. First, the use of toxic
elements in water-soluble cells causes environmental pollution and le-
galization problems. Second, although the doping of non-toxic elements
instead of Pb seems to be a solution, limitations such as the Shockley
Queisser limit and the Goldschmidt tolerance factor determine the
number of elements that can be used. In addition, the value of the band
gap of the material to be used for the ideal conversion efficiency is also
very important. CH3NH3PbI3 perovskite crystal form consists of

+CH NH3 3 organic group (A cation), +Pb2 cation (B cation) and halogen
I anion (C anion). The crystal ionic radius of +CH NH3 3 organic cation is
0.180 nm, for +Pb2 it is 0.132 nm and for I it is 0.206 nm [10]. The
crystal ionic radius of +Bi3 is given as 0.117 nm [11]. In this study,
according to x= 0.125, 0.25, 0.50, 0.75 and 1.00 ratios, non-stoi-
chiometric CH3NH3Pb(1−x)Bi(x)I3 forms are constructed by doping +Bi3

instead of +Pb2 . Using the Goldschmidt rules, Shockley Queisser limit,
quantum mechanical approach and DFT calculation techniques, it is
aimed to investigate photophysics of metal halogen perovskites and to
determine the structural and electronic properties of the new hybrid
solar cells by examining the contribution of promising +Bi3 instead of

+Pb2 . In addition, to the best of our knowledge, no detailed theoretical
or experimental data concerning non-stoichiometric
CH3NH3Pb(1−x)Bi(x)I3 perovskites for x values from 0.125 to 1.00 have
been reported in the literature.

Computational method

In this study, ab-initio simulation calculations based on the Density
Functional Theory (DFT) were performed using the potential of the
projector augmented wave (PAW) to solve the Kohn-Sham equations
[12–14]. Total energy calculations were performed using the Vienna
ab-initio simulation package (VASP) [15–19]. The effects of electronic
exchange and correlation functions were considered using the Gen-
eralized Gradient Approximation (GGA) developed by Burke, Perdew
and Ernzerhof [20]. In our calculations, kinetic energy cutoff value for
CH3NH3PbI3 crystal phase was determined to be 600 eV. The energy
convergence criterion of the electronic self-consistency was chosen as
10−8 eV/atom [21]. In the non-stoichiometric CH3NH3Pb(1−x)Bi(x)I3
phases, a kinetic energy cut-off value of 500 eV and convergence value
10−8 eV/atom were used. The Brillouin zone integrations were carried
out by Monkhorst-Pack special points mesh with a grid size of
12x12x12 (for CH3NH3PbI3 and CH3NH3BiI3) and 6x6x6 (for marten-
sitic CH3NH3Pb(1−x)Bi(x)I3) [22]. The contribution of valence electrons

is influential in determining the electronic properties of material. The
valence electron configurations for C, N, H, Pb, Bi and I atoms are 2 s2

2p2, 2 s2 2p3, 1 s1, 5d10 6 s2 6p2, 5d10 6 s2 6p3 and 5 s2 5p5, respectively.
Generally known, geometric optimization calculations have been made
to determine the equilibrium state with the smallest energy. To de-
termine the electronic behavior of the material, the density of states
(DOS) was calculated using the tetrahedron method involving Bloch
corrections. In addition, partial density of states (pDOS) calculations
have been carried out to examine in more detail the contributions of the
Pb, Bi and I atoms to the electron density of the material. The cubic
CH3NH3PbI3 crystal lattice was iterated by 2x2x2 ratio and transformed
into super-lattice. +Bi3 ions instead of +Pb2 ions were placed according
to x values to form non-stoichiometric CH3NH3Pb(1−x)Bi(x)I3 crystal
phases. As a result of Sr, CI, Br, Co, Ca and Bi substitutions to the
perovskite crystal structure, studies have been focused on the changes
in the physical properties of the structures. On the other hand, among
these atoms, it was particularly focused on the dopant of Bi3+ ion
[23–28]. Besides, The difference between the ionic radius of Bi3+ and
the ionic radius of Pb2+ is about 11.36%. Since this value is less than
15%, it can be said that a full compliance can be achieved in terms of
Goldschmidt's empirical substitution rules. In addition, the Bi3+ and
Pb2+ cations are isoelectronic (6 s2) and have similar chemical prop-
erties [11]. Bi3+ has a stable oxidation state of+ 3. Since it has similar
ionic radius and electronic structure with Pb2+, it can be expected to be
similar in optoelectronic properties [29]. Since the Bi3+ ion has a si-
milar ionic radius as Pb2+, it is expected to substitute the position of the
Pb2+ ions in the perovskite crystal structure. However, Mosconi et al.
[8] reported that the doped Bi3+ ions behavior as a deep electron trap.
On the other hand, it has been shown by Snaith et al. [28] that the color
change seen in the Bi-doped CH3NH3PbI3 crystal occurs due to in-
creased defect states and to increase in the sub-band gap density of
states.

