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ABSTRACT: Methylammonium lead iodide (MAPbI3) perovskite solar
cells (PSCs) have become the forefront of photovoltaic technologies and
attracted intense attention worldwide. MAPbI3 perovskites are mostly in
the form of thin ﬁlms in high-performance MAPbI3 PSCs, and charge
transfer and other critical electronic dynamic processes take place at the
interfaces of PSCs. The iodine vacancy VI is thought to play a major role
in arousing severe hysteresis in photocurrent-photovoltage scan, which
limits industrialization of PSCs. However, the surface and interfacial VI
properties of MAPbI3 PSCs have not been systematically studied. We
utilize ﬁrst-principles method and nonadiabatic electron dynamics
simulations to study the structural and electronic properties of VI at
various sites of freestanding MAPbI3 ﬁlm and the MAPbI3/TiO2
heterojunction. We show that the surface and interfacial VI are more
stable than bulk, in agreement with accumulation of VI at grain
boundaries observed in experiments. The migration of VI in the perovskite layer under electric ﬁeld during voltage scans
contributes to the anomalous hysteresis in PSCs. VI at Pb−I layer and MA−I layer are quite diﬀerent: VI at MA−I layer are more
stable, while VI defect states at Pb−I layer are more local and weakly covalent bonded. VI promotes both electronic injection and
recombination rates, but overall reduces the power conversion eﬃciencies (PCE) of PSCs. Nevertheless, interfacial VI is found to
be the least harmful to the PCE of PSCs comparing with random sites in the bulk, contributing to the high PCE of MAPbI3
PSCs.
MAPbI3 are mostly in the form of thin ﬁlms covering on
mesoporous TiO2 (or Al2O3) scaﬀolds,31−33 or in the form of
thin ﬁlm p-i-n structures34−36 in high-performance MAPbI3
PSCs. Critical electron dynamic processes, such as the
extraction of hot carriers and holes, charge transfer to the
electron and hole transporters, electron−hole recombination,
which directly determine the macroscopic properties and
overall eﬃciency of PSCs, take place at the MAPbI3/TiO2
heterojunction interfaces. Although the nature of defects in
bulk MAPbI3 perovskite have been studied before,37,38 the
properties of surface and interfacial defects in MAPbI3 PSCs
and furthermore, how the defects in MAPbI3 layer aﬀect the
interfacial electron dynamics, have not yet been studied
systematically.
In this work, we study the structural and electronic properties
of VI at diﬀerent sites of MAPbI3 PSCs. We found VI is most
stable at the surface or interface. VI at the Pb−I layer and MA−
I layer is quite diﬀerent: VI at MA−I layer is more stable, while
VI defect states at the Pb−I layer are more local and weakly
covalent bonded. VI promotes both electronic injection and
recombination rates, but overall reduces the PCE of PSCs.
Additionally, the interfacial VI is found to be the least harmful

