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Abstract: Metal halide perovskites have attracted considerable attention as novel optoelectronic
materials for their excellent optical and electrical properties. Inorganic perovskites (CsPbXs, X = CI,
Br, I) are now viable alternative candidates for third-generation photovoltaic technology because of
their high photoelectric conversion efficiency, high carrier mobility, good defect tolerance, simple
preparation method and many other advantages. However, the toxicity of lead is problematic for
practical implementation. Thus, the fabrication of lead-free perovskite materials and devices has
been actively conducted. In this work, the energy band and photoelectric properties of inorganic
perovskites CsBX3 (B = Pb, Sn, Ge, X = Cl, Br, I) have been investigated with the first principles
calculation, and the possible defect energy levels and their formation energies in different components,
in particular, have been systematically studied. The advantages and disadvantages of Sn and Ge as
replacement elements for Pb have been demonstrated from the perspective of defects. This study
provides an important basis for the study of the properties and applications of lead-free perovskites.

Keywords: inorganic lead-free perovskite; defects; first principles calculations

1. Introduction

Perovskites are very important photoelectric materials. Due to their characteristics of
high chromatography purity, suitable tunable band gap, high photoluminescence quantum
yield and high carrier mobility [1-5], they have been intensively studied in the application
of high-efficiency light-emitting diodes, solar cells, detectors and other fields [6-10]. Per-
ovskite was first applied to solar cells in 2009 with an initial power conversion efficiency
of only 3.8% [11], and this number has exceeded 25% after a development of more than
ten years [12,13]. However, as a heavy metal ion, PbZ* may harm human health and cause
soil pollution [6], which brings toxicity problems that cannot be ignored, and various
countries have introduced restrictions on lead. Therefore, lead-free perovskite materials
with excellent characteristics have become an important direction for researchers.

ABXj3 structure is the most typical of perovskite compositions, among which the
stability of pure inorganic perovskites is more prominent, and the most common one is
CsPbX3 (X =Cl, Br, I). Replacing Pb?* in CsPbX3 with non-toxic metal cations with similar
ionic radii and properties is a good method to solve the toxicity of perovskite materials. Wu
et al. reported Ge-based perovskite nanocrystals synthesized by the solution method for the
first time in 2018 [14]. They also investigated the electron beam-induced transformations
of CsGels and found a distinctive transformation path compared to heavier Pb atoms in
lead halide perovskite NCs. To improve the poor stability of lead-free perovskite, Kang
et al. highlight the significant effect of Sn-II precursors used in the synthesis of the resultant
CsSnX3 NCs. Stable CsSnX3 NCs can be obtained with the use of antioxidative SnC,0Oy4 as
the Sn-1II precursor for the strong antioxidative ability of the oxalate ion [15]. In addition
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to lead-free perovskite materials, their related applications have also received attention
from scientists. High-quality Cs3Biyly perovskite nanosheets have been prepared and used
in solar cells [16], and it has been proved that Bi-based perovskites have more similar
properties with Pb-based ones and also have high quantum yields compared to other
nontoxic ions [17,18]. Sun et al. developed new fullerene derivatives as electron transporter
layers, and found that the chemical structures of the regioisomers not only affect their
energy levels, but also lead to significant differences in their molecular packings and
interfacial contacts [19]. They reported an efficiency of 14.30%, representing one of the
best performances of Sn-based perovskite solar cells. Lead-free perovskites have also
shown great promise for the photochemical conversion of CO, [20-22]. However, the
fast carrier recombination rates and inadequate adsorption/activation for CO, molecules
have seriously restricted their practical application. Qian et al. developed an innovative
CsyCuBry4 /TiO; photocatalyst by embedding CsyCuBry PQDs in a mesoporous TiO, matrix,
which delivered the CO, reduction activity to 3.1 and 16.0 times higher than those achieved
by pure Cs;CuBry and TiO,, respectively [21].