In our calculations, there are 12 atoms in CH3NH3PbI3 crystal phase
and 50 valence electrons (read from the POTCAR file) in total.
Similarly, in the CH3NH3BiI3 phase there are also 12 atoms and 51
valence electrons (read from the POTCAR file). The same approach was
also used in the calculation of non-stoichiometric crystal structures. At
the beginning of our stoichiometric and non-stoichiometric calculations
for heterovalent doping, we used the “nelect” parameter to consider the
change in the total number of valence electrons of the crystal structures
due to the addition of Bi3+ ion. It should not be forgotten that, as is
known, with the vasp code only the total number of valence electrons of
the system can be controlled. In addition, the vasp code will auto-
matically add a background jellium to make the supercell in neutral
charge and the jellium charge is distributed in the volume [15–19]. The
calculations were first initiated from the cubic CH3NH3PbI3 crystal
phase, which had a stoichiometric 12 atom (containing C 1, N 1, H 6, Pb
1 and I 3 atoms). Space group of cubic crystal structure of CH3NH3PbI3
is space group 221 (Pm m Pm m3 , 3 or Im m3 ). The position of atoms in
crystal structure is given by C (0.896, 0.999, 0988), N (0.142, 0.999,
0,032), H (0.866, 0.999, 0.805; 0.822, 0.152, 0.064; 0.822, 0.847,
0.065; 0.221, 0.142, 0.965; 0.221, 0.856,0.965; 0.180, 0.999, 0.205),
Pb (0.475, 0.500, 0.477) and I (0.428, 0.499, 0.972; 0.433, 0.000,
0.512; 0.967, 0.500, 0.439), respectively. After the crystal lattice was
relaxed, the electronic density of state (DOS) and partial density of state
(pDOS) were calculated. Stoichiometric unit cells containing 1 Pb and
1Bi atoms are given in Fig. 1. In the second step, the relaxation and
electronic state densities (DOS and pDOS) of the non-stoichiometric
CH3NH3Pb(1−x)Bi(x)I3 structure were calculated. Super-lattice of non-
stoichiometric crystal structures are given also in Fig. 2a)–d), respec-
tively. Crystal structure of nonstoichiometric phases were obtained by
using initial cubic structure of CH3NH3PbI3 that is created with ex-
tension by 2x2x2 through×, y and z directions. After Bi atoms were
positioned at proper location in the structure, the obtained new phase
was relaxed until the defined conditions were reached. This calculation
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reveals that final relaxed and stable crystals phase has orthorhombic
structure with space group 33 (Pna21)

The concept of tolerance factor (t) for perovskite structures should
be considered in order to examine process of the placement of +Bi3 ion
instead of +Pb2 cation at x= 0.125, 0.25, 0.50, 0.75 ratios in organic
halogen perovskite material in terms of Goldschmidt's rules. The tol-
erance factor, t, with respect to the ionic radius of the actual ions is
given as follows:

= +
+

t r r
r r2 ( )

A C

B C (1)

where rA, rB ve rC are the ionic radius of the A, B and C ions,re-
spectively. It has been reported that; If the value of the tolerance factor t
is 0.7 < t less than 0.9, the crystal structure is tetragonal, orthor-
hombic or rhombohedral (the A cation can be too small or the B cation
can be very large); If 0.9 < t less than 1.0, the crystal structure can be
cubic crystal phase (ideal perovskite crystal structure); if t > 1.0; the

Fig. 1. a) CH3NH3PbI3 and b) CH3NH3BiI3
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, Bi and I
atoms, respectively. (For interpretation of
the references to color in this figure legend,
the reader is referred to the web version of
this article.)

