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A B S T R A C T   

Due to its unique properties, such as long carrier diffusion length and adjustable optical band gap, organic- 
inorganic hybrid perovskite has been a potentially strong photoelectric material for solar cells. However, the 
challenge of insufficient stability of perovskite materials has not been solved, which in turn, limits its commercial 
application. Inspired by the strong stability of C3N2H5PbI3 (ImPbI3), we present an innovative doped system, 
Im(1-x)CsxPbI3 (x = 0.25, 0.5, 0.75), based on the cation-doped strategy, to obtain both strong stability and 
excellent photoelectric performance. A new perovskite phase ImPbI3 is proposed and verified rationality of ex-
istence through formation energy, ab initio molecular dynamics (AIMD), mean square displacement (MSD), and 
X-ray diffraction (XRD) based on density functional theory (DFT) calculations. For analyzing the photoelectric 
properties of Im(1-x)CsxPbI3, the bandgap, charge distribution of the frontier molecular orbital, and projected 
density of states are investigated. To study the stability of Im(1-x)CsxPbI3, geometric configuration, tolerance 
factor, crystal orbital Hamilton populations (COHP), and AIMD simulations are performed. The results show that 
the perovskite phase ImPbI3 has strong thermodynamic stability and structural stability, and its optical bandgap 
value is lower than that of the hexagonal system. When the content of doped Cs does not exceed 50%, the 
stability of the perovskite phase ImPbI3 is significantly improved. Comprehensive analysis shows that 
Im0.5Cs0.5PbI3 exhibits encouraging performance with strong stability and high optical absorption coefficient. 
This theoretical study opens a new avenue for the design of robust organic-inorganic hybrid perovskite materials 
with strong stability and excellent photoelectric performance based on our findings from perovskite phase ImPbI3 
system.   

1. Introduction 

After CH3NH3PbI3 (MAPbI3) was first used in photovoltaic solar cells 
achieving an efficiency of 3.8% [1], organic-inorganic hybrid perov-
skites have been considered a promising photoelectric material. Due to 
its easy preparation and low cost, as well as adjustable optical bandgap, 

high carrier mobility, and high optical absorption coefficient, hybrid 
perovskites are very suitable as light-absorbing materials for application 
in solar cells [2–6]. However, organic-inorganic hybrid perovskite easily 
decomposes during use [7,8] demonstrating poor long-term stable solar 
cell power conversion efficiency (PCE). Therefore, extensive study has 
been conducted on material design and preparation for developing new 

* Corresponding author. School of Mathematics and Physics, North China Electric Power University, Beijing, 102206, China. 
** Corresponding author. Department of Power Engineering, North China Electric Power University, Baoding, 071003, Hebei, China. 
*** Corresponding author. State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources, North China Electric Power University, 

Beijing, 102206, China. 
E-mail addresses: yangwj@ncepu.edu.cn (W. Yang), dingxl@ncepu.edu.cn (X. Ding), jianxiyao@ncepu.edu.cn (J. Yao).  

Contents lists available at ScienceDirect 

Solar Energy Materials and Solar Cells 

journal homepage: www.elsevier.com/locate/solmat 

https://doi.org/10.1016/j.solmat.2021.111401 
Received 11 May 2021; Received in revised form 13 September 2021; Accepted 15 September 2021   

mailto:yangwj@ncepu.edu.cn
mailto:dingxl@ncepu.edu.cn
mailto:jianxiyao@ncepu.edu.cn
www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2021.111401
https://doi.org/10.1016/j.solmat.2021.111401
https://doi.org/10.1016/j.solmat.2021.111401
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2021.111401&domain=pdf


Solar Energy Materials and Solar Cells 233 (2021) 111401

2

materials with high stability through both experimental research and 
density functional theory (DFT) calculations [9–14]. 