Better defect property is one of the most important advantages of Pb-based perovskites
compared to other optoelectronic materials, which is of great significance to the material
properties as well as the performance of optoelectronic devices. Generally, in optoelectronic
devices, deep-energy-level defects mainly act as recombination centers, shorten the lifetime
of minority carriers and reduce the device efficiency, while shallow-energy-level defects are
mainly donor or acceptor, which mainly provide carriers and induce the yield of the device.
In addition to the location of the energy level, the formation energy is also an important
influence factor for the defect concentration. For Pb-based perovskite, such as MAPbI;,
most of the defects (I;, MApp,, VMma, Vpp, MA;, Pbyva, Vi and MA) are located above the
conduction band minimum (CBM) or below the valence band maximum (VBM), forming
shallow defect energy levels, and meanwhile have relatively low formation energies,
resulting in higher concentrations. However, for a few other defects (Ipa, Ipp, Pb; and
Pby), they are located in the middle of the forbidden band and form deep defect energy
levels. Fortunately, their relatively higher formation energies ensure lower concentrations
and less impact [23,24]. This is the reason why Pb-based perovskites have better defect
tolerance [23,25]. It is hoped that lead-free perovskites will have similar properties so as to
minimize the negative effects of defects.

CsSnlj is an early proposed lead-free perovskite material, and there have been many
reports on the research of its defects. In 2012, Chung et al. made a computational study of
several point defects in CsSnl; and found that the Sn vacancies mainly act as p-type carrier
sources and have lower formation energies. Thermal-activated Sn vacancies improve
conductivity and PL intensity of CsSnls [26]. Xu et al. further investigated the possible
defects in CsSnlj to verify the intrinsic defect energy level distribution in CsSnlj [27]. It
was shown that all the transfer energy levels of the acceptor defects are below the VBM
and will all ionize once formed, increasing the carrier concentration. Among the donor
defects, Sny is the only deep-energy-level defect that will exist as a recombination center
of carriers, whose density can be reduced by increasing the concentration of Sn in the
precursor. The intrinsic defects of MASn,Pb;_,I3 were also studied with first principles
calculations [28]. It was found that three defects (I;, Vg,, and Vpy,) have a large impact on
the carrier lifetime. I; introduces a deep defect state in the forbidden band and leads to a
significant decrease in carrier lifetime and PL intensity, which fortunately can be effectively
avoided by reducing the anion content. Neither Vg, nor Vp, produce defect energy in the
band gap; however, they can cause changes in the energy dispersions of VBM and CBM,
which in turn change the carrier mobility and lifetime. Although the previous reports on
the defect properties of lead-free perovskite have important guiding significance, most of
them only focus on several single materials, and the results are not comprehensive enough.
Here, we have specifically conducted a systematic and comprehensive study of all the
possible point defects in Sn- and Ge-based perovskites CsBX3 (B = Pb, Sn, Ge, X = Cl, Br,
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I), the two optimally desired replacement elements for Pb, and studied the distribution of
defect energy levels for different metal and halogen elements.

In this paper, CsBX3 (B = Pb, Sn, Ge, X = Cl, Br, I) perovskites are investigated by
first principles calculations. The electronic properties of perovskites, including energy
band structure, density of states (DOS), and absorption coefficients, are firstly studied.
On this basis, the energy level and distribution of all possible point defects are explored
in depth to analyze the defect tolerance of the material. Finally, the DOS distribution
of the defect lattice is calculated, which can explain the influence of defect location on
carrier concentration well. This study work not only reveals the mechanisms of the defects’
existence and their effect on the material optoelectronic properties, but also provides
experience on the experimental preparation of different materials, and the prediction of the
device performance with different materials.

2. Models and Calculation Methods

At room temperature, CsBX3 perovskite is cubic crystal and the space group is Pm-3m.
The unit cell contains five atoms in a single formula unit, and the positions with fractional
coordinates (0.00, 0.00, 0.00), (0.50, 0.50, 0.50), and (0.00, 0.50, 0.50) are occupied by Cs,
B, and X atoms, respectively. B** and its coordinated X~ form an octahedral, B** is the
center of the octahedral structure, and X~ is located at the top corner of the octahedron. A
unit cell is shown in Figure 1a. There are three types of point defects in the cell, namely
substitution, vacancy and gap, and Figure 1b—d show one cell structure for each type of
defect, respectively.

d

Figure 1. CsBX3 perovskite ideal and defective crystals. (a) Ideal cell. (b) Csg (Cs substitution B
defect). (c) Vs (Cs vacancy defects). (d) Cs; (Cs interstitial defects). Each type of defect shows only
one type of cell.