Fig. 2. The super cell crystal structures of CH3NH3Pb(1−x)BixI3 perovskite phases are designed by x ratio a) 0.125, b) 0.25, c) 0.50 and d) 0.75, respectively. Brown,
gray, cream, black, yellow and purple circles in the pictures represent C, N, H, Pb, Bi and I atoms, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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crystal structure be multi-layered crystal phases (A cation can be too
large) [30,31,32]. According to Eq. (1), the tolerance factor (t) was
calculated to be 0.85 for the crystal structure acquired from the addi-
tion of +Bi3 ion in place of the +Pb2 . The 0.85 value indicates that the
perovskite is not cubic at room temperature, while obtained crystal
structure is very close to the ideal perovskite cubic boundary. The
empirical rules for element substitution with respect 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 substitution
can occur. Thus, the charge of the material changes and the charge
neutrality is restored by changing the charges of the other elements [9].
The difference between the ionic radius (0.117 nm) of +Bi3 and the ionic
radius (0.132 nm) of +Pb2 is approximately 11.36%. This difference,
according to Goldshmidt's empirical substitution rules, is less than 15%,
indicating that substitution can easily occur. As a result of our calcu-
lations, as given in Tables 1 and 2, the stoichiometric and non-stoi-
chiometric perovskite structures are transformed to the orthorhombic
crystal form when by added +Bi3 ions with respect to x ratio. The
transition of stable crystal phases to orthorhombic symmetry corre-
sponding to the minimum energy reached as a result of the simulation is
a consequence of methylammonium cations not having a spherical
symmetry.

Results and discussion

Structural properties of stoichiometric phases

CH3NH3PbI3 perovskite material has been reported by previous
theoretical [4,7,33] and experimental [3,34,35] studies in which the
cubic (Pm3m), tetragonal (I4/mcm) and orthorhombic (Pna21) crystal
phases were defined. In this study, the structural and electronic prop-
erties of the CH3NH3PbI3 crystal form were calculated. There are 1C,
1 N, 6H, 1 Pb and 3 I atoms in CH3NH3PbI3 given in Fig. 1a) unit cell
with 12 atom. As given in Fig. 1b) the CH3NH3BiI3 crystal form with 12
atoms are obtained by doping Bi3+ ions instead of Pb2+ ions.

In our calculations, the lattice constant of the cubic phase of
CH3NH3PbI3 was calculated as A6.406 0 with a unit cell volume of

A262.88 3. The calculated lattice constant is consistent with the

theoretical data in the range of from A6.172 0 to A6.420 0 [2,4,6,33] and
also the experimental lattice constants varying between A6.180 0and

A6.288 0 [1,3,34]. The lattice constant calculated as A6.406 0 differs 2–3%
ratio deviation from the experimental data. The lattice constants of
CH3NH3BiI3 phase are also calculated as A A6.967 , 6.0640 0 and A6.155 0.
The lattice constants of the CH3NH3BiI3 crystal formed by the addition
of 1mol of Bi3+ ion instead of 1mol of Pb2+were estimated to be
about 9%, 5% and 4% deviation ratio from the cubic phase, respec-
tively. Our results are presented in Table 1 for comparison with other
experimental and theoretical studies.

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 CH3NH3Pb(1−x)Bi(x)I3 structure. The crystal lattice was
shifted to 2x2x2 (containing C 8, N 8, H 48, Pb 7, Bi 1 and I 24 atoms)
have been obtained the CH3NH3Pb0.75Bi0.25I3 supercell. This supercell
is given in Fig. 2a).

Similarly, x = 0.25, 0.50 and 0.75 were selected to obtain
CH3NH3Pb0.750Bi0.250I3, CH3NH3Pb0.500Bi0.500I3 and CH3NH3-
Pb0.250Bi0.750I3, respectively. Supercells of these phases are presented in
Fig. 2b)–d), respectively.

In the geometric optimization calculations, the structural properties
of the crystal phases in the equilibrium state are calculated when the
external pressure applied to the crystal is about 0 kbar and the total
force applied on each atom reaches about eV A0.01 / 0. The results ob-
tained are listed in Table 2.