1. INTRODUCTION
To date, the organic−inorganic lead halide perovskite solar cells
(PSCs) have reached over 22% power conversion eﬃciency
(PCE).1,2 Speciﬁcally, methylammonium (MA) lead iodide
CH3NH3PbI3 (or MAPbI3) PSCs3−7 have become one of the
most promising photovoltaic technologies due to their long
carrier diﬀusion length,8,9 low recombination rate10 and large
optical absorption coeﬃcient.11,12 However, despite these
fascinating attributes, which are ideal for photovoltaic
applications, MAPbI3 PSCs are restricted for extensive
industrialization by some critical problems, such as their
instabilities against light,13,14 heat,15,16 water,17,18 and the
anomalous photocurrent−photovoltage (J−V) hysteresis.19−22
Previous works demonstrate that the intrinsic defects in
MAPbI3 layer, which is ubiquitous and unavoidable, could
contribute signiﬁcantly to the above issues. For example, the
ion migration23−25 and defects induced charge trapping and
detrapping mechanisms26−28 are believed to be the two most
important reasons for hysteresis. Among various kinds of
intrinsic defects, iodine vacancy VI is thought to play a major
role in arousing the severe hysteresis of PSCs as it has a
signiﬁcant concentration29 and a low migration energy
barrier21,24,30 in MAPbI3 layer. When the applied electric ﬁeld
in PSCs changes in direction and strength, VI migrates between
two contacts, leading to hysteresis, which aﬀects the stability
and PCE of MAPbI3 PSCs.
© 2017 American Chemical Society
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surface slab with 96 atoms in six atomic layers is used to model
rutile-TiO2, above which a (2 × 2) ﬁve-layer perovskite sheet in
(001) direction containing another 132 atoms is included in the
calculations. The thickness of the vacuum slab is 16 Å. There
are lattice mismatches of 6.98% in X direction and 1.36% in Y
direction. Ti atoms are right below the interfacial I atoms. The
distance between MAPbI3 and TiO2 is fully relaxed.
The interfacial charge transfer dynamics are calculated using
trajectory surface hopping method.46−48 In nonadiabatic
molecular dynamics (NAMD) simulations of the interfacial
electron injection and electron−hole recombination processes,
we ﬁrst bring the system temperature to 300 K with velocity
rescaling, then carry out molecular dynamics (MD) simulations
in the microcanonical ensemble for 1 ps with the MD time step
of 1 fs. The MD trajectory is subsequently used in the NAMD
calculations. To determine interfacial charge transfer dynamics,
300 short MD trajectories each with 100 fs long for electron
injection and 200 fs long for charge recombination are included
in the ensemble average, the averaging turns out to be crucial
for capturing the stochastic nature of the coupled electron−ion
dynamics. For each trajectory, the time-dependent density
functional theory (TDDFT) equation is integrated with a time
step of 10−3 fs. For the interfacial electron injection dynamics,
the initial photoexcited state is chosen from the low-lying
empty states with the largest localization on the perovskite
layer. On the other hand, for the electron−hole recombination
dynamics, the conduction band minimum of TiO2 is selected as
the initial state for the electron while the hole is always sitting
in the valence bands of the perovskite.

to the PCE of PSCs than the randomly distributed VI in bulk,
explaining the overall high performance of PSCs.

2. SIMULATION METHODOLOGY
First-principles calculations based on density functional theory
(DFT) are performed with the ab initio VASP code.39
Exchange-correlation functional of generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE),40 and
pseudopotential of projector augmented wave (PAW)41 are
employed. The energy cutoﬀ for plane waves is 500 eV.
For geometry optimization of bulk TiO2 and perovskite, a 4
× 4 × 4 Monkhorst−Pack grid is chosen for sampling the
Brillouin zone. The calculated lattice constants are a = 6.3115 Å
and c = 6.3161 Å for bulk MAPbI3 perovskite; a = 4.66 Å and c
= 3.00 Å for bulk rutile-TiO2. These values are in good
agreement with the corresponding experimental ones (a = 6.26
Å and c = 6.33 Å for bulk perovskite;42 a = 4.59 Å, and c = 2.96
Å for rutile-TiO2). Our calculated energy gap of bulk MAPbI3 is
1.67 eV, in good agreement with the experimental value of 1.57
eV,43 due to the cancellation of errors in exchange-correlation
functional and the neglect of spin orbital coupling (SOC). This
cancellation also results in a small diﬀerence between the results
of PBE and GW+SOC or HSE+SOC, veriﬁed by many other
works on MAPbI3.37,44,45 In addition, we cannot aﬀord such a
huge computation cost for the large systems (over 200 atoms
for both MAPbI3 slab and MAPbI3/TiO2 heterojunction),
especially for the nonadiabatic molecular dynamics simulations
where thousands of electronic structure calculations are
performed along the trajectories.
The Γ centered 2 × 2 × 1 Monkhorst−Pack grid is chosen
for sampling the Brillouin zone in calculating the ground state
properties of MAPbI3 slab (Figure 1) and MAPbI3/TiO2