Here, the valence electronic configurations of the atoms are as follows: Cs: 5s25p®6s!,
Pb: 3d%4s2, Sn: 5sz5p2, Ge: 4sz4p2, Cl: 3523p5, Br: 4sz4p5, I: 5s25p5. The Perdew—Burke—
Ernzerhof functional for solids (PBE) within the generalized gradient approximation (GGA)
was used to describe the exchange correlation interaction between the valence electrons. As
the major computational parameters, the plane-wave cutoff energy was set to 405 eV, and
the Monkhorst-Pack special k points were set to (6 x 6 x 6) for structural relaxations and
electronic structure calculations. To obtain more reliable band gaps, we also performed elec-
tronic structure calculations using the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional,
in which we replaced 25% of the PBE exchange functional with the exact Hartree—Fock
exchange functional, providing bulk band gaps in good agreement with the experiment.
Subsequently, the light absorption capacity of the material was also calculated.

To study the distribution of point defects in perovskite, we calculated the energy level
locations and formation energies of all possible defects formed in CsBX3, including vacancy,
substitution and interstitial. For a defect « with charged state g, the formation energy AH
(e, ) is calculated as shown below:

AH (e, q) = E («, q) — E (host) + Y _in;p; + q [Evpm (host) + E¢ + AV] 1)

where E («, q) is the energy of the supercell with defect o in ionization state g, E (host) is the
energy of the supercell without defect, n; is the number of atoms added or lost from defect
o, y; is the chemical potential of the corresponding element, Eygy (host) is the energy at
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the VBM of the supercell without defect, and E¢ is the Fermi energy relative to Eygy (host),
i.e., E¢ = 0 at the position of Eypy (host), AV =V («, q, R) — V (host, R), where R is the
farthest position from the defect. Here, the formation energy of the defect is calculated with
PBE generalization. However, the PBE calculation underestimates the formation energy per
electron ACBM when there are electrons occupying the host energy level (when there are
holes occupying the host energy level, the PBE calculation underestimates the formation
energy per hole AVBM) [29], so we added the difference in the conduction (valence) band
edge energy generated by HSEO6 to correct the defect formation energy calculated by PBE.

3. Discussion
3.1. ABX3 Crystal Structure

As a preliminary test of the formability of perovskite structures, the Goldschmidt
tolerance factor t; was first analyzed, and the calculation formula is shown in Formula (2):

tg = (ra +1x)/ (Y2 (rg + rx)) )

where 74 represents the ionic radius of A, rp represents the ionic radius of B, and rx
represents the ionic radius of X. When the calculated result is in the range of 0.8~1.0, it
can support the formation of perovskite structure in a stable phase [30]. After the cell is
established, the relaxation calculation is carried out to optimize the structure. Table 1 shows
the lattice parameters and tolerance factors of the perovskite materials studied thereinafter.

Table 1. Lattice constants and tolerance factors of CsBX3 (B = Pb, Sn, Ge, X = Cl, Br, I) cell structure
diagram.

Materials  CsPbCl;

CsPbBr3 CsPbl; CsSnClj3 CsSnBr3 CsSnlj3 CsGeCljy CsGeBr3 CsGelj

Lattice 5.73 5.99 6.42 5.55 5.79 6.21 5.43 5.64 5.98
constants
Tolerance 0.82 0.81 0.81 0.90 0.89 0.88 0.97 0.96 0.94
factor

It can be seen from the table that the lattice constants of the perovskites with the same
B element gradually increase when the X elements are Cl, Br and I in order, the lattice
constants of the perovskites with the same X element also gradually increase when the B
elements are Ge, Sn, and Pb in order, which is consistent with the change in ionic radii
of the constituent elements. The tolerance factors of all nine materials are in the range of
0.8~1.0, which ensures the formation of the perovskite structure.