Based on the varying x values from 0.125 to 0.75, it was determined
that the addition +Bi3 ions instead of +Pb2 ions did not alter the crystal
lattice constants and the angles between the×, y, and z directions.
However, the lattice constants calculated for the non-stoichiometric
CH3NH3Pb(1−x)BixI3 phases deviate 0.6%, 0.008% and 1.38% ratios,
respectively, from the lattice constant of the initial phase CH3NH3PbI3
( A6.406 0). It is seen that the crystal structures of the non-stoichiometric
phases are transformed from the cubic phase to orthorhombic phase,
while the deviation rates in the lattice constants are very small. This
result supports the crystal form (orthorhombic) predicted by the value
of the tolerance factor calculated as 0.85 for the added +Bi3 ions crystal
phase depending on the x values.

Electronic properties of stoichiometric phases

The total electron state density (DOS) of the stoichiometric
CH3NH3PbI3 and CH3NH3BiI3 phases and the partial (pDOS), which
describes the contributions from the individual electronic states, are
shown in Fig. 3a) and b), respectively. The Fermi level is shifted to 0 eV
in the all figures. When examining the electronic properties of the
CH3NH3PbI3 structure given in Fig. 3a), the lowest valence bands
around −8 eV are predominantly due to the states 6 s-6p and 5d of the
Pb atoms. The valence band between −3 eV and the Fermi level pre-
dominantly consists of the 5 s and 5p states of the I atoms. In the
conduction band distributed between 2 eV and 6 eV, especially the
states s, p and d of the Pb atoms dominate in the contributions coming

Table 1
The lattice constants of the stoichiometric CH3NH3PbI3 and CH3NH3BiI3 crystal
structures and the other theoretical and experimental data.

Structure Method Lattice Constants (A0) Ref.

a b c

CH3NH3PbI3 our cal. 6.406 6.406 6.406
other cal. 6.420 6.420 6.420 [2]

6.330 6.330 6.330 [4]
6.310 6.310 6.320 [6]
6.172 6.149 6.218 [33]

exp. 6.328 6.328 6.328 [1]
6.288 6.288 6.288 [3]
6.180 6.180 6.180 [34]

CH3NH3BiI3 our cal. 6.967 6.064 6.155

Table 2
The calculated lattice constants of non-stoichiometric crystal structures of CH3NH3Pb(1−x)BixI3 perovskite phases are designed by x ratio a) 0.125, b) 0.25, c) 0.50
and d) 0.75, respectively.

Structure x ratio Lattice constants (A0) Angles between×, y, and z directions

a b c

CH3NH3Pb0.875Bi0.125I3 0.125 6.443 6.406 6.494 90.024 89.841 90.019
CH3NH3Pb0.750Bi0.250I3 0.250 6.443 6.406 6.494 90.024 89.841 90.019
CH3NH3Pb0.500Bi0.500I3 0.500 6.443 6.406 6.494 90.024 89.841 90.019
CH3NH3Pb0.250Bi0.750I3 0.750 6.443 6.406 6.494 90.024 89.841 90.019
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to the lower parts of the band. In the 3 eV and higher parts, contribu-
tions of both Pb and I atoms have been observed. The top part of the
valence band is at −0.246 eV and the bottom part of the conduction
band is at 1.4362 eV. In the R symmetry point, the presence of both the
top part of the valence band and the bottom part of the conduction

band indicates that the cubic CH3NH3PbI3 phase has an electronic di-
rect band gap. The band gap are calculated as 1.6826 eV. The obtained
results are given in Table 3 for comparison with other studies. The
calculated band gap in this study is compatible with both theoretical
and experimental studies. However, it shows a deviation of at least 3%

Fig. 3. The calculated band structures of the stoichiometric a) CH3NH3PbI3 and b) CH3NH3BiI3 phases in the direction F M FR . In order to
increase the resolution, the R M line is zoomed. The fermi level is at 0 eV.
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and at most 11% from the theoretical studies. In terms of experimental
studies, it was very consistent with the value given in [36], but deviated
by 8% from other studies.