3. RESULTS AND DISCUSSION
3.1. Geometry and Stability of VI in a MAPbI3 Slab.
The structure of nine-layer tetragonal I4/mcm MAPbI3 is
shown in Figure 1. PbI6 octahedra build up the framework of
MAPbI3 perovskite. MA organic molecules are located in the
cages surrounded by PbI6 octahedra, which are slightly rotated
along Z axis. Previous works have investigated the stability of
MA−I terminated and Pb−I terminated perovskite slabs, the
surface energies of MA-I layers are found to be lower than that
of Pb−I layers,49 as the surface MA dipoles could weaken the
surface polarity of perovskite and consequently stabilize the slab
structures.50,51 Hence, we choose symmetric MA−I layers as
the termination surfaces for MAPbI3 perovskite. The structure
relaxation of MAPbI3 slab starts with the initial structures that
the C−N bonds of MA moieties are parallel to the X−Y surface.
After relaxation, the C−N bonds are rotated so that the
hydrogens in the MA molecules approach iodine atoms to form
hydrogen bonds and stabilize the surface structure.52 Five
diﬀerent sites of VI are considered (the yellow spheres in Figure
1), which can be classiﬁed into two groups: VI-a1, VI-a2, and VIa3 are located at the MA-I layers, and VI-b1 and VI-b2 are
located at the Pb−I layers. On account of the fact that the
distances of VI-a3 and VI-b2 from the surface are over 10 Å, they
own similar properties of VI in the bulk perovskite.
We have calculated the formation energy Hq of iodine
vacancies at diﬀerent surface and subsurface sites of MAPbI3
slab. The formation energy Hq of a single iodine vacancy with
charge q is deﬁned as53

Figure 1. Atomic structure of the nine-layer MAPbI3 perovskite slab.
a1, a2, and a3 denote iodine vacancies VI located at the MA−I layers
from surface to inner unit cell, and b1 and b2 denote VI located at the
Pb−I layers from surface to inner unit cell.

heterojunction (Figure 5a). For MAPbI3 slab, the nine atomic
layers of the halide perovskite has been used and periodic 2 × 2
supercell is adopted in the parallel X−Y plane. The thickness of
the vacuum slab is 14 Å. For MAPbI3/TiO2 heterojunction, we
choose the (110) facets of TiO2 as the interface between
perovskite and TiO2 because of its good stability. A (2 × 4)

q
q
Hq(E F , μI ) = (Edefect
− Epristine
) + q(E V + E F) + μI

(1)

Eqdefect

Eqpristine

where
and
are the free energies of a defective cell
(with VI) and a pristine cell with charge q, respectively.
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Conditions of charge q = −1, 0, or 1 for VI are considered. EF is
the Fermi level energy with respect to the valence band
maximum (VBM) of TiO2, which ranges from 0 to the band
gap Eg. Energy of VBM EV is set zero for positively charged VI
and −Eg for negatively charged VI. The reference chemical
potential of iodine μI is set as μI = −1.683 eV for I-poor limit
and μI = −2.533 eV for I-rich limit (the allowed regions of μI
are between these two values).37 Therefore, Hq is actually a
function of EF and μI.
Table 1 shows the calculated formation energies in I-poor
limit and I-rich limit with q = 0. We can learn that all formation
Table 1. Formation Energies of VI in Nine-Layer MAPbI3
Slab with q = 0
formation energy

I-poor (eV)

I-rich (eV)

