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ABSTRACT: Much effort has been dedicated to boost the
development of lead-free perovskite solar cells. However, their
performance and stability are still much less competitive to the
lead-bearing counterparts. By exploiting a mixed Sn−Ge cation
strategy for the development of lead-free perovskites, we perform
ab initio electronic structure calculations and quantum dynamics
simulations on MASn0.5Ge0.5I3 and compare them to MASnI3. The
calculations demonstrate that the hybrid cation strategy can
improve simultaneously the perovskite stability and the lifetime of
charge carriers. The stability increases due to a larger space of
possible structures within the favorable range of the structural parameters, such as the Goldschmidt tolerance and octahedron
factors. By exploring the larger structure space, mixed perovskites find stable configurations with lower free energies and better fitting
components that exhibit reduced fluctuations around the equilibrium geometries. Charge carriers live longer in mixed perovskites
because cation mixing results in an additional and moderate disorder that separates electrons and holes, reducing their interactions
while still maintaining efficient band-like charge transport. These general and fundamental principles established by the analysis of
the simulation results are useful for the design of advanced materials for solar energy and construction of optoelectronic devices.

KEYWORDS: double metal halide perovskites, solar cells, geometric and electronic structure, nonadiabatic molecular dynamics,
time-dependent density functional theory

1. INTRODUCTION

Perovskite solar cells (PSCs) have long been one of the most
popular photovoltaic research hotspots in the past decade due
to their excellent performance, easy synthesis, and low
cost.1−17 Their certified power conversion efficiency (PCE)
increased rapidly to over 24%;18−21 while lead-based PSCs are
highly efficient, the toxicity of lead (Pb) and their poor long-
term device stability hinder their large-scale commercialization.
Furthermore, Pb halide perovskites exhibit band gaps that are
typically not within the optimal range for single-junction solar
cells (SJSCs) according to Shockley−Queisser’s theory. Thus,
it is an urgent need to find alternatives.
Partial or complete lead replacement with other metal atoms

is gaining increasing interest, due to the requirements of
narrowing the band gaps further and reducing PSCs’ impact on
the environment. In the fields of developing lead-free
perovskites,6,17,22−24 the earliest strategy was to replace Pb
with group 14 elements, such as Sn and Ge.18,25,26 Tin-bearing
halide perovskites enable the fabrication of lead-free PSCs,
ideal utilization of solar spectrum in single-junction cells, and
construction of tandem all-perovskite solar cells. However, tin-
bearing halide perovskites suffer from easy oxidation of Sn2+ to
Sn4+ by oxygen once exposed to air, leaving oxidized vacancy
defects. Such a characteristic makes the stability and

performance of tin-based PSCs much less competitive to the
lead-based PSCs.27,28 MAGeI3 (MA = CH3NH3) owns a wide
band gap at about 2.0 eV and is difficult to synthesize, and
PSCs based on MAGeI3 show quite low PCE (often less than
0.6%).29−31 Cation transmutation provides another strategy to
design Pb-free and stable halide perovskites for solar energy
applications. For the heterovalent substitution, two divalent
Pb2+ ions are converted into monovalent M+ and trivalent M3+

ions. The strategy produces a rich class of double perovskite
structures of quaternary halides. Pb-free all-inorganic double
perovskites have been synthesized successfully by heterovalent
substitution with monovalent Au, Ag, Cu, alkalies, trivalent Bi,
Sb, In, and rare-earth ions.32−46 The optoelectronic properties
of these double perovskites can be widely tuned. At the same
time, double perovskites, such as those based on Ag−Bi and
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Ag−Sb cores, exhibit indirect band gaps and tend to dissipate
light energy into heat in solar energy applications.37−39,47−49