Fig. 3b) shows the electronic band distribution of the CH3NH3BiI3
phase. In both the valence-conduction bands and the high-low energy
regions, the contributions in the 6 s- 6p and 5d states of the Bi atoms are
rather dominant over the contributions from the other atoms. However,
the highest level of the valence band is at the R symmetry point of
−0.128 eV, while the lowest level of the conduction band is at the M
symmetry point of 0.1451 eV. Thus, the energy band gap of the
CH3NH3BiI3 phase was calculated to be a very small value of 0.2738 eV.
Due to the top point of the valence band and the bottom point of the
conduction band are located at different symmetry points (R and M), it
is seen that the CH3NH3BiI3 phase has an electronic indirect band gap.
When Fig. 3a) and b) are examined, while the peak of the valence band
maintains a value of −0.128 eV, the lowest level of the conduction
band decreases from 1.4362 eV to 0.1451 eV. As a result of this change,
a narrower band gap is formed. For the perovskite structures in the
A B C3 general form, the electronegativity of the B cation was re-
ported to be more effective on the band width than the A cation
[39,40]. Accordingly, reducing the electronegativity of B cation will
increase the band gap of the material. In addition, the character of the
B C bond is also effective on band width and the increase in the
antibonding character of the B C bond will also result in an increase
in band gap [39]. Differences in orbit symmetries are a source of these
effects and can lead to the possibility of different hybridizations. The
electronegativity of Bi, Pb and I elements are given as 2.02, 2.33 and
2.66, respectively. Bismuth's electronegativity is relatively smaller than
the electronegativity of lead. This would increase the antibonding
character of the Bi I bonds by some amount relative to the Pb I
bonds. While it was expected that the increase of the antibonding effect
between the anion and the cation would increase the band gap, In our
calculations, it was determined that the band gap by displacement of
the +Bi3 ions is decreased due to approach of the conduction band to the
valence band. In order to be able to explain this effect, it is necessary to
focus on two physical properties. First, the difference between elec-
tronegativity of Bi, Pb and I elements is rather small. This little differ-
ence in electronegativity ensures that the change of antibonding char-
acter is very small between Bi-I and Pb-I cation and anion bonds.
Second, as explained by theoretical methods in Walsh's paper, the
substitution of a cation with a smaller ionic radius reduces the band gap
[41]. When this point of view, the ionic radius of the Pb element is
0.132 nm, while the ionic radius of the Bi element is 0.117 nm. Thus,
the use of a smaller cation (Bi instead of Pb) will reduce the band gap of
the crystal phase. Our work has shown that the effect of the reduction of
the cation size on the band gap is more dominant than the influence of
the change in the antibonding character of the bonds. As a result of this

effect, the band gap of the CH3NH3BiI3 material is considerably reduced
when compared to CH3NH3PbI3. However, the calculated band gap of
0.2738 eV is not the ideal band gap for a photoabsorber. The band gap
of the CH3NH3BiI3 crystal form is very poor in terms of usability in solar
cells. Furthermore, the band gaps of the non-stoichiometric crystal
forms described in the following sections yield promising results.

Electronic properties of Non-stoichiometric phases

While investigating the electronic properties of the non-stoichio-
metric CH3NH3Pb(1−x)BixI3 material produced by varying x values from
0.125 to 0.750, the CH3NH3Pb0.875Bi0.125I3 crystal structure of were
first obtained by with x =0.125. The super cell of this phase is given in
Fig. 2a). The electron band distribution of the optimized crystal phase is
calculated in the direction of F M FR . In order to
increase the resolution, the MR symmetry points within the
band gap region are zoomed. The electronic band distribution is given
in Fig. 4a). The band gap is calculated as 1.3057 eV. While the band gap
of the stoichiometric CH3NH3PbI3 structure is on the R symmetry point;
in the non-stoichiometric CH3NH3Pb(1−x)BixI3 forms, the band gap is
observed at the symmetry point. As given in Fig. 4a), electronic states
under the valence band consist of contributions from Pb atoms in the
range of −10 eV to −8 eV. while there is a small contribution from the
s, p and d states of Pb atoms in the valence band between −4 eV and
0 eV, especially there are a contribution of the 5 s, 5p states of both I
atoms in the valence band between −2 eV and −4 eV, which is not
dominant of the contributions of the s, p and d states of both Pb and Bi
atoms. Furthermore, the 5 s-p states of the I atoms contributes sig-
nificantly to the overall distribution of the valence band. The effect of
this contribution increases towards the top of valence band. In the
conduction bands, while the contributions of Bi atoms is less in the
bottom of conduction band, the effect of the Pb atoms increases towards
high energy level as relatively (between 1 eV and 2 eV). In addition, the
contribution of I atoms is dominant in the level between 1 eV and 4 eV.
It has been determined that the addition of Bi3+ ions instead of Pb2+