VI-a1
VI-a2
VI-a3
VI-b1
VI-b2

1.63
1.81
1.70
1.93
1.98

0.78
0.96
0.85
1.08
1.13

energies are smaller than 2 eV. The formation energies of atype VI are lower than that of b-type, indicating VI at MA-I
layers are more stable thermodynamically, which is due to the
interatomic interactions of MA-I bond are weaker than that of
Pb−I bond. Moreover, VI-a1 has the lowest formation energy,
which means VI prefers to reside at the surface of perovskite
layer, consistent with the experimental observations that VI
accumulate at grain boundaries of MAPbI3 PSCs.13,54 It can be
explained by the fact that removing an iodine needs to break
less bonds at the surface than in the bulk material.
Figure 2 shows the formation energy Hq of iodine vacancy as
a function of EF and μI for both I-poor and I-rich conditions.
For simpliﬁcation, only results of VI-a1 (a-type at surface), VI-a3
(a-type in bulk), and VI-b1 (b-type) in I-poor conditions and Irich conditions are shown. Cases of VI-a2 and VI-b2 are similar
to these situations. Defect charge states from −1 to 1 are
calculated. The crossovers at which two charge states share the
same formation energies are the charge transition levels. Defect
charge states would change at these energy levels. For n-type
doping VI, Fermi surfaces are right below the conduction band
minimum (CBM) EC of MAPbI3, as shown in Figure 3b−f (red
dashed lines). When the Fermi energy EF gets close to EC, the
charge state of VI changes from +1 to 0, indicating the most
stable iodine vacancy VI is mostly dominated by the q = 0
charge state in all cases. The case q = 0 is also the most stable
charge state for VI in bulk perovskite, and also for VI-a2 and VIb2. So we only focus on the q = 0 charge state in the following
discussion.
3.2. Electronic Properties of VI in MAPbI3 Slab.
Electronic structures of VI at diﬀerent sites in the nine-layer
MAPbI3 slab with q = 0 are presented in Figure 3. Comparing
with the energy band of the intact structure, we ﬁnd that the
defect states (denoted by red solid lines) contributed by the
presence of VI are right below the CBM EC (∼0.04 eV below
EC at G point for a-type VI, and ∼0.2 eV below EC at G point
for b-type VI) and around the Fermi energy EF (red dashed
lines) for all cases, indicating that these defect states are all halfﬁlled. Obviously, the defect states of b-type VI are more
localized than that of a-type VI. This can be further
demonstrated by the partial charge densities of the defect
states at the G point (Figure 4), which are mainly contributed

Figure 2. Formation energies of (a,b) VI-a1, (c,d) VI-a3, and (e,f) VI-b1
as a function of EF and μI for nine-layer MAPbI3 slab. The left column
represents the I-poor limit, and the right column represents the I-rich
limit. Energy of valence band maximum (VBM) EV is set to zero.
Fermi energy EF ranges from EV to conduction band minimum (CBM)
EC, or from 0 to the energy gap value Eg.

from Pb atoms. The free electrons provided by VI are trapped
by the surrounding Pb atoms, hence the charge density
distributions of the structure with b-type VI are mainly residing
at in-plane Pb atoms and are more localized than that of a-type
VI. In Figure 4c, the distance between two Pb atoms adjacent to
VI-b1 shrinks from 6.5 to 6.4 Å when VI-b1 is doped, meanwhile
the charge densities of these two Pb atoms overlap with each
other, forming a bonding-like charge state, revealing the
formation of a Pb−Pb dimer. Our ﬁndings are consistent
with the covalent features of VI in bulk MAPbI3 reported by
Zhang et al.37 Consequently, a-type VI defect states are ionic,
while b-type VI defect states are more localized and weakly
covalent-bonded.
3.3. Geometry and Stability of VI in MAPbI3/TiO2
Heterojunction. Furthermore, to investigate the properties
of iodine vacancies in MAPbI3/TiO2 heterojunctions, we add a
rutile-TiO2 slab below MAPbI3 to form a heterojunction
mimicking the functional interface in working perovskite solar
cells, as shown in Figure 5a. We utilized a ﬁve-layer MAPbI3
slab here in consideration of unaﬀordable computation cost for
large supercells. Similarly, we choose symmetric MA-I layers as
the termination surface and interface for MAPbI3/TiO2. Three
diﬀerent sites of iodine vacancies are considered here: VI-a1,
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Figure 3. Energy bands for (a) intact structure and (b−f) structures with diﬀerent sites of VI in the nine-layer MAPbI3 slab with q = 0. High
symmetry routines are from G (0,0,0) to A(0.5,0,0) to M(0.5,0.5,0) to X(0,0.5,0), and then back to G. The energy gaps from a to f are 1.96 eV, 1.98
eV, 1.96 eV, 1.99 eV, 2.01 and 1.99 eV respectively, larger than that of bulk (1.67 eV) as a result of quantum size eﬀect. Fermi energies are shown as
red dashed lines. The red solid lines are energy bands of defect states.