On account of the significant shortcomings of the
heterovalent double perovskites, the scientists turned to
improve tin-based PSCs by adopting the B-site coalloying
strategy, such as the creation of the mixed Sn−Ge or Sn−Pb
metal core.50−60 Pb-free mixed Sn−Ge perovskites have bright
prospects for not only efficient and stable SJSCs but also
efficient all-perovskite monolithic tandem solar cells. Several
works have been devoted to develop these kinds of Pb-free
materials. For example, Ju et al. suggested several mixed halide
perovskites using Sn and Ge with suitable direct band gaps for
light absorbers in solar cells from the first-principles
calculations.61 Ma et al. performed an exhaustive research on
the mixed vacancy inorganic double perovskite Cs2Sn(1−x)
GexI6, suggesting that the concentration of the Ge dopant
will significantly affect the electronic, mechanical, and
thermodynamic properties.52 Ito et al. reported that PCE of
FA0.75MA0.25Sn(1−x) GexI3-based solar cells when the content of
Ge x = 0.05 has reached 4.48%.62 Liu et al. showed the first
synthesis of CsSn0.6Ge0.4I3 perovskite nanocrystals with a fine
size distribution and found that the photophysical properties of
CsSn0.6Ge0.4I3 were enhanced considerably compared to those
of Sn-based nanocrystals, which was attributed to prolonged
charge carrier lifetimes.51

Although these theoretical and experimental works demon-
strated that Ge doping in Sn-based PSCs in a small
concentration can remarkably improve the PCE, the micro-
scopic understanding of the static and dynamics characteristics
of the materials is lacking. Here, we perform a first-principles
density functional theory (DFT) combined with nonadiabatic
molecular dynamics (NAMD) investigation on the mixed
cation Sn−Ge perovskite material MASn0.5Ge0.5I3 and obtain
detailed insights guiding the construction of high-performance
PSCs.

2. COMPUTATIONAL DETAILS

The calculations are carried out with Vienna Ab Initio
Simulation Package (VASP 5.4),63−65 using the projector
augmented wave method with an energy cutoff of 550 eV.
Unless otherwise specified, the generalized gradient approx-
imation exchange-correlation functional Perdew−Burke−Ern-
zerhof (PBE)65 is adopted in the calculations. Since PBE tends
to underestimate band gaps, we employed the HSE06
functional66 for benchmark calculations. HSE06 includes a
fraction of screened HF exchange, α = 0.2, improving the
discontinuity in the Kohn−Sham potential derivative for
integer numbers of electrons. A 2 × 2 × 2 Γ-centered k-
point grid is used for the structure optimization and a 4 × 4 ×
4 k-point mesh is used for electronic structure calculations.
Since the structures have direct band gaps located at the Γ-
point, the NA couplings (NAC) are computed for the Γ-point
only.
Once the geometry optimization is finished, the repeated

velocity rescaling increases the temperature to 300 K and
equilibrates the structures for 5 ps. Then, 10 ps adiabatic MD
trajectories are obtained within the microcanonical ensemble
with the MD time step set to 1 fs. Before the NAMD
simulations, we need to compute the strength of NA couplings
dij using the time-domain numerical method, and the overlap
between two orbitals i and j in the time step order can be
expressed as67

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

=− ℏ⟨ |∇ | ⟩· ̇=− ℏ⟨ ∂
∂

⟩

=− ℏ
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Δ
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t t t t t t

t

( ) ( ) ( ) ( )

2

Rij i j i j

i j i j

(1)

It is known that the strength of NA coupling has a directly
proportional relationship with the overlap of the initial state i
and the final state j, −iℏ⟨ϕi|∇R|ϕj⟩, and the nuclei velocity, dR/
dt. At last, the final 7000 configurations of the MD trajectories
are selected as initial geometries for the following NAMD
simulation including the electron−hole nonradiative recombi-
nation and relaxation dynamics in the conduction bands of the
structures with Python Extension for Ab Initio Dynamics
(PYXAID) code.68,69

3. RESULTS AND DISCUSSION
3.1. Electronic and Geometric Structures of MASnI3

and MASn0.5Ge0.5I3. First of all, to determine which kind of
arrangement of Sn and Ge in formula MASn0.5Ge0.5I3 is most
stable, we construct a series of Sn−Ge mixed perovskite
structures, as shown in Figure S1. We optimize their
geometries and calculate their energies (Table S1). We find
that configuration b in Figure S1, which is the same as the
structure in Figure 1, possesses the lowest energy. The

computed free energies for MASn0.5Ge0.5I3, MASnI3, and
MAGeI3 are −406.6764, −406.3726, and −406.9190 eV,
respectively. The formation energy of MASn0.5Ge0.5I3 can thus
be determined as −0.0306 eV according to Eform = EMASn0.5Ge0.5I3

− 0.5EMASnI3 − 0.5EMAGeI3, suggesting that the hybrid
MASn0.5Ge0.5I3 has better stability than pristine MASnI3. We
thus choose this configuration for the subsequent calculations.
Generally, the octahedral factor (μ) and the Goldschmidt

tolerance factor (t) and are usually used as empirical indicators
to assess the stability of the considered hybrid perovskites if
they have the formula ABX3.