ions at x = 0.125 ratio to the supercell of the crystal reduces band gap
by 22.4%. In Fig. 4b) shows the electronic band and pDOS distribution
of the CH3NH3Pb0.750Bi0.250I3 crystal form. When the electronic band
structure of the phase is examined, it is seen that the contributions from
the individual atoms exhibit a similar behavior locally to the crystal
structure of CH3NH3Pb0.875Bi0.125I3 (x= 0.125). However, especially a
distribution of the 6p states of Bi atoms significantly lowers the bottom
level of the conduction band. Accordingly, the band gap of the
CH3NH3Pb0.750Bi0.250I3 crystal structure was calculated to be
0.9254 eV. It has been determined that the CH3NH3Pb0.750Bi0.250I3
crystal phase obtained at x = 0.250 reduced the band gap value re-
lative to the initial phase by 45%. The calculated band gap values are
given in Table 4.

The electronic band and pDOS distribution of the
CH3NH3Pb0.500Bi0.500I3 and CH3NH3Pb0.250Bi0.750I3 crystal phases are
given in Fig. 5a) and b), respectively. The band distribution in the two
phases exhibits a similar electronic behavior. While the valence band
predominantly contains contributions from the I atoms; it is seen in
Fig. 5a) and b) that the contributions from the Bi atoms to the lower
parts of the conduction band and from the Pb atoms to the middle parts
and from the I atoms to the upper part are more visible. The electronic
band gaps of both non-stoichiometric phases were calculated to be
1.0863 eV and 1.0895 eV, respectively. The electronic band gap of the
phases CH3NH3Pb0.500Bi0.500I3 and CH3NH3Pb0.250Bi0.750I3 relative to
the initial phase was calculated to be about 35% smaller. The combi-
nation of +Bi 3 and +Pb 2 ions with respect to x ratios in the non-stoi-
chiometric crystal forms provides a mixed contribution of both the
antibonding characteristic of Pb-I or Bi-I bonds and the effect of cation
size on band gap. As a result of the common contribution of these two
effects, the band gap is reduced, but at the efficiency limits it remains at
the level of convenience. According to the Shockley Queisser (SQ) limit,

Table 3
The calculated band gaps of the stoichiometric CH3NH3PbI3 and CH3NH3BiI3
crystal structures and the other theoretical and experimental data.

Structure Method Band gap Ref.

E eV( )band gap
CH3NH3PbI3 our cal. 1.682

other cal. 1.730 [2]
1.570 [4]
1.500 [6]
1.600 [7]
1.530 [8]
1.810 [33]

exp. 1.550 [5]
1.550 [35]
1.610–1.680 [36]
1.600 [37]
1.550 [38]

CH3NH3BiI3 our cal. 0.274
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the optimum range for the material to be used is 1.35 eV so that the best
efficiency can be obtained from the solar cells [42]. A yield of ap-
proximately 33% can be obtained for these band gap values. For this
reason, it is important that for effectivity the material have a band gap
of around 1–1.5 eV. When we evaluate our results according to the SQ
limit, while the CH3NH3PbI3 stoichiometric phase remains above the
limit with 1.6826 eV band gap, the CH3NH3BiI3 phase also remains well
below the limit with 0.2738 eV band gap. In the non-stoichiometric

phases, it was calculated that the CH3NH3Pb0.875Bi0.125I3 crystal
structure was the best band gap value. Although the band gaps of the
CH3NH3Pb0.500Bi0.500I3 and CH3NH3Pb0.250Bi0.750I3 phases are within
the limits of the SQ, the band gap of the CH3NH3Pb0.750Bi0.250I3 phase
was found to be below the limit of 1–1.5 eV.