Figure 4. Partial charge densities of defect states for structures with (a) VI-a1, (b) VI-a3, and (c) VI-b1 at G(0,0,0) in the nine-layer MAPbI3 slab with
q = 0. Isosurface level is set to be 0.0007 e/Å3. Three sites of iodine vacancies are shown in yellow spheres. Charge densities shown in green color are
distributed on the corner-sharing octahedral frameworks, mainly around Pb atoms.

ing at the surface or interface in the thermodynamic
equilibrium.
In MAPbI3 PSCs, the current densities depend on the
sweeping directions of applied bias, resulting in hysteresis.
Based on our results, ion vacancies VI accumulate at the
interface of MAPbI3/TiO2, which is adjacent to the photoanode
of MAPbI3 PSCs device. The built-in electric ﬁeld points away
from the interface due to the asymmetrical work function of
photocathode Au and photoanode TiO2. Hence the negatively
charged iodine ions in MAPbI3 slab can migrate to the
interfacial vacancy sites under the built-in electric ﬁeld, and
aﬀect the generation and transport of photoexcited electrons.
When sweeping a bias from short circuit condition to open
circuit condition on both ends of MAPbI3 PSCs device (i.e.,
forward sweep), the external electric ﬁeld pointing to the
interface increases, so the eﬀective built-in electric ﬁeld

where the iodine vacancy is located at the interfacial MA-I
layer; VI-a2 with VI resided in the sub-MA-I layer of the MAPbI3
slab; VI-b1 with VI lay on the Pb−I atomic layer near the
MAPbI3/TiO2 interface.
The formation energies of VI in MAPbI3/TiO2 are in line
with the results of VI in the freestanding perovskite slab that atype VI in MAPbI3/TiO2 are also more stable than b-type VI,
meanwhile iodine vacancy at the MAPbI3/TiO2 interface (VIa1) are more stable than bulk, implying that iodine vacancies in
PSCs are mostly located at the heterojunction interface.
Previous works show that the kinetic energy barrier for VI
migration in bulk MAPbI3 is exceedingly low (several hundred
meV),21,24 and is even lower when VI is close to the MAPbI3
surface or MAPbI3/TiO2 interface, which can be overcome at
room temperature. Therefore, VI can be easily transferred to
the perovskite surface or perovskite/TiO2 interface, accumulat5908
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Figure 5. (a) Atomic structure of the MAPbI3/TiO2 heterojunction. Three sites of iodine vacancies are shown in yellow spheres. (b−e) The partial
density of states (PDOS) of intact geometry and structures with three sites of iodine vacancies. Red and pink solid lines are the contributions of Ti
and O atoms. Blue, black, and gray solid lines are the contributions of Pb, I atoms and MA molecules, respectively. The Fermi levels shown in red
dashed lines are shifted about 1 eV in the presence of VI.

Table 2. Energy Levels of HOMO, LUMO, VBM, CBM, and Injection Driving Force ΔGinj, Injection Time Scale τinj,
Recombination Driving Force ΔGrec, Recombination Time Scale τrec of Four Structures (Abbreviated As Intact, VI-a1, VI-a2, and
VI-b1)a
intact
VI-a1
VI-a2
VI-b1
a

HOMO (eV)

LUMO (eV)

VBM (eV)

CBM (eV)

ΔGinj (eV)

τinj (fs)

ΔGrec (eV)

τrec (ps)