In prior work to improve the stability of hybrid perovskite materials, 
it was found that HC(NH2)2PbI3 (FAPbI3) perovskite prepared by 
replacing MA+ with organic cation FA+ improved the thermodynamic 
stability and reduced the optical bandgap [15–17]. However, experi-
mental studies revealed that FAPbI3 easily reacts with water [17] and 
the yellow non-perovskite phase at room temperature transforms to a 
stable black perovskite phase at about 430 K [6,18]. Zhou et al. showed 
that the use of the inorganic cation Cs+ instead of MA+ can eliminate 
enhanced ion mobility and improve material stability [19–23]. How-
ever, CsPbI3 exhibits different phase transitions when the temperature 
changes yielding a stable black perovskite phase at high temperatures, 
which causes great fluctuations of the PCE [24,25]. Taya et al. [26] 
partially replaced the MA with Cs. Their results showed 12.5% 
Cs-doping slightly enhanced the absorption coefficient of MAPbI3 with 
prevention of the compositional degradation of the MAPbI3. Luo et al. 
[27] revealed that partially doped Cs increased the moisture resistance 
of the material with improvement of the PCE. Therefore, A-site doping 
with Cs was found to be an effective method to improve material 
properties. However, development of new materials that exhibit the 
required stability and performance to be practically applied is required. 
Therefore, it is necessary to explore new materials to provide another 
option for photovoltaic solar cells. 

The tolerance factor and octahedron factor [27,28] are used to 
measure whether ABX3 (A = monovalent metal cation or organic cation; 
B = divalent metal cation; X = halogen anion) is a perovskite-structure 
material. Recently, experimental studies have shown that the thermal 
stability of hexagonal C3N2H5PbI3 (ImPbI3) is better than that of MAPbI3 
but that it has a wider optical bandgap, which in turn, is not conducive 
to the efficient absorption of sunlight [29]. For ABX3, when the toler-
ance factor (t) is within the interval 0.8 < t < 1 and the octahedral factor 
(μ) is within the range 0.44 < μ < 0.90, it is a three-dimensional 
perovskite [30,31]. When t approaches 1, it indicates that a densely 
packed cubic structure of stable perovskite is formed. The t and μ of 
ImPbI3 are 0.99 and 0.54, respectively, suggesting that ImPbI3 should 
exist with a cubic structure [32]. However, the cubic system of ImPbI3 
has not been proposed before for application as an optoelectronic ma-
terial in any published experimental and theoretical studies. Therefore, 
inspired by the tolerance factor and potential thermal stability of 
ImPbI3, herein, we explore the potential application of ImPbI3 as an 
optoelectronic material. 

In this work, the stable existence of the perovskite phase ImPbI3 was 
verified, and cation doping engineering was used to improve the sta-
bility and optical properties of the perovskite phase ImPbI3 via DFT 
calculations. First, X-ray diffraction (XRD) and ab initio molecular dy-
namics (AIMD) simulated at 300–800 K over 10 ps were used to deter-
mine the structural and thermodynamic stability of perovskite phase 
ImPbI3. Second, the Cs+ is doped at the A-site, and the doping concen-
tration is controlled between 25% and 75%. Third, the electronic 
structure properties of Im(1-x)CsxPbI3 (x = 0, 0.25, 0.5, 0.75, 1) were 
analyzed to study the effect of A-site doping on the energy band and 
projected density of states. Fourth, crystal orbital Hamilton populations 
(COHP) analysis was used to calculate the bonding mechanism of 
chemical bonds to analyze the stability of Pb–I octahedron. All doped 
systems were simulated using AIMD simulation at a different tempera-
ture over 10 ps to evaluate the thermodynamic stability. Finally, the 
materials with relatively good stability and optoelectronic properties in 
the doped system Im(1-x)CsxPbI3 (x = 0.25, 0.5, 0.75) were screened out. 
As far as we know, this work is the first study on the properties and 
performance improvement of the perovskite phase ImPbI3 system. 

1.1. Computational methods 

In this study, all DFT calculations were performed on the Vienna ab 
initio simulation software package (VASP5.4.4) [33,34]. 

Perdew–Burke–Ernzerhof (PBE) functional with generalized gradient 
approximation and projector augmented wave (PAW) basis were used 
[35]. To determine the precise hydrogen bonding interaction between 
the organic cation Im+ and I− , Van der Waals force correction was used 
considering the influence of spin polarization [36]. Since the PBE 
functional underestimates the bandgap, the hybrid nonlocal Heyd–S-
cuseria–Ernzerhof (HSE) exchange-correlation functional is used to 
accurately simulate the electronic structure [37]. Gaussian broadening 
is set equal to σ = 0.05 eV. For the 2 × 2 × 1 perovskite phase ImPbI3 
supercell, after k-point testing (Figure S1), a 3 × 3 × 6 Γ-centered 
k-point grid was used for sampling during geometric structure optimi-
zation, and the cutoff energy of the plane wave basis set was set equal to 
520 eV. The force on each atom is set to be below 0.05 eV/Å as the 
threshold to stop structure optimization. For structural optimization and 
electronic self-consistent iterative calculations, the convergence accu-
racy criterion for electronic energy is equal to 10− 5 eV. 