As known, in semiconductor materials, both energy saving and
crystal momentum should be maintained in order to ensure the passage
of electron through the valence band to the conduction band. The

Fig. 4. The calculated band structures of the non-stoichiometric CH3NH3Pb(1−x)BixI3 phases designed with ratios a) x= 0.125 and b) x=0.25 in the direction
F M FR . In order to increase the resolution, the R M line is zoomed. The fermi level is at 0 eV.
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maximum energy state in the valance band and the minimum energy
state in the conduction band are each characterized by a certain crystal
momentum (k-vector) in the Brillouin zone. If the k-vectors are the
same, it is called a direct gap. If they are different, it is called an indirect
gap. In cases where there is a direct band transition, the crystal mo-
mentum is preserved. In addition, the photons have a very small crystal
momentum. Therefore, the values can be taken as zero. The phonons
have a higher crystal momentum than photons, although their energy is
low. Accordingly, electron transition can be achieved by photon in
materials with direct band gap. In materials with indirect band gap, for
electron transition, there is a need for a phonon, which the crystal
momentum of the phonon equal to the difference between the valence
band maximum and the conduction band minimum. That is, while al-
most all energy in the indirect band transition comes from the photon;
all momentum comes from the phonon. In such transitions, since the
electrons pass through the intermediate phases, they increase the
crystal temperature because they transfer their energies to the crystal
lattice. Therefore, the use of material with indirect band gap in op-
toelectronic devices is unsuitable for efficiency. In optoelectronic de-
vices and sun cells, direct band gap materials with higher optical ab-
sorption coefficients and band transition supplied with photon energy
should be preferred.***

In the CH3NH3BiI3 stoichiometric crystal phase given in Fig. 3b), the
contribution from the atoms of Bi at both the Fermi level and the deeper
parts of the conduction and valence band is significantly higher than
the Pb, CH3NH3 and I atoms. As mentioned in the study of Mosconi
et al., [8] Bi3+ states behave like deep electron trap in Bi-doped per-
ovskite structures. In this respect, while the electronic band gap of the
CH3NH3PbI3 crystal phase was calculated as 1.6826 eV, the electronic
band gap of the CH3NH3BiI3 phase obtained as a result of the Bi-doping
was calculated as 0.2738 eV. We consider that this decrease in the band
range is due to the increase in the potential electron traps of the ma-
terial as a result of the Bi doping. However, an indirect electronic band
transition in the R M direction for the CH3NH3BiI3 phase was cal-
culated. In terms of the efficiency of solar cells, CH3NH3BiI3 crystal
form is not a good material candidate with indirect band transition of
0.2738 eV. In addition, it will not be efficient in terms of its use in
optoelectronic devices since it has an indirect band transition. In terms
of productivity, perovskite crystal structures show a limited capacity of
Bi doping. As given in Fig. 4a), in the CH3NH3Pb0.875Bi0.125I3 phase
formed by x= 0.125, there are very small contributions from the Bi3+

ions, where in the conduction band to the Fermi level and the range of
1–3 eV and in the valence band to the range of −2 eV to −4 eV. Ac-
cordingly, the electronic band gap is calculated as 1.3057 eV. At the
same time, there is also an electronic direct band transition over the Γ
point. In this respect, this phase has a more appropriate band gap for
optoelectronic systems. In Fig. 4b), in the CH3NH3Pb0.750Bi0.250I3
crystal phase formed by x=0.250 ratio, the contribution from Bi3+

ions to the lowest level of the conduction band is slightly higher than
the CH3NH3Pb0.875Bi0.125I3 phase. Thus, the electronic band gap was
calculated as 0.9254 eV. In this phase, there is a direct band transition

through Γ point. Also in Fig. 5a) and b), the electronic band distribution
and pDOS of the phases formed by the proportions x= 0.500 and
x=0.750 are given. In these phases, although the contributions from
Bi3+ ions at the lower levels of the conduction band increased, the band
gaps were calculated as 1.0863 and 1.0895 eV, respectively. In both
phases, there is a direct band transition through Γ point. Our results of
structural and electronic band gap are consistent with experimental and
theoretical studies for CH3NH3PbI3 stoichiometric crystal phase
[1–8,33–38]. However, as far as we know, there is no direct study of
structural and electronic band gap for the CH3NH3Pb(1−x)Bi(x)I3 non-
stoichiometric crystal phases formed at the ratios x= 0.125, 0.5, 0.75
and 1.0.