3.2. Band Strucure

The energy band is the fundamental factor that determines the optoelectronic prop-
erties of semiconductor materials. We calculated the energy bands of CsBX3 (B = Pb, Sn,
Ge, X = Cl, Br, I) after relaxation, and the PBE and HSE06 software packages were used,
respectively, to explore the details of the electronic structure. Since the ABX;3 perovskite
belongs to the Pm-3m space group, we selected the high symmetry point paths in the Bril-
louin zone as X (0.50, 0.00, 0.00)-R (0.50, 0.50, 0.50)-M (0.50, 0.50, 0.00)-T (0.00, 0.00, 0.00)-R
(0.50, 0.50, 0.50). The band gaps of the materials are summarized in Table 2. The band
gap obtained from the PBE generalized function calculation is severely underestimated
compared to the experimental value, which is consistent with the previous theoretical
results [30]. This underestimation of the band gap becomes more severe as the halogen
atoms become lighter when changing from I to Cl due to weaker relativistic effects [30].
The HSE06 hybridization generalization significantly improves this defect and yields a
band gap closer to the experimental value due to a fraction of screened Hartree—Fock ex-
change included in HSE06, which improves the discontinuity in the Kohn-Sham potential
derivative for integer numbers of electrons.
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Table 2. CsBX3 band gap (unit: eV) summary.

Materials PBE HSE06 HSE06 Value Experimental Value
CsPbCl3 2.15 2.78 2.89 [31] 3.00 [32]
CsPbBr; 1.68 2.12 2.35[31] 2.25[33]

CsPbl; 1.45 2.01 2.02 [34] 1.73 [35]
CsSnCl; 0.94 1.38 1.50 [31] 2.90 [36]
CsSnBr3 0.39 0.70 1.05 [31] 1.75 [37]

CsSnly 0.40 0.87 0.74 [31] 1.27 [37]

CsGeCl3 1.36 191 1.69 [31] 3.31[38]
CsGeBr3 0.90 1.25 1.15 [31] 2.37 [38]

CsGels 0.71 1.19 1.55 [31] 1.51 [39]

The energy band structures obtained by the HSE06 hybridization generalization calcu-
lation are given in Figure 2. Sn-, Ge- and Pb-based perovskites have similar energy band
structures. They all have direct band gaps, the inverse spatial coordinates of the CBM and
VBM are located at the R (0.50, 0.50, 0.50), and the band formation and order are similar.
This is because the chemical composition and the backbone structure formed by B and X
are similar. The direct band gap structure makes it easier for the carrier transition from the
VBM to the CBM generated by photons without the assistance of phonons, and facilitates
the generation of photogenerated carriers, which makes Sn- and Ge-based perovskites
equally promising for the application of high-efficiency optoelectronic devices. The band
gap decreases with increasing halogen ion radius from CI to I, which has been demonstrated
in previous work, and provides a classical way to regulate the band gap by controlling the
halogen composition [40,41]. This may be because the longer B-X bonds weaken the interac-
tion between B and X orbitals, leading to a narrowing of the band gap while causing lattice
expansion [42,43]. The effect of B elements on the band gap is significant and more complex,
which cannot be explained well by bond length alone and needs to be further investigated.

5
S CsPbCl3 CsPbBr3 CsPbl3

—//\_”/\,
— == =

-5
5
CsSnCl13 CsSnBr3 CsSnl3
S
L
& o
= e
— e~
iy ——— | 7

Kpoints

Figure 2. CsBX3 band structure obtained by HSE06 functional calculation.
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The DOS distribution is another important parameter for studying the properties of
optoelectronic materials, as it reveals the contribution of material composition elements to
the energy bands and distribution of charge carriers. Here, the DOS of the above CsBX3
is calculated. The results are shown in Figure 3. It can be observed that the VBM mainly
originates from the p orbitals of X and a small amount of s orbitals of B, while the CBM is
mainly composed of the p orbitals of B and a small amount of p and d orbitals of X. Their
overlap indicates significant hybridization between each other. That is, the band gap is
mainly determined by the B and X elements, and the contribution of the A (Cs) is negligible,
which is why changing the elements in the A-site has little effect on the band gap of the
material [1]. This is consistent with the conclusion in Figure 2.

5 CsSnCl3 4 CsSnBr3 10 CsSnl3
Total —— Total —— Total
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Figure 3. DOS of CsSnX3 perovskites.