To explore the bonding mechanism of chemical bonds in the system, 
the Crystal Orbital Hamilton Population (COHP) method [38,39] is 
used, which is calculated by using the Local Orbital Basis Suite towards 
Electronic-Structure Reconstruction (LOBSTER) software package [40, 
41]. In the projection process, the reference basis for the valence elec-
tron of the atom is as follows: C,2s22p2; N,2s22p3; H,1s1; Pb,6s26p2; I, 
5s25p5; Cs, 5s25p66s1, and the basis set given by Koga [42,43]. 

When calculating the optical properties, the spectral properties of 
materials are described by dielectric functions. A 4 × 4 × 8 Γ-centered k- 
point grid is selected for calculation. The imaginary part of the dielectric 
function is derived from the momentum matrix element between the 
occupied and unoccupied wave functions under the selection rule. The 
real part can be obtained from the imaginary part using the Kramer- 
Kronig relationship. The imaginary part is of great significance for in-
sights into the electron transition law and light absorption characteris-
tics. The expression of the dielectric function is as follows: 

ε(ω)= ε1(ω) + iε2(ω) (1)  

where ε1(ω) is the real part of the dielectric function, ε2(ω) is the 
imaginary part, and ω is the frequency of the photon. The real and 
imaginary parts of the dielectric function affect the optical properties of 
the material. To determine the optical properties of the material, the 
absorption coefficient (α), refractive index (n), and reflectivity (R) of the 
material were calculated. Their relationship is determined according to 
the following formula [44]: 
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To understand the conductive properties of the material, we further 
calculated the effective mass according to the following equation: 

m* =
h2

(
∂2E(k)

/
∂k2

) (5)  

where E(k) is the energy band structure, k is the magnitude of the wave 
vector in the momentum space, and h is the Planck constant. 

2. Results and discussion 

2.1. Crystal structure 

First, the perovskite phase ImPbI3 was optimized and the result is 
displayed in Fig. 1a. Taking into account the influence of the initial 
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position of the organic cations on the properties of the system [45], eight 
different organic cation orientation systems were designed for optimi-
zation. Under different orientations of organic cations, the calculations 
reveal that the differences of the system energies are less than − 0.1 eV, 
indicating that the influence of organic cation orientation on the system 
formation energy can be ignored. Therefore, the system with the 
smallest energy was selected for further analysis. The optimization 
result is shown in Fig. 1b. The optimized energy of the perovskite phase 
ImPbI3 is − 291.53 eV with an average energy of − 72.88 eV. The opti-
mized energy of hexagonal phase ImPbI3 from weber et al. [56] is 
− 437.76 eV with an average energy of − 72.96 eV. The energy difference 
of the two systems is only 0.08 eV, indicating that the ImPbI3 in the 
hexagonal phase and perovskite phase both exist. To further compare 
the stability of ImPbI3 in the view of energy, the formation energy was 
calculated using the following formula:  

Ef = E(ImPbI3)− E(ImI)− E(PbI2)                                                       (6) 

where E(ImI), E(PbI2), and E(ImPbI3) are the total energies of each 
reactant, for which PbI2 is treated with a bulk crystal structure while ImI 
and PbI2 are put into a 20 Å × 20 Å × 20 Å supercell, and treated as a 

molecule for energy calculations. The more negative is the formation 
energy, the more stable is the system. We calculate that the formation 
energy of the perovskite phase ImPbI3 is − 1.04 eV, and the hexagonal 
phase ImPbI3 is − 1.12 eV. The formation energy of the perovskite phase 
ImPbI3 is negative, which is very close to the formation energy of the 
hexagonal phase, indicating that the perovskite phase should be formed. 