−0.25
−0.74
−1.00
−1.00

1.76
1.36
1.12
1.14

−1.07
−2.45
−2.43
−2.43

0.78
−0.01
0.003
0.003

0.98
1.37
1.12
1.14

7.57
2.51
2.98
3.17

1.03
0.73
1.00
1.00

507.08
474.94
215.18
301.53

Injection driving force is deﬁned as ΔGinj = ELUMO − ECBM, recombination driving force is deﬁned as ΔGrec = ECBM − EHOMO.

properties and performance of PSCs. Ultrafast electron
injection from MAPbI3 layer into TiO2 semiconductor ensures
eﬃcient separation of electrons and holes at interface, thus
reducing the energy and current losses of thermal relaxation.
Injected electrons in TiO2 slab recombine with holes in
MAPbI3 layer, triggering ﬂuorescence, are another major
pathway for charge and energy loss. Therefore, improving the
injection eﬃciency and suppressing the electron−hole
recombination can eﬀectively optimize the perovskite photovoltaic devices.
To further look into how the iodine vacancy inﬂuence the
particularly important electron injection and electron−hole
recombination at the MAPbI3/TiO2 interface, we perform
NAMD simulations of the two processes. The fraction of
electron injection at a given time t can be determined by the
amount (or the fraction) of the photoexcited electrons left on
the perovskite region,46−48

decreases. However, when a bias from open circuit condition to
short circuit condition (i.e., backward sweep) is applied, the
eﬀective built-in electric ﬁeld increases. Hence the migration of
iodine ions under forward sweep and backward sweep are
diﬀerent, resulting in diﬀerent current densities of forward
sweep and backward sweep,19 which could contribute to
hysteresis. Surface and interfacial accumulated VI can be pinned
or passivated by inserting a phenyl-C61-butyric acid methyl
ester (PCBM) layer between perovskite and photoanode26,27,55
to eliminate ion migration processes and charge trapping and
detrapping processes. Then the hysteresis will be suppressed,
and the performances of PSCs will be improved.
3.4. Electronic Properties and Charge Transfer
Dynamics of VI in MAPbI3/TiO2 Heterojunction. Figure
5b−e presents the partial density of states (PDOS) of intact
MAPbI3/TiO2, as well as those with diﬀerent sites of iodine
vacancies. The PDOS is decomposed into contributions from
Pb, I, MA, Ti and O species. It shows that the highest occupied
molecular orbital (HOMO) of perovskite is composed mainly
by I atoms, and the lowest unoccupied molecular orbital
(LUMO) of perovskite is composed mainly from Pb atoms.
MA molecules contribute little to the band edge states.
Meanwhile the CBM of TiO2 is consist mostly of Ti atoms,
and VBM of TiO2 is consist mostly of O atoms. The energy
levels of HOMO, LUMO, VBM and CBM are shown in Table
2. The defect states of VI-a1 and VI-a2 are overwhelmed by the
conduction bands of perovskite, while the defect state below
LUMO contributed from Pb atoms for VI-b1 is clearly seen due
to the locality of defect state of b-type VI, as discussed in Figure
3 and Figure 4.
Interfacial electron injection and electron−hole recombination processes are two key factors that determine the overall

χ (t ) =

∑ ci*(t )cj(t ) ∫
i,j

perov

ϕi*(r , R(t ))ϕj(r , R(t ))dr
(2)

where ϕi and ϕj are the adiabatic Kohn−Sham orbitals, ci(t)
and cj(t) are the hopping probabilities from one adiabatic
Kohn−Sham state to another, and r and R(t) are the
coordinates of electrons and atoms. The integration is over
the volume of the MAPbI3 perovskite. The time evolved charge
transfer is given by
5909
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d
χ (t ) =
dt

