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ABSTRACT: Lead-free metal halide perovskites are environ-
mentally friendly and have favorable electro-optical properties;
however, their efficiencies are significantly below the theoretical
limit. Using ab initio nonadiabatic molecular dynamics, we show
that common intrinsic defects accelerate nonradiative charge
recombination in CsSnI3 without creating midgap traps. This is in
contrast to Pb-based perovskites, in which many defects have little
influence on and even prolong carrier lifetimes. Sn-related defects,
such as Sn vacancies and replacement of Sn with Cs are most
detrimental, since Sn removal breaks the largest number of bonds
and strongly perturbs the Sn−I lattice that supports the carriers.
The defects increase the nonadiabatic electron-vibrational coupling
and interact strongly with free carrier states. Point defects associated
with I atoms are less detrimental, and therefore, CsSnI3 synthesis
should be performed in Sn rich conditions. The study provides an atomistic rationalization of why lead-free CsSnI3 exhibits lower
photovoltaic efficiency compared to some lead-based perovskites.

As one of the most rapidly growing photovoltaic devices,
metal halide perovskite (MHP) solar cells convert solar

energy to electricity1 and chemical fuels2 and are regarded as a
promising technology due to ease of fabrication and high
power conversion efficiency (PCE) that has reached 25.5%.3

Extensive studies have been performed to investigate MHPs,
which show many favorable and unique properties, such as
long electron and hole diffusion,4,5 high charge carrier
mobility,6,7 high optical absorption,8,9 and bandgap tunning
over a wide energy range.10,11 Due to the outstanding
photoelectric properties and low cost to produce,12 MHPs
have attracted much attention for optoelectronic device
applications, including solar cells,1,2 light-emitting diodes,13

photodetectors,14 sensors,15 etc. Although MHPs have
excellent optoelectronic performance, several issues remain to
be solved, such as stability upon exposure to humidity16,17 and
the toxicity of lead.
Due to the toxicity of lead and demands for clean and

renewable energy, lead-free tin-based MHPs intrigue a
considerable number of researchers, as they are more
environmentally friendly than lead-based perovskites.18−25 It
would be desirable to find replacements of the Pb cation,
keeping the superior optoelectronic properties of lead-halide
perovskites. Intuitively, group 14 metals, such as Sn or Ge,
constitute the first choice, especially since the very first
fabricated organic−inorganic halide perovskites for optoelec-
tronic applications were based on Sn.26 CsSnI3 was successfully
fabricated and tested in 2010.27 In 2012, CsSnI3 was reported

to serve as a hole-transporter in dye-sensitized solar cells.28

The organic−inorganic Sn-based halide perovskite
CH3NH3SnI3 was demonstrated to achieve a PCE of 6.4%.29

Further, to stabilize Sn-based perovskites, double perovskite
with the A2SnX6 composition were fabricated, such as
Cs2SnX6.

30 However, compared to B-γ CsSnI3, Cs2SnX6 has
a much poorer light-harvesting ability, coming from the
undesired oxidation of Sn2+.31−33 Acting as the light absorber
material in solar cells, CsSnI3 achieved the highest PCE of
10.1%.34 CsSnI3 can exist independently in the double-chain
structure (Y) and the three-dimensional perovskite structure
(B-γ), at room temperature. Here, we focus on B-γ CsSnI3,
which has a direct bandgap35 of ∼1.3 eV, placing it in the
favorable bandgap range with the theoretical limit of the PCE
of ∼33% for single junction devices.31,36,37 The large difference
between the measured (∼10%) and theoretical (>30%)
efficiencies suggests that there exist significant pathways for
charge and energy losses. The losses are predominantly
nonradiative, occur via charge trapping and electron−hole
(e−h) recombination, and require a mechanistic under-
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standing.38,39 Solution-based fabrication of MHPs at room
temperature inevitably introduces various defects. Lead-based
perovskites, such as CsPbI3 and MAPbI3, exhibit strong defect
tolerance.40−42 Compared to the lead-based perovskites, tin-
based perovskites exhibit a relatively poorer PCE. Therefore, a
comprehensive understanding and investigation of the changes
in the electronic properties and charge carrier losses induced
by defects in tin-based perovskites is strongly needed.
We consider intrinsic point defects in CsPbI3, particularly

those with relatively low formation energies, Figure 1. These
are the three types of vacancies (VCs, VSn, and VI), the most
common interstitial defect (Ii), and the antisite defect (SnCs),
in which Sn is substituted by Cs.43 The investigated defects
introduce no midgap trap states. However, the nonradiative
charge recombination is accelerated in all defective B-γ CsSnI3
systems, showing inferior defect tolerance compared to the Pb-
based analog. Missing Sn atoms are most detrimental for the
carrier lifetime, indicating that CsSnI3 synthesis should be
carried out in Sn rich conditions.
We employ ab initio nonadiabatic molecular dynamics (NA-