To explore the thermodynamic stability of the perovskite phase 
ImPbI3, AIMD were performed at temperatures between 300 and 800 K 
with the canonical ensemble (NVT) with a time step of 1.0 fs, together 
with the Nosé thermostat. The total simulation time is 10 ps (results 
shown in Figure S2). The energy and Pb–I bond length of the system vary 
within a reasonable range, indicating that the perovskite phase ImPbI3 
has good thermodynamic stability over the temperature range from 300 
to 800 K. From Fig. 1h, the position of each peak in the XRD pattern is 
roughly the same over the range from 300 to 800 K, implying the 
structural stability of the system versus temperature. On the other hand, 
MAPbI3 undergoes a phase change at about 330 K [6], further proving 
that the perovskite system of ImPbI3 is more stable than MAPbI3. Based 
on the simulation results, the mean square displacement (MSD) mea-
surement was also taken to evaluate the system stability of C3N2H5PbI3 

Fig. 1. Atomic systems of bulk (C3N2H5)(1- 

x)CsxPbI3 (x = 0, 0.25, 0.5, 0.75, 1) crystals: 
(a) C3N2H5PbI3; (b) (C3N2H5)0.75Cs0.25PbI3; 
(c) (C3N2H5)0.5Cs0.5PbI3; (d) (C3N2H5)0.25 
Cs0.75PbI3; (e) CsPbI3. Color code: purple, I; 
dark grey, Pb; green, Cs; pink, H; brown, C; 
and light blue, N; (g) Tolerance factor and 
volume change of (C3N2H5)(1-x)CsxPbI3 (x =
0, 0.25, 0.5, 0.75, 1); (h) The X-ray diffrac-
tion evolution of C3N2H5PbI3 triclinic system 
with the temperature from 300 K to 800 K. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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in the view of dynamics. We calculated the diffusion coefficient (D) [57] 
according to: 

D= lim
t→∞

[
1

2dt
[ r→(t)]2

]

(7)  

where d is the dimension (d = 3), r→(t)2 is the mean square displace-
ment, and t is simulation time [58]. The calculation results are shown in 
Figure S8. The results show that the diffusion coefficients of 300 K–800 
K are in the orders of 10− 6, which proves that the system is stable. 

To further improve the stability and photoelectric performance of 
perovskite phase ImPbI3, we doped the system with A-site cations, as 
shown in Fig. 1(c-e). Considering the influence of the chain order, for the 
Im0.75Cs0.25PbI3 system, we have established a 2 × 2 × 2 supercell, in 
which Im and Cs are alternatively arranged in the lattice, using HSE 
hybrid functionals for band structure calculation. The calculation results 
are shown in Figure S9. From Figure S9, the calculated bandgap of the 
Im0.75Cs0.25PbI3 system is 2.15 eV, which is consistent with the calcu-
lation result of 2 × 2 × 1 supercell. The calculation results show that the 
influence of the chain order on the electronic structure of the system can 
be ignored. Therefore, 2 × 2 × 1 supercell was adopted to reduce the 
computational cost. The doping system is Im(1-x)CsxPbI3 (x = 0.25, 0.5, 
0.75). When x = 1, it is a cubic crystal phase of CsPbI3 (Fig. 1f). Due to 

the different interaction forces between Cs+/Im+ and the surrounding 
inorganic framework and the large difference of the radius, the addition 
of Cs causes the lattice tilt angle to decrease and the Pb–I–Pb bond angle 
to deform, which is consistent with previous research results [46]. The 
tolerance factors and volume statistics of Im(1-x)CsxPbI3 (x = 0, 0.25, 0.5, 
0.75, 1) are listed in Fig. 1g. The tolerance factors of doped systems vary 
within the range of 0.8–1 ensuring that the system is a stable 
three-dimensional perovskite. Due to the radius of Cs+ being 1.67 Å, and 
Im+ equal to 2.58 Å [47], the replacement of Cs+ leads to a reduction of 
the tolerance factor accompanied by volume shrinkage. 

2.2. Electronic structure analysis 

2.2.1. Bandgap 
To explore photoelectric performance, the bandgap was calculated 

by using the HSE functional, as shown in Fig. 2(a-e). The optical band 
gap determined for the perovskite phase ImPbI3 is equal to 2.28 eV, 
which is much lower than that of hexagonal ImPbI3 (2.94 eV). This 
suggests that the perovskite system is more promising for photovoltaic 
applications than the hexagonal system. In addition, our calculated band 
gap for the hexagonal ImPbI3 (2.94 eV) is very close to that of an 
experimentally obtained value (3.1 eV [48]), which indicates that our 
calculated results are reliable. The band gap of CsPbI3 is 1.70 eV, which 