70−72 The calculated tolerance
factors for both MASnI3 and MASn0.5Ge0.5I3 indicate that they
form cubic structures. The octahedral factor of MASn0.5Ge0.5I3
deviates a bit from the favorable value, indicating that the
[GeI6]

4− octahedra are tilted, and the perovskite tends to form
a trigonal structure from the tetragonal one. The octahedral
and Goldschmidt tolerance factors for pristine MAGeI3 are
also included for comparison. Hybrid MASn0.5Ge0.5I3 can form
a stable cubic structure similar to MASnI3. However, if the
content of Ge continues to increase, the structure of the hybrid

Figure 1. Optimized geometries of MASnI3 (a) and MASn0.5Ge0.5I3
(b).
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perovskite will become more similar to MAGeI3, which
exhibits the less stable trigonal perovskite structure, indicating
that the content of Ge in the hybrid perovskite should be kept
under 0.5 to ensure better structural stability.
Considering that the temperature in our MD and NAMD

simulations is set to 300 K, at which MASnI3 would exhibit the
tetragonal perovskite structure, we adopt a 96 atoms 2 × 2 × 2
cubic supercell with tetragonal perovskite structures in the
calculations. The calculated main geometric parameters are
shown in Table 1. The calculated bond length average value of

Sn−I is 3.21 Å in the MASnI3 system, exhibiting good
consistency with the earlier DFT calculated values, ranging
from 3.07 to 3.31 Å.73 We find that the decrease of the M−I
(M is Sn or Ge) bond length and the smaller M−I bond
distortion compared to those in pristine MASnI3 result in
MASn0.5Ge0.5I3 having a smaller volume, and thus better
stability, which can be further confirmed from the MD
simulations.

Figure 2 shows the computed density of states (DOS) and
projected DOS (pDOS) (top panel) and charge densities of
the pivotal states involved in the process of electron−hole
recombination of MASnI3 and MASn0.5Ge0.5I3. The DOS
contributions for MASnI3 are divided into MA(C, H, N), Sn,
and I components (Figure 2b). As for MASn0.5Ge0.5I3, the
contribution of the Ge component to pDOS is included,
together with the components in MASnI3 (in Figure 2a).
Figure 2a shows that the valence band maximum (VBM) of
MASnI3 comprises I 5p as well as Sn 5s5p electrons, but its
conduction band minimum (CBM) is attributed to Sn 5p and I
5p electrons (also see Figure S2a). Figure 2b demonstrates the
pDOS of MASn0.5Ge0.5I3. The valence band close to the gap is
formed mainly by I 5p electrons, with a minor contribution of
Sn-5s and Ge-4s electrons. Meanwhile, the conduction band
involves Sn 5p and Ge 4p contributions, with negligible I 5p
contribution. Figure 2c,d shows the charge densities of the
VBMs and CBMs. It is notable that the charge densities of
MASn0.5Ge0.5I3 in the VBM and the CBM are more localized
compared to those of MASnI3, indicating better-separated
electrons and holes, which should suppress the charge
recombination and improve the carriers’ lifetimes.
The band gap has a great influence on the process of

electron−hole recombination since the NA coupling is
inversely proportional to the band gap, and the recombination
rate is proportional to the square of the coupling, in the light of
Fermi’s golden rule. We thus calculated the band gaps by the
more advanced HSE06 functional including the spin−orbital
coupling (SOC) effect. The band gaps of MASnI3 calculated
by PBE and HSE06 + SOC are 1.15 and 1.37 eV, which are in
good consistency with the earlier reported value of 1.30 eV.74

The band gaps of MASn0.5Ge0.5I3 are 1.28 eV according to PBE
and 1.68 eV according to HSE06 + SOC. Although the PBE
functional typically underestimates the band gaps of the two
materials, it maintains the trend of the band gap difference
between MASnI3 and MASn0.5Ge0.5I3.
The band structures computed in this study are shown in

Figure S5 in the Supporting Information (SI). We observe that
in MASn0.5Ge0.5I3, the valence band states near the band edge