A high absorption coefficient is critical for efficient photoelectric conversion of the ma-
terial. The absorption coefficient of perovskite is derived from the real and imaginary parts
of the dielectric function together. It is calculated as x(w) = 2V2e /hc [(e12+€22)V2 — 1]V 2,
where ¢1(w) and &;(w) are the real and imaginary parts of the dielectric function, respec-
tively, and w is the frequency of the photon [44].

The light absorption spectra of the nine materials are given in Figure 4. It can be found
that when B changes from Pb to Ge, the absorption edge gradually produces a red shift,
and for the same B-site element, when X is Cl, Br and I elements, the absorption curve
also shows a more obvious red shift in turn, which corresponds to the size of the band
gap. They all have good absorption ability in the visible range, while the Ge- and Sn-based
perovskites also have some absorption ability in the infrared region, giving them greater
advantages in expanding the absorption scope. Secondly, the absorption peaks of the same
B-element materials become larger in the order of X for Cl, Br, and I, which is consistent
with the variation in the absorption scope.
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Figure 4. ABXj3 perovskite (a) B=Pb, (b) B =5n, (c) B = Ge absorption spectrum.

3.3. Defect Property

The properties of defects in absorbers, especially point defects, play a critical role in
determining the electron-hole diffusion length and V. of a solar cell. Defects that create
deep levels usually act as Shockley—Read—Hall nonradiative recombination centers and
are responsible for short minority carrier lifetime and, thus, low V.. In contrast, defects
with energy levels above the CBM or below the VBM can increase the carrier concentration
and improve the efficiency of the device. The defect formation energy is a very important
reference to understand the defects’ distribution in semiconductor materials. The higher the
formation energy, the lower the chance of defect formation, and also its concentration in the
material. Here, we take the calculation result of Snj (Sn substitution of I) defect in CsSnl3
as an example, to describe the significance of the defect formation energy curve calculated
by first principles. Sn; may exist in three charged states, i.e., electrically neutral, with
+1 charge, and with +3 charge. The formation energy in each charged state is calculated
in accordance with Equation (1), and the results are shown in Figure 5. The formation
energy of neutral defects does not vary with the E¢, while that of charged defects (Sn;'* and
Sn;°*) increases with increasing Eg (the slope of the curve is equal to the charge number
of the defect), which also applies to those negatively charged acceptor defects. Only the
charged state with the lowest formation energy can exist at any Fermi energy, so the actual
formation energy curve is composed of section a for electrically neutral state, section b for
+1 charged state and section ¢ for +3 charged state. According to Equation (1), the formation
energy versus Fermi energy for all possible defects in ABX3 perovskites were predicted,
including Vs (Cs vacancy), Vg, Vx, Csp (Cs substitution of B), B¢, Csx, Xcs, Bx, Xg, Csi
(Cs gap), B; and X, and the calculation results are shown in Figure 6.

In order to better observe the changes in formation energy, we have listed the two
maximum and minimum formation energies of each donor and acceptor defect for nine
materials, as shown in Tables 3-6. It can be clearly seen that the formation energy of defect
is much more influenced by X element than by B element. Because the generated defects
can have a significant impact on the material, we focus more on the donor and acceptor
defects with lower formation energies. In most materials, Cs; and B; are the donor defects
with the lowest formation energy, but when X is I, Csx replaces the position of B;. This is
easy to understand, because the Cs ions do not participate in the skeletal structure that
constitutes the perovskite, but rather fill the octahedral structure composed of metal and
halogen ions, making them subject to the least binding forces and more likely to form
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defects, which agrees with the previous conclusions [23]. Due to the larger ionic radius of
I, it is more easily replaced by Cs, making the formation energy of Csj relatively low. For
the acceptor defects, Csg and X; have relatively low formation energies for CsPbCl; and
CsPbls, while Xg becomes more easily formed in CsPbBrs. It is believed that the difference
in the compounds containing Br ions is caused by multiple factors. Due to the low local
symmetry of the X site, the 5p orbital of B splits forms a shallow energy level near the
CBM, but also a deep energy level in the forbidden band [27]. Although the three halogen
atoms have similar electronic structures and also orbital couplings with B ions, the coupling
strength of Cl with B is stronger due to a smaller atomic radius, while those of Br and I will
gradually weaken as the atomic radius increases. On the other hand, as discussed above,
the radius of the ion plays a key role in the stability of the compound structure and the
formation of defects. Cl ions with smaller radii do not have an advantage in forming stable
compounds, while Br and I can form more stable compounds with fewer defects as the ion
radius increases. The balance and contest between these two factors make it easier for the
intermediate Br to escape or to be replaced by other ions, forming vacancy or substitution
defects, which results in the conclusion we finally obtained. This is consistent with the
research results of W. Swift et al., that Br; in CsPbBrj is a deep-level defect with a high
concentration [45].