MD) using the Pyxaid package44,45 to investigate the
nonradiative charge trapping and recombination in pristine
and defective CsSnI3. We use the decoherence induced surface
hopping (DISH) method46 under the classical path approx-
imation.45,47 The ion cores are treated classically due to their
heavier and slower nature, while the electrons are described
quantum mechanically with real-time time-dependent density
functional theory. DISH incorporates decoherence into the
quantum-classical dynamics simulation. This is vital because
decoherence time is much shorter than the charge carrier
lifetime. The decoherence effect should be considered when
simulating e−h recombination. The decoherence time is
estimated by computing the pure-dephasing time via the
second-order cumulant approximation of the optical response
theory.48−50

The geometry optimization, adiabatic MD, densities of states
(DOS), and orbital spatial distributions are obtained with the
Vienna Ab initio Simulation Package (VASP).51 The Perdew−
Burke−Ernzerhof (PBE) exchange−correlation functional is
used.52 The interactions between the electrons and the ion
cores are described by the projected-augmented wave method
(PAW).53 A large simulation cell is employed, composed of 2
× 4 × 4 unit cells and containing 160 atoms in total. The
plane-wave basis energy cutoff is set to 350 eV. A 3 × 3 × 2 Γ-

centered k-point Monkhorst−Pack mesh is used for geometry
optimization. The electronic properties are calculated with a
denser Γ-centered k-point grid of 5 × 5 × 5 to obtain more
accurate results. Adiabatic MD simulations are performed at
the Γ-point only for computational efficiency, because the
simulation cell is large and composed of 32 unit cells, and
because CsSnI3 is a direct bandgap semiconductor with the
conduction and valence band edges located at the Γ-point.
Geometry is optimized first. Then, all systems are heated to
300 K by repeated velocity rescaling to reach thermal
equilibrium in a canonical ensemble. After that, 9 ps adiabatic
MD trajectories are obtained in a microcanonical ensemble
with a 1 fs atomic time step. The nonadiabatic couplings
(NACs) are calculated using the CA-NAC package,54,55

considering the overlap of two wave functions at adjacent
timesteps.56
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Electronic structure calculations are performed first for all
defective and pristine systems, showing that these intrinsic
point defects do not introduce deep midgap trap states. Figure
1 demonstrates the calculated element-projected DOS of
pristine CsSnI3 and that containing defects at 0 K, with the
insets showing the optimized structures. Previous studies show
that defects of lead-based perovskites, such as CsPbI3 and
MAPbI3, usually introduce deep midgap and shallow defect
states near the conduction band minimum (CBM) or the
valence band maximum (VBM).40,57−59 In comparison, the
considered defects of tin-based CsSnI3 introduce states inside
the bands and no deep midgap trap states, indicating that no
e−h recombination centers are created by these intrinsic
defects. Further, some of the defects of the lead-based
perovskites cause suppression of e−h recombination, resulting
in longer charge carrier lifetimes and showing good defect

Figure 1. (A to F) Element-projected density of states (DOS) of pristine and defective CsSnI3. The insets show the corresponding structures, with
blue circles indicating defect locations. The energy reference is set at the VBM. DOS of the defect sites are shown in Figure S1.
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tolerance.40−42 In comparison, CsSnI3 behaves in the opposite
way. All studied intrinsic point defects of CsSnI3 demonstrate
accelerations of e−h recombination, consequently, decreasing
the PCE.
Figure 1 demonstrates that atomic orbitals of Sn contribute

most to the conduction band, while iodine orbitals contribute
most to the valence band. Almost no contributions from Cs
atoms are seen to either band, meaning that Cs atoms do not
directly participate in the charge generation and recombination
processes. Ii and VCs introduce shallow defect states near the
VBM. The defect state of VSn is deep inside the valence band.
Ii, VSn, and VCs are regarded as p-type defects. Vi introduces
defect states near the CBM, while SnCs introduces a deep
defect state inside the CBM. Both Vi and SnCs are regarded as
n-type defects. DOS of the defect sites are shown in Figure S1
of the Supporting Information (SI).
Figure 2 presents spatial distribution for the frontier orbitals