Table 1. Main Geometric Parameters of MASnI3,
MASn0.5Ge0.5I3, and MAGeI3

a

structure MASnI3 MASn0.5Ge0.5I3 MAGeI3

a (Å) 12.74 12.78 12.74
b (Å) 12.63 12.52 12.36
c (Å) 12.67 12.57 12.49
α 90.82 89.44 90.36
β 89.67 88.39 87.00
γ 89.22 89.18 89.41
R̅Sn−I (Å) 3.21 3.22
R̅Ge−I (Å) 3.16 3.17
∠I−Sn−I (deg) 163.84−177.98 166.37−179.12
∠I−Ge−I (deg) 159.27−172.11 161.75−172.16
band gap (PBE) 1.15 1.28
band gap (HSE06
+ SOC)

1.37 1.68

aBand gaps (in eV) are calculated by DFT with PBE and HSE06 +
SOC.

Figure 2. DOS and pDOS of (a) MASn0.5Ge0.5I3 and (b) MASnI3. The charge density distribution of the VBM and the CBM for (c)
MASn0.5Ge0.5I3 and (d) MASnI3.
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become relatively closer to the VBM, especially for VBM-1 and
VBM-2, while the conduction band states move farther away
from the CBM.
3.2. Thermal Structure Fluctuation and Carrier

Lifetimes of MASnI3 and MASn0.5Ge0.5I3. To characterize
the thermal influence on the stability of MASnI3 and
MASn0.5Ge0.5I3, we compute each type of atoms’ standard
position deviation and average them canonically in line with

the formula ⃗ ⃗σ = ⟨ − ⟨ ⟩ ⟩r r( )i i i
2 , where ⃗ri stands for the

position of the ith atom on the generated MD trajectories and
the angular brackets represent averaging canonically. The data
are separated into the MA, I, Sn, or Ge components in both
studied systems, helping to characterize their stability and
demonstrate the cause of the differences. The calculated results
are shown in Table 2. The standard deviations of I, MA, and
Sn atoms in MASn0.5Ge0.5I3 are smaller than those in MASnI3,
while the fluctuation of the Sn−I bond length in MASnI3 is
smaller than that in MASn0.5Ge0.5I3, in which I atoms residing
between Sn and Ge are biased toward Ge. In spite of a slight
increase in the Sn−I bond length in MASn0.5Ge0.5I3, the
standard deviations for overall atomic positions in the mixed
Sn−Ge perovskite are lower than those in MASnI3, indicating
that Ge-bearing MASn0.5Ge0.5I3 has a more robust structure
and should exhibit better thermal stability.
The spectral density characterizes the magnitude of the

electron−phonon couplings and identifies the frequencies of
the phonon modes, which directly couple to the charge
carriers. Figure 3 shows the spectral densities for the electron−

hole recombination process, calculated by performing Fourier
t r a n s f o r m s o f t h e b a n d g a p fl u c t u a t i o n s ,

δ δ= ⟨ ′ − ′ ⟩ ′C t E t E t t( ) ( ) ( )ij ij ij t , where the angular brackets
represent an equilibrium ensemble average over the MD
trajectories, and δEij(t) denotes the fluctuation of the energy
gap between states i and j. As shown in Figure 3, the low-
frequency vibrations within the 20−500 cm−1 range are present

in the spectral densities. The magnitude of the signal decreases
with the increasing frequency. The dominant peak in MASnI3
can be assigned to the octahedral twist motion at 40.33 cm−1,
and the minor peak just near the major mode can be ascribed
to the Sn−I bending motion at 80.66 cm−1.75 The second peak
located at 120.98 cm−1 can be assigned to the Sn−I stretching
mode.75 The peak close to 200 cm−1 is usually considered as
the libration mode of organic cations according to the previous
calculations.76 Librations of the organic cations have an
indirect impact on the NA coupling between the VBM and the
CBM since the cations do not contribute to the DOS near the
band gap. Compared with pristine MASnI3, the dominant
peaks arising from [SnI6]

4− and [GeI6]
4− vibrations in

MASn0.5Ge0.5I3 are reduced. The result is consistent with the
values of standard deviations reported in Table 1.
Charge distributions of the key electronic states provide

insights into the strength of the electron−hole interaction.
Since the charge distributions obtained for the optimized
geometries (Figure 2) do not always represent the properties
of the system at ambient conditions, we characterized
localization of the electronic states along the MD trajectories
at 300 K. In particular, we evaluated the inverse participation
ratio (IPR) for both the VBM and the CBM along the MD
t r a j e c t o r i e s . T h e I RP 7 7 , 7 8 i s c a l c u l a t e d a s