Fig. 2. Band structure of (a) C3N2H5PbI3; (b) (C3N2H5)0.75Cs0.25PbI3; (c) (C3N2H5)0.5Cs0.5PbI3; (d) (C3N2H5)0.25Cs0.75PbI3; (e) CsPbI3; (f) Fitted line between HSE- 
Bandgap and Cs doping concentration. 
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is in good agreement with the experimentally determined band gap 
value of 1.73 eV [49]. As the concentration of Cs increases, the band gap 
of the doped systems drops from 2.16 to 1.99 eV. Due to a decrease of the 
lattice constant, the expansion of the conduction band increases, 
resulting in a decrease in the forbidden bandwidth. All systems are direct 
band gaps, which reduces unnecessary energy loss during electron 
transition. 

To explore the relationship between doping concentration and band 
gap, Fig. 2f plots the HSE band gap versus the Cs concentration as well as 
a regressed quadratic function which achieves a correlation coefficient 
equal to R2 = 0.97. This result proves that the doping concentration and 
the band gap follow a quadratic curve distribution [50], further 
demonstrating that our calculation results are reliable. The fitting 
equation is y = 2.25–0.08x-0.45x2 and therefore, the bowing parameter 
b [50] of the system is equal to 0.45 eV. The relatively small bowing 
parameter of this system means that CsPbI3 and ImPbI3 are miscible [51, 
52], which is convenient for adjusting the desired bandgap material. 

2.2.2. Electronic density of states 
To determine the electronic distribution of the system, the projected 

density of states (PDOS) and the partial charge density distribution of 
the valence band maximum (VBM) and conductive band maximum 
(CBM) are plotted in Fig. 3. From Fig. 3, alpha and beta are completely 
symmetrical, there is no obvious influence of spin polarization in the 
system of Im(1-x)CsxPbI3. Subsequently, we added spin-orbit coupling 
(SOC) correction without considering the spin-polarized, combined with 
the HSE hybridization functional to calculate the bandgaps of the doped 
systems. The calculation results are shown in Figure S10. Due to the 
large spin-orbit coupling constant of Pb atoms, the spin-orbit coupling 
has a significant influence on the band structure of ImPbI3. From the 
band structure of Figure S10, the bandgaps of Im(1-x)CsxPbI3 (x = 0.25, 
0.5, 0.75) systems have been reduced from 2.16 eV, 2.10 eV, 1.99 
eV–1.10 eV, 1.05 eV, 0.95 eV, respectively. The band structure with SOC 
in the calculation is denser than that without SOC. These results show 
that the SOC effect leads to a reduction in the electronic bandgap by 

Fig. 3. The projected density of state of (a) C3N2H5PbI3; (b) (C3N2H5)0.75Cs0.25PbI3; (c) (C3N2H5)0.5Cs0.5PbI3; (d) (C3N2H5)0.25Cs0.75PbI3; (e) CsPbI3; (f) The charge 
density maps of CBM and VBM with (C3N2H5)0.5Cs0.5PbI3 and (C3N2H5)0.25Cs0.75PbI3 system. 
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inducing a large atomic energy level-splitting [59]. In particular, the 
energy reduction at the bottom of the conduction band is more signifi-
cant, whose main contribution is from the Pb 6p orbitals. This phe-
nomenon of the underestimated band gap is consistent with the results 
of the cubic CsPbI3 and the pseudocubic MAPbI3 systems [60]. 

In this work, the SOC correction will cause the bandgap to be 
underestimated, which leads to a significant difference between the 
calculated results and the experimental results. From our calculation 
results, the research results without considering the SOC are more 
consistent with the experiment. As we all know, the HSE hybrid func-
tional calculation with SOC correction will be very time-consuming. 
Therefore, the HSE hybrid functional was selected to calculate the 
Im(1-x)CsxPbI3 systems. 