of the pristine and defective systems. In the pristine system,
Figure 2(A), the VBM is distributed on iodine atoms, while the
CBM is distributed on Sn mainly, which is in good agreement
with the previous first-principles study,60 and with the
calculated DOS, Figure 1. For both pristine and defective
systems, the VBM and the CBM are delocalized over the whole
simulation cell, with exception of the VBM for Ii, Figure 2(E),
and the CBM for VSn, Figure 2(F), which are localized away
from the defects.
To characterize the phonon modes that couple to the

electronic subsystem during the nonradiative e−h recombina-
tion, we compute Fourier transforms (FTs) of the
autocorrelation functions of the NACs, Figure 3, and the
CBM-VBM energy gaps, Figure S2 of the Supporting
Information. Known as the spectral densities and influence
spectra, the NAC FTs identify the phonon modes involved in
inelastic scattering, and the energy gap FTs identify the modes
participating in the elastic scattering.48−50 The intensity for a
particular frequency seen in the FTs characterize the coupling
of the vibrational motion of that frequency to the electronic
subsystem. Figure 3 demonstrates that in pristine CsSnI3
phonons with relatively higher frequencies are actively
participating in the coupling to the electronic subsystems. In
comparison, phonon modes of lower frequencies generate the
stronger signals in the systems with the defects. The larger
ampitudes of the signals seen in the influence spectra of the
defective CsSnI3 systems correlate with the larger NAC, Table
1. The low frequency modes are associated with heavy atoms
that have relatively slower atomic velocities, possibly
contributed by the Sn−I lattice. After introduction of the
intrinsic defects, the influence spectra are red-shifted. The
dominant phonon modes are below 100 cm−1. The low-
frequency modes at 20−30 cm−1 can be attributed to motions
of the heavy Cs atoms and shaking of the SnI6 octahedral
cages.61 Further, the peak around 70 cm−1 can originate from
hindered translational motion of the atoms.62 The Sn−I
bending contributes to the phonon modes at 100−110 cm−1,
while the peak around 150 cm−1 can be interpreted as the Sn−
I stretching63 that give has the gives the largest contribution to
the NA electron−phonon coupling64 in the pristine system,
Figure 3(A).
Figure S2 of the Supporting Information shows FTs of the

energy gaps of the pristine and defective systems. Compared to
the NAC FTs, Figure 3, the gap FTs exhibit fewer phonon
frequencies, and the active modes reside in the lower frequency
range. This is because the NAC is more sensitive to changes in

the electronic wave functions caused by atomic motions than
the energy gap. Therefore, a wider range of atomic motions
contribute to the NAC than to the energy gap fluctuation.
Slight blue shifts are found in the energy gap FTs of the
defective systems, except for VI. FTs of the energy gaps of
CsSnI3 with the intrinsic point defects have higher amplitudes,
in particular for the vacancies VSn and VI of the elements
contributing to the CBM and the VBM, Figure S2. As a result,
the coherence times for the CBM-VBM transitions are shorter,
Table 1, since the pure-dephasing time is inversely propor-
tional to the energy gap fluctuation.48,65 The energy gap
fluctuation becomes larger and decoherence accelerates upon
introduction of the point defects because the inorganic lattice
Sn−I, supporting both the VBM and the CBM, becomes softer
and less ordered.

Figure 2. VBM and CBM charge densities of (A to F) pristine and
defective CsSnI3, with the blue circles indicating the defect locations.
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The nonradiative e−h recombination is governed by the
electronic energy gap, the NAC, and quantum coherence
between the initial and final states.66−77 The CsSnI3 bandgap
obtained in the calculation, Figure 1, agrees with the
experimental value35 of 1.3 eV. The defects introduce little
change to the bandgap. At the same time, the defects increase
the NAC, as demonstrated by the canonically averaged
absolute and root-mean-square NAC values, Table 1. The
increased NAC accelerates the nonradiative charge carrier
recombination. The NAC growth correlates with the faster
average absolute atomic velocities in the defective systems, also
presented in Table 1, since the NAC is directly proportional to

the velocity, eq 1. The NAC, as well as the velocity, are the
largest in the VSn system, because the Sn vacancy breaks several
bonds in the Sn−I inorganic lattice, increasing atomic
fluctuations. Note that the amplitudes of the FTs of the
bandgap, Figure S2, and the NAC, Figure 3, are also the largest
for the VSn defect.
While the NAC represents inelastic electron−phonon