Conclusion

In this study, the replacement possibility of bismuth with lead atoms
located in organic halogen perovskite structure of CH3NH3PbI3 was
investigated considering the rules of Goldschmidt (GRs), tolerance
factor concept (t) and Shockley Queisser (SQ) limits by DFT calculations
in terms of quantum mechanics. This approach presents an alternative
element such as non-toxic metal form of Bismuth element instead of
toxic Pb atoms in perovskite solar cell.

The tolerance factor (t) for the crystal structure formed as a result of
the addition of the +Bi 3 ion instead of the +Pb 2 cation was calculated to
be 0.85. The 0.85 value indicates that the perovskite is not cubic at
room temperature, while obtained crystal structure is very close to the
ideal perovskite cubic boundary. This difference between the ionic ra-
dius (0.117 nm) of +Bi3 and the ionic radius (0.132 nm) of +Pb2 is ap-
proximately 11.36%. This difference, according to Goldshmidt's em-
pirical substitution rules, is less than 15%, indicating that substitution
can occur in complete harmony. In our calculations, it has been de-
termined that the band gap decreases as the conduction band ap-
proaches the valence band as a result of the displacement of the +Bi3

ion. The reason for this effect is that the difference between electro-
negativity of Bi, Pb and I elements is rather small. This small difference
in electronegativity has little effect on the antibonding character be-
tween Bi I and Pb I cations and anions. As explained by theoretical
methods in Walsh's paper, the substitution of a cation with a smaller
ionic radius reduces the band gap. Our work has shown that the effect
of the reduction of the cation size on the band gap is more dominant
than the influence of the change in the antibonding character of the
bonds. As a result of this effect, the band gap of the CH3NH3BiI3 ma-
terial is considerably reduced when compared to CH3NH3PbI3.
However, the calculated band gap of 0.2738 eV is not the ideal band
gap for a photoabsorber. The band gap of the CH3NH3BiI3 crystal form
is very poor in terms of usability in solar cells. Furthermore, the
CH3NH3BiI3 crystal form has an indirect band transition (R M di-
rection) and is therefore not an efficient material for optoelectronic
systems. Contrary to this, the band gaps of the non-stoichiometric
CH3NH3Pb(1−x)BixI3 crystal forms are given the yield promising results.
When the results are evaluated according to the Shockley Queisser (SQ)
limit, the crystal structure of the CH3NH3Pb0.875Bi0.125I3 formed with
respect to the x=0.125 ratio was determined to be the most suitable
crystal structure to the SQ limit with band gap around 1.30 eV. In ad-
dition, it has been determined that the band gaps of the
CH3NH3Pb0.500Bi0.500I3 and CH3NH3Pb0.250Bi0.750I3 phases remain
within the SQ limit. However, it have been calculated that the
CH3NH3PbI3 stoichiometric phase is above the SQ limit with a band gap
of 1.6826 eV and the CH3NH3BiI3 phase is also well below the SQ limit
with a band gap of 0.2738 eV.

Our DFT calculations show that organic halogen perovskite com-
pounds in the non-stoichiometric CH3NH3Pb(1−x)BixI3 formed by sub-
stitution +Bi3 ions instead of +Pb2 ions may be more efficient than the

Table 4
The calculated band gaps of the non-stoichiometric CH3NH3Pb(1−x)BixI3 de-
signed by the ratios of x= 0.125, 0.25, 0.50 and 0.75, respectively.

Structures x ratio Band gaps

E eV( )band gap

CH3NH3Pb0.875Bi0.125I3 0.125 1.3057
CH3NH3Pb0.750Bi0.250I3 0.250 0.9254
CH3NH3Pb0.500Bi0.500I3 0.500 1.0863
CH3NH3Pb0.250Bi0.750I3 0.750 1.0895
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CH3NH3PbI3 compounds in terms of environmental safety and solar
energy conversion capacity.
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