As for the cationic A part, the PDOS results in Fig. 3(a–e) show that 
the contribution of organic cations is far away from the Fermi level, and 
it gradually decreases with the addition of Cs. Cs has no electron orbit 
contribution to the entire energy level. These results indicate that 
adjusting the A-site cation composition has no direct effect on the optical 
band gap of the system. As shown in Fig. 3f, there is no electron distri-
bution at the A-site, indicating that the A-site is only providing charge to 

the Pb–I octahedron keeping the system as an electrically neutral ma-
terial. As the Pb–I part, from Fig. 3(a–e), the energy contribution of the 
band edge is mainly occupied by the electron orbits of Pb and I. The 
valence band is mainly occupied by the 5p orbital of I and the 6s orbital 
of Pb. The conduction band is mainly occupied by the 6p orbital of Pb. 
These results are also consistent with the electron distribution at CBM 
and VBM (Fig. 3f, other systems shown in Figure S3). The 5p orbital of I 
and the 6s orbital of Pb are strongly coupled but there is no interaction 
between Im+ and I− , which proves that the strong covalent interaction 
between Pb2+ and I− is higher than the hydrogen bond between Im+ and 
I− . The stability of the Pb–I octahedron is a very important leading factor 
in the system. 

2.3. Analysis of structural stability 

Since the stability of Pb–I octahedrons is related to the stability of the 
system, the integrated crystal orbital Hamilton population (ICOHP) in-
tegral value of the Pb–I bond is calculated based on the crystal orbital 
Hamilton population (COHP) method, and its bonding mechanism is 
described in Fig. 4. As shown in Fig. 4e, there are four Pb–I octahedrons 

Fig. 4. (a–d) The change graph of the integral value of all Pb–I bonds in the system; (1)–(16) is the atomic number in the system (see Figure S7); (e) Line chart of the 
weakest Pb–I bond change in the system; (f) The crystal orbital Hamilton population (COHP) analysis of the Pb–I bond in perovskite phase ImPbI3. 
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in the system, and each octahedron has six Pb–I bonds. The ICOHP in-
tegral value of each Pb–I bond in the four octahedrons is calculated and 
presented in Fig. 4(a-d). As shown in Fig. 4(a-d), as the Cs concentration 
increases, the -ICOHP integral difference of the Pb–I bond in each system 
gradually decreases. However, it is shown from the integral value sta-
tistics chart (Fig. 4(a-d)) that when the Cs+ concentration is 50%, the 
integral value of the Pb–I bond in the system changes very little when it 
is raised to 75%. The bond strength of each Pb–I in the octahedron of 
CsPbI3 is close to each other and higher than the weakest Pb–I bond in 
C3N2H5PbI3, which may be one of the reasons that doping of Cs+ into 
organic cations enhances the stability. We count the Pb–I bond with the 
smallest -ICOHP integral value in each system in Fig. 4e. With the 
addition of Cs+, the weakest bond gradually strengthens, but the dif-
ference between the values at 50% and 75% is very small. These results 
indicate that the addition of Cs+ helps to improve the stability of the 
Pb–I octahedron, but it should be controlled within 50%. The interaction 
between Cs and the inorganic framework Pb–I octahedron is ionic 
bonding interaction, and the interaction between Im and Pb–I octahe-
dron is hydrogen bonding interaction. Therefore, as the amount of Cs 
increases, the interaction between the A-site and the octahedron in-
creases, improving the stability of the system. Fig. 4f shows the bonding 
mechanism of the Pb–I bond in perovskite phase ImPbI3 (see Figure S4 
for other systems). The stability of the Pb–I bond is decomposed into the 
contribution of different orbitals, which is mainly reflected in the 
contribution of the 6p orbital of Pb and the 5p orbital of I. In the valence 
band, the 6s anti-bonding orbital of Pb and the 5p anti-bonding orbital of 
I are hybridized, which corresponds to the electron density diagram of 
Fig. 3(a-e). 

In addition, to further confirm the stabilities of Im0.5Cs0.5PbI3, AIMD 
were conducted at 400 K and 800 K with the canonical ensemble (NVT) 
with a time step of 1.0 fs, together with the Nosé thermostat. The total 
simulation time is 10 ps with results displayed in Fig. 5. The results show 
that over the relatively long time period of 10 ps, the energy and average 
bond length of the Pb atom and I atom fluctuate over a small range 
suggesting that there is no significant variation of the structure geometry 
and the system should exhibit thermodynamic stability. The stability of 
Im(1-x)CsxPbI3(x = 0.25, 0.75) was also studied via AIMD simulation (see 
Figure S5-6); similar conclusions were reached. 