scattering that leads to energy exchange between the two
subsystems, elastic scattering is characterized by the pure-
dephasing times. Elastic scattering destroys correlation and the
phase relationship between the electronic and vibrational
subsystems. The pure-dephasing times are estimated based on
the energy gap fluctuations using the second-order cumulant
approximation of the optical response theory.48−50 The pure-
dephasing functions are shown in Figure 4. Gaussian fits to the
functions are used to obtain the pure-dephasing times reported
in Table 1. These are shorter in the presence of the defects.
Thus, we conclude that the defects enhance both elastic and
inelastic electron−phonon scattering in CsSnI3.
After photoexcitation, the electron−phonon NAC promotes

nonradiative recombination directly from the CBM to the
VBM, as no midgap trap states are introduced, Figure 1. Figure
4(A) depicts the growth of the ground states populations in
the pristine and defective systems due to the nonradiative
transition. The carrier recombination times, τ, are estimated

Figure 3. Fourier transforms of the autocorrelation function of NACs in (A to F) pristine and defective CsSnI3. The corresponding data for the
bandgaps are shown in Figure S2.

Table 1. Root-Mean-Square (rms) NAC, Average Absolute
(abs) NAC, Pure-Dephasing Time, Average Absolute
Atomic Velocity, and Recombination Time for the Pristine
and Defective Systems

rmsNAC
(meV)

absNAC
(meV)

dephasing
(fs)

velocity
(Å/fs)

recombination
(ns)

pristine 0.077 0.063 18.29 0.00220 98.0
SnCs 0.102 0.082 13.64 0.00226 40.0
Ii 0.108 0.087 15.13 0.00224 50.8
VCs 0.104 0.085 14.12 0.00231 62.1
VSn 0.119 0.094 14.52 0.00233 30.8
VI 0.119 0.093 12.69 0.00228 82.9

Figure 4. (A, left) Charge recombination process in pristine and defective CsSnI3. The ecombination times are indicated by the numbers with the
corresponding colors. (B, right) Pure-dephasing functions for the VBM-CBM transition in the CsSnI3 systems. The pure-dephasing and
recombination times are summarized in Table 1.
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with the short-time linear approximation to the exponential
decay, f(t) = exp(−t/τ) ≈ 1 − t/τ. All defects accelerate the
recombination, Table 1, although by a modest amount. The
fastest recombination is observed for the VSn defect, which
accelerates the recombination by a factor of 3 relative to
pristine CsSnI3. This defect creates the largest perturbation to
the electronic subsystem, because it breaks many bonds in the
Sn−I lattice that supports the charge carriers. The iodine
vacancy causes the least acceleration. This is a favorable factor,
since halide vacancies are very common in MHPs.78−81 The
iodine interstitial, which often accompanies creation of the
iodine vacancy, cases an intermediate acceleration. The Cs
vacancy has a minor effect, since Cs atoms do not contribute to
the electron and hole wave functions. Replacing Sn with Cs has
the second fastest e−h recombination, after the Sn vacancy.
Thus, the defects associated with Sn atoms are most
detrimental to the charge carrier lifetimes in CsSnI3.
In summary, employing the time-dependent ab initio NA-

MD simulation, we have investigated the nonradiative e−h
recombination process in pristine and defective CsSnI3. The
investigated CsSnI3 systems with the intrinsic point defects
demonstrate no midgap trap states, indicating there are no
deep charge recombination centers. Nevertheless, we observe
moderate acceleration of the e−h recombination for all the
defective systems as compared to pristine CsSnI3. This is
ascribed to the larger NAC arising from enhanced atomic
motions in the perturbed crystal lattice. The largest, factor of 3,
acceleration of the nonradiative charge recombination is seen
in the systems with missing Sn atoms, including those with Sn
vacancies and Sn replaced by Cs. This is because Sn atoms
create the largest number of bonds, compared to Cs and I, and
their removal generates the largest perturbation to the Sn−I
lattice that supports the charge carriers. Cs and I vacancies are
least detrimental to the charge carrier lifetimes, while iodine
interstitial shows an intermediate effect.
Since point defects associated with I atoms are less

detrimental than those associated with missing Sn atoms, it
is advisable to carry out CsSnI3 synthesis in Sn rich conditions.
The reported study provides an atomistic rationalization of
why lead-free CsSnI3 exhibits a poorer performance compared
to some lead-based perovskites. The insights from the NA-MD
simulations contribute to our fundamental understanding of
lead-free perovskites for solar energy applications, paving the
way for improving the performance of lead-free perovskite
materials.
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