Table 3. Two donor defects with maximum formation energies.

X=Cl X =Br X=1I
B=Pb Bcs, Bx By, Vx Bcs, Bx
B=5n Vy, Bcs Bx, Vx Vy, Bx
B=Ge Bcs, Bx Bx, Csx Bcs, Bx

Table 4. Two donor defects with minimum formation energies.

X=Cl X =Br X=1I
B=Pb B;, Cs; B;, Cs; B;, Cs;
B=5n B;, Cs; B;, Cs; Csy, Cs;
B=Ge B;, Cs; B;, Cs; Csy, Cs;

Table 5. Two acceptor defects with maximum formation energies.

X=Cl X =Br X=1I
B="Pb XB, Xcs Ves, VB Xcs, Vs
B=5n Xcs, Vs Ves, VB Xcs, Ves
B=Ge Xcs, Ves Ves, VB Xcs, Ves

Table 6. Two acceptor defects with minimum formation energies.

X=Cl X =Br X=1
B=Pb Csg, Xi Xs, Xi Csg, Xj
B=5n X;, Csp XB, Xi X;, Csp

B =Ge Xi/ CSB XB/ Xi Xi, CSB
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Figure 5. Sn; defect energy levels in CsSnlj. Section a is for electrically neutral state, section b is for
+1 charged state and section c is for +3 charged state.
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Figure 6. The calculated defect formation energy as a function of the Fermi energy. According
to Equation (1), the slope of the function indicates the charge state q of the defect, and the Fermi
energy at the turning point gives the transition energy level. The shaded areas on the left and right
sides of the figure indicate the valence band below the VBM and the conduction band above the
CBM, respectively.
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Ionization is an important parameter for determining the contribution of defect in
carrier concentration, which is mainly influenced by their transition energy levels. The
transition energy level £ (q/q’) is defined as the Fermi energy level when defect « with two
different charge states q and q” have the same formation energy [46], and they are located at
the turning points in the formation energy diagram, where the defects can release electrons
or holes and change their charge state from q to q". For example, the Fermi energy level
Ef = —0.66 eV corresponds to the transition point of the I; from the electroneutral to the
—1-valence state in the CsSnl; system, so that its (0/ —1) transition energy level is located at
0.66 eV below the VBM. Based on this approach, the positions of the transition energy levels
of defects in Sn- and Ge-based perovskites are plotted in Figure 7. The formation energy
and the energy level are the two main factors determining the distribution of a defect in the
material. The acceptor defect with a transition energy level below the VBM or the donor
defect with a transfer energy level above the CBM will ionize once formed, increasing the
concentration of carriers. However, if the transition energy level of the defect lies in the
forbidden band, the defect will then act as a carrier trap and recombination center for the
photogenerated electron-hole pair, decreasing the carrier concentration.
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Figure 7. The calculated transition energy levels for various intrinsic defects of CsBX3 (B = Sn, Ge.
X = Cl, By, I). The regions under VBM and above CBM are in the slash area. The acceptor and
donor defect levels are indicated by red and blue lines, respectively, and the numbers in parentheses
above represent the change in defect charging. The number in parentheses below each defect name
represents the formation energy for each defect when electrically neutral.