2.4. Optical properties 

To further study the optical properties of materials studies here, the 
optical absorption coefficient, reflectivity, and refractive index were 
calculated from Equations (2–4). In Fig. 6a, the light absorption in-
tensity of Im0.75Cs0.25PbI3 material is higher than that of perovskite 
phase ImPbI3. The greater the Cs concentration, the lower is the 
maximum wavelength absorption peaks for the Im(1-x)CsxPbI3 (x = 0.25, 
0.5, 0.75) systems. The results also show that the results are much higher 
than that of CsPbI3. The results in Fig. 6b show that CsPbI3 has the 
highest reflectivity, which corresponds to the lowest refractive index in 
Fig. 6c: the CsPbI3 has a good gloss. According to the carrier mobility 
formula u = qt/m* (m* is the effective carrier mass, q is the electric 
quantity, and t is the mean free path), the effective masses of electrons 
(me*) and holes (mh*) of the material are calculated according to 
Equation (5) and are shown in Fig. 6d. The smaller effective mass leads 
to higher conductivity, which facilitates the transfer and separation of 
charges. The effective masses of electrons and holes in perovskite phase 
ImPbI3 are 0.31 me and 1.23 me (me is the static mass of a free electron), 
respectively, both being much higher than that of the CsPbI3 perovskite. 
This may result in lowered carrier mobility of the perovskite phase 
ImPbI3. When the concentration of Cs is 25%, the effective mass of holes 
decreases from 1.23 me to 0.64 me. With higher Cs, the effective mass of 
holes drops. When the concentration of Cs rises from 25% to 50%, the 
effective mass of electrons decreases from 0.26 me to 0.20 me. When the 
concentration of Cs rises above 50%, there is no change of the effective 
mass of the electron. The results show that the gradual increase of the 
Cs+ leads to a drop of the electron and hole effective masses and that the 
content of Cs+ need not exceed 50%. The gradual decrease of the elec-
tron and hole effective masses also agrees with the result of the gradual 
bending of the energy band (see Fig. 2(a-e)). 

2.4.1. Band gap comparison 
To compare Im(1-x)CsxPbI3 with other different systems in the liter-

ature, the band gap comparison was performed as shown in Table 1. 
Generally, Im(1-x)CsxPbI3, as shown in this work, has a smaller band gap, 
which is more suitable for application than other systems. Combined 
with the stability of the material and the comprehensive analysis of the 
optical properties, it shows that Im0.5Cs0.5PbI3 is the most potential 
perovskite solar cell material, which has better light trapping ability in 
the visible light range and better charge carrier mobility. 

3. Conclusions 

In summary, the stable existence of the perovskite phase ImPbI3 has 
been verified by DFT calculations in view of energy and dynamics. A 
novel doping system, Im(1-x)CsxPbI3 (x = 0.25, 0.5, 0.75), through which 
the A-site is doped with the inorganic cation Cs+, was examined for its 
stability and photoelectric performance. The AIMD simulation results 
for Im(1-x)CsxPbI3 (x = 0.25, 0.5, 0.75) over a temperature range from 
300 to 800 K reveals that the perovskite phase ImPbI3 has good struc-
tural and thermodynamic stabilities. The band gap of the perovskite 
phase ImPbI3 is 2.28 eV, which is smaller than that of the hexagonal 
system which has been explored experimentally, indicating that the 
perovskite system is more suitable as a solar cell absorption material. 
Doping the inorganic cation Cs+ at the A-site not only enhances the 
stability of the system but also improves the optical properties of the 
system. The structural distortion due to doping increases the band 
broadening, which leads to a reduction of the band gap of the system. 
With the increase of the Cs content, the effective mass is also reduced, 
which improves the carrier mobility of the material. But when the 
concentration of Cs is greater than 50%, continuously increasing the 
concentration of Cs does not improve the stability of the system. 
Therefore, the amount of Cs added should be controlled to less than 
50%. Combined with the stability of the doped systems and optical Fig. 5. Energy and Pb–I bond length of (C3N2H5)0.5Cs0.5PbI3 in the simulation 

of AIMD at T=(a) 400 K; (b) 800 K. 
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analysis, it can be seen that Im0.5Cs0.5PbI3 has a wider optical absorption 
range, higher carrier mobility, and stability, and is more suitable as a 
light absorption material for perovskite solar cells. We strongly call for 
efforts to improve the level of experimentation to synthesize this new 
class of perovskite material that we have designed with its potentially 
excellent photovoltaic performance. 
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