= ∈∑

∑
NIPR IPR (0, 1)k

k( )

i

i

4

2
2 , where N denotes the sum of

total grid points, while ki stands for the charge density in the
volume of the ith unit grid. If the IPR value is larger, the charge
distribution will be more localized. IPR = 1 means a
completely localized state. Figure 4 shows that Ge doping in
MA(SnGe)0.5I3 increases the CBM’s IPR values compared to
MASnI3 by a notable degree, while the difference in the VBM

Table 2. Standard Deviations (Å) of Atomic Positions and Sn−I and Ge−I Bond Lengths in MASnI3 and MASn0.5Ge0.5I3 at 300
K

totala MAb I Sn Ge Sn−I Ge−I
MASnI3 1.5685 1.8484 0.6817 0.3948 0.6314
MASn0.5Ge0.5I3 1.4551 1.7097 0.6601 0.3606 0.3186 0.6391 0.6389

aAveraged over all atoms of the systems. bAveraged over atoms in MA.

Figure 3. Spectral densities determined as Fourier transforms of
autocorrelation functions of the band gap fluctuations.

Figure 4. Inverse participation ratio for the VBM and CBM charge
densities along the MD trajectories for MASnI3 and MASn0.5Ge0.5I3.
The average values are shown by the dashed lines.
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is smaller. This is because the CBM is supported by Sn and Ge
atoms, and their mixing created additional disorder and
localization. The VBM is supported by I atoms, and therefore,
it is not much influenced by the Sn−Ge mixing. The higher
localization of the electronic states corresponds to a higher
degree of separation of electrons and holes and weaker NA
coupling (see Table 3).

Figure 5 visualizes the NA couplings between ten orbitals
around the band edges. The NA coupling magnitudes increase
from blue to red. These matrix heat maps indicate that the
largest NA coupling arises directly between states that are close
to each other. The NA coupling between the VBM and the
CBM is smaller than the coupling between neighboring
orbitals inside the valence and conduction bands. The large
intraband couplings favor a rapid relaxation process of the
charge carriers to the band edges, where they live for a long
time prior to the nonradiative recombination. Carriers deeper
inside bands, so-called hot carriers, typically exhibit larger
diffusion lengths. The data of Figure 5 indicate that the
intraband couplings are smaller in the valence band than those
in the conduction band, suggesting that holes can remain hot
for a longer time than electrons.
Next, we calculate the pure-dephasing times for the

important process of the CBM−VBM transition. The pure-
dephasing times characterize the duration of coherence formed
between the states during the nonradiative transition. Figure 6a
shows the definition of the pure-dephasing functions,

∫ ∫= − ′ ″ ″
ℏ

″( )D t t t C t( ) exp d d ( )ij
t t

ij
1

0 02 , calculated through

the double integration of the unnormalized autocorrelation
functions (un-ACF) in line with the phonon-induced
fluctuation of the VBM−CBM band gap, Cij(t) = ⟨δEij(t′)δEij(t
− t′)⟩t′, according to the second-order cumulant approxima-

tion of the optical response theory.79 The pure-dephasing
times shown in Table 2 can be computed through fitting in the
Gaussian function, exp[−0.5(t/τ)2]. In general, a larger initial
value of the system’s un-ACF gives faster pure dephasing. The
un-ACF initial value with the formula Cij(0) = δEij

2(0) gives the
square of the band gap fluctuation. The value enters the pure-
dephasing functions in front of the double integral. Comparing
the data in Tables 2 and 3, we find that the initial values of un-
ACF are consistent with atomic fluctuations.
The mixed Sn−Ge perovskite MASn0.5Ge0.5I3 exhibits a

smaller pure-dephasing time, corresponding to a longer carrier
lifetime. Generally, shorter pure-dephasing times lead to
correspondingly slower dynamics as exemplified by the
quantum Zeno effect.80 The pure-dephasing time of the
mixed perovskite is shorter because its states are more
disordered and localized and therefore are less correlated.
Thus, a moderate amount of disorder is favorable for longer
carrier lifetimes. While the significant disorder can extend
carrier lifetimes even more, it can have a negative impact on
carrier diffusion.
Figure 6b displays the evolution of the excited state