Many previous studies have pointed out that the good defect property is one of the
important reasons why Pb-based perovskites are sought after by scholars for optoelectronic
device applications [23,47,48]. Most of the defects in Pb-based perovskites have shallow
energy levels, and the formation energy of the very few with deep energy levels is relatively
higher, meaning they are difficult to form and they affect the performance of the material
vary little [23,49].
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Fortunately, the defect properties of Sn-based perovskites are similar to those of Pb-
based ones. Almost all of the acceptor defect transition energy levels in CsSnX3 are below
the VBM, which means they will all ionize once formed. This conclusion is similar to
that of a previous study [27]. Each ionized defect produces the same number of carriers
as the amount of charge in its ionized state. Therefore, a high concentration of shallow-
energy-level defects causes a higher concentration of carriers and further conductivity of
the material. Although there are some deep-energy-level donor and acceptor defects, such
as Sncg, V¢, Cscy, Sney in CsSnCl;, their formation energies are relatively high, hindering
the mass formation of recombination centers. At the same time, it is important to note that
defects cannot capture two electrons or holes at the same time [50,51], which means that
transfer energy levels like (—1/+1), (—2/0), and (0/+2) that produce transitions of two or
more charge states are actually not related to nonradiative recombination. Therefore, Vg,
and Sn; are not actually nonradiative recombination centers.

In contrast, the performance of Ge-based perovskites is not so satisfactory. A number
of deep-energy-level defects with low formation energies (Csge, Ve, Clge and Gecy in
CsGeCl3, Ge; in CsGeBrs, and Csy in CsGels) provide conditions for the existence of carrier
recombination centers. CsGels and CsGeBrj; are significantly more tolerant to defects than
CsGeCl3, but undesirable defects exist in both of them as well. The defect properties of Sn-
and Ge-based halide perovskites explained the advantages of Sn as the substitute for Pb,
and the rapid growth of Sn-based perovskite compared with Ge-based ones.

The DOS in crystals, including those of defects that are studied here, to investigate
the influence of defect energy levels and formation energies on carrier contribution. Two
defects (Csgn and Sncg in CsSnCl3) are studied as a special case, for they are typical ones
with shallow and deep energy levels, respectively, and their effect on the carrier state
density can specifically illustrate the influence of most defects on carrier concentration
and mobility in crystals. The results are shown in Figure 8. It can be clearly observed that
Csgp, caused complete ionization, which resulted in a higher DOS below the VBM, and
increased the carrier concentration in the crystal, while for deep-energy-level defect Sncs, a
recombination center was created in the middle of the forbidden band, which is consistent
with our previous analysis.

40

CsSnCl,

— = Csgy

Density of states/eV!
N w
o o

-
o

Energy(eV)

Figure 8. Total DOS of ideal CsSnCls, with defect Csg,, and Sncs.
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4. Conclusions

The article presents a systematic and comprehensive study of the photoelectric proper-
ties of CsBX3 (B = Pb, Sn, Ge. X = Cl, By, L.) perovskites, especially the properties of defect
energy levels and formation energies, based on the first principle calculations. There is a
significant effect of B and X elements on the band gap, while the effect of Cs elements on
the band gap is small. The perovskites constructed with different B-site elements have good
absorption ability in the visible range, while the absorption edges of the Ge- and Sn-based
perovskites show different degrees of red-shift, which makes them also have some absorp-
tion in the infrared region and expands the wavelength range for material applications.

The defect energy levels and formation energies of all possible point defects in CsBX3
(B =Pb, Sn, Ge, X = Cl, Br, I) perovskite are systematically investigated. Sn-based per-
ovskites have similar defect properties with Pb-based material, where most of the defects
are near the CBM or the VBM, and form shallow-energy-level defects. For a few defects
(Sncs, Ve, Snes, Cscp and Sngp) existing in the middle of the forbidden band, high for-
mation energies ensure their low concentration, which proves the mobility of Sn-based
perovskite and makes it a promising lead-free material. In contrast, there are some defects
with deep energy levels in Ge-based perovskites (Gec; in CsGeCls, Ge; in CsGeBrs, and
Csy in CsGel;) with relatively lower formation energies, forming carrier capture centers
and hindering their application in optoelectronic devices. These analysis results indicate
that Sn has more advantages in defect tolerance when replacing Pb to become an effi-
cient perovskite optoelectronic material. This is the main reason why Sn-based perovskite
devices are superior to Ge-based ones. This work is of great significance for the study
of lead-free perovskites and provides a basis for theoretical and experimental studies of
lead-free perovskites and devices.
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