⎧ *
⎪ d c (t )c (t )
∑⎨ i j
dt
i,j ⎪
⎩
+ ci*(t )cj(t )

d∫

relevant PSCs. Interestingly, compared with the intact
geometry, structures with iodine vacancy possess 2−3 times
faster injection dynamics, which means VI promotes the
injection rates in MAPbI3 PSCs, meanwhile the structure
with VI-a1 possesses the shortest injection time. These can be
explained by injection energy driving forces from the energy
diﬀerence of LUMO and CBM: ΔGinj = ELUMO − ECBM (Table
2). The largest ΔGinj (1.37 eV) leads to the shortest τinj (2.51
fs) for the structure with VI-a1, while the smallest ΔGinj (0.98
eV) leads to the longest τinj (7.57 fs) for intact structure.
The electron−hole recombination dynamics for all above
structures are shown in Figure 6b. Similarly, by linear ﬁtting
χ(t) of the recombination process with the equation χ2(t) = a +
bt, we get the recombination time scales τrec = −a/b, where a is
the initial amount of photoexcited electrons at TiO2 and b is
the estimated electron recombination rate. Recombination time
scales are estimated to be 507.08 ps for intact structure, 474.94
ps for the structure with VI-a1, 215.18 ps for that with VI-a2, and
301.53 ps for that with VI-b1, respectively (Table 2). It
manifests that the recombination processes are very slow for all
the structures. Surprisingly, the recombination process of the
structure with VI-a1 is slower than that of other sites of VI due
to its smaller energy driving force of recombination (0.73 eV
for that with VI-a1, and 1.00 eV for that with VI-a2 and VI-b1),
which comes from the energy diﬀerence of CBM and HOMO:
ΔGrec = ECBM − EHOMO. However, the intact structure
possesses the longest recombination time scale regardless of
its largest recombination driving force. This can be explained by
the fact that, according to Marcus theory,56 the electron
dynamics are also determined by several other factors, such as
the distances between perovskite and TiO2 and electronic
couplings of initial (CBM) and ﬁnal (HOMO) states. The
distances between perovskite and TiO2 for four structures are
extremely close (around 4.6 Å), meanwhile the partial charge
densities of CBM are also exceedingly similar and mainly
residing at Ti atoms. But the partial charge densities of HOMO
(shown in Figure 7) are quite diﬀerent. It seems that charge
densities of HOMO contributed from iodine atoms are
repulsed both by TiO2 and VI. Thus, for intact heterostructure,
charge densities of HOMO are far away from TiO2, which
means the electronic couplings of HOMO and CBM are small,
resulting in a long τrec (507.08 ps). Oppositely, for that with VIa2, charge densities of HOMO are very close to TiO2, giving
rise to a large electronic coupling and a short τrec (215.18 ps).
Comparing τinj and τrec among four structures, we can see the
following: (1) Injection time scales and recombination time
scales of the structures with VI are all shorter than or equal to
that of intact structure. That is to say, the existence of VI
promotes both injection and recombination rates in PSCs.
However, the injections are very fast and complete, while the
recombinations are slow (several hundred picoseconds). The
inﬂuences of VI on recombination rates would be relatively
more important and remarkable. Additionally, we note that the
recombination time scale is closely related to the recombination
resistance,57 R0 ∝ 1/krec = τrec, where krec is the recombination
rate. The recombination resistance would then dramatically
inﬂuence the open circuit voltage VOC and the overall PCE.
Longer τrec comparing to the carrier transport time τtran also
favors a larger short circuit current density JSC ∝ τrec/τtran.
Although the same order of magnitude for the recombination
time scale is obtained here for pristine and defective interfaces,
a tremendous change in PCE can be resulted with a small
variation in τrec. So, overall, the existence of VI would reduce

∫perov ϕi*(r , R(t ))ϕj(r , R(t ))dr
ϕ*(r , R(t ))ϕj(r , R(t ))dr ⎫
⎪
⎬
dt
⎪
⎭

perov i

(3)

Here, the ﬁrst term on the right side represents the
contribution of nonadiabatic charge transfer, where charge
transfer is accomplished by photoexcited electron’s hopping
from one state to another. The second term is the contribution
of adiabatic charge transfer, where charge transfer is done by
Kohn−Sham orbital where photoexcited electron occupied
evolving in space. Similarly, the charge transfer of recombination at a given time t can be determined by the fraction of the
photoexcited electrons remaining at TiO2, which also