population in MASnI3 and MASn0.5Ge0.5I3. To determine the
timescale of the electron−hole recombination, τ, we fit the
2000 fs data from NAMD to the exponential decay according
to the short-time approximation, i.e., P(t) = exp(−t/τ) ≈ 1 −
t/τ. The recombination time scales are presented in Table 2.
The charge carrier lifetime is nearly 3 times longer in the mixed
cation Sn−Ge perovskite, compared to its counterpart with a
single metal cation. This is because the charge carriers are
more localized in the mixed perovskite and overlap and
interact less. The larger localization leads to the faster pure
dephasing and thus smaller NA coupling for the process of the
CBM−VBM transition in MASn0.5 Ge0.5I3. The NA coupling
together with the pure-dephasing time is the main character-
istic that governs the transition time in the NAMD calculation.
To compare the lifetimes of hot electrons in the pure and
mixed perovskites, we studied the relaxation of the electron
from CBM + 1 to the CBM (Figure 6c). The data show that
the hot electron relaxation is slower in MASn0.5Ge0.5I3 than
that in MASnI3, also because of the smaller NA coupling,
originating from the more significant localization of the
electron in the mixed perovskite.

Table 3. Pure-Dephasing Time (Tpd), Averaged Absolute
Value of NA Coupling (NAC), and Nonradiative Charge
Recombination Time (Trec) of MASnI3 and MASn0.5Ge0.5I3

system NAC (meV) Tpd (fs) Trec (ns)

MASnI3 0.69 8.17 8.67
MASn0.5Ge0.5I3 0.60 6.63 22.71

Figure 5. Heat maps of the NA coupling matrix for (a) MASnI3 and (b) MASn0.5Ge0.5I3.
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4. CONCLUSIONS

We have performed a first-principles DFT study combined
with the NAMD simulations on the static and dynamic
characteristics of the mixed Sn−Ge perovskite MASn0.5 Ge0.5I3
and compared the mixed perovskite with its pristine counter-
part MASnI3. The study reveals how the Ge dopant influences
the electronic and geometric properties of the perovskite at 0 K
and ambient temperature, including the bond lengths, atomic
fluctuations, Goldschmidt tolerance and octahedron factors,
band gaps, electronic−vibrational coupling, elastic electron−
phonon scattering time, hot carrier relaxation times, and times
of the nonradiative electron−hole recombination process. The
results demonstrate that even with a large proportion of the Ge
content, the mixed Sn−Ge perovskite exhibits better stability
in the desired structural form and longer-lived charge carriers.
The analysis of the simulation data establishes the microscopic
mechanism of the prolonged carriers’ lifetime of MASn0.5
Ge0.5I3. The following conclusions can be drawn according
to this study: (1) MASn0.5Ge0.5I3 is more structurally stable
than MASnI3, as evidenced by the lower free energy, smaller
atomic fluctuations, and decreased Sn(Ge)−I bond lengths.
(2) The intraband relaxation of hot charge carriers occurs on a
picosecond timescale, with hot electrons having longer
lifetimes in MASn0.5 Ge0.5I3 than MASnI3. Hot charge carriers
exhibit faster diffusion that is favorable for solar cell
applications. (3) MASn0.5 Ge0.5I3 shows a notable reduction
of the NA coupling among the band edge states and a decrease
in the corresponding pure-dephasing time. Consequently, the
nonradiative recombination of charge carriers across the band
gap is slowed down by a factor of 2.6. The improved properties
of the mixed perovskite, compared to its pristine counterpart,
arise from the additional and modest disorder induced by the
cation mixing. A modest degree of disorder reduces the overlap
of electrons and holes and decreases their interaction, without
undermining long-range charge diffusion, which can drop
significantly if the disorder is large. The work demonstrates
that even for the large proportion of cation mixing, the hybrid
perovskite still has good stability and longer carriers’ lifetime
due to the suppressed fluctuations of atoms, and the reduced
NA couplings between the CBM and the VBM. Our study has
provided an atomistic perspective to the relationship between
the structure and electronic properties, especially the charge
dynamics in mixed perovskites and has generated valuable
insights that can be used to design lead-free perovskites for
optoelectronic and solar energy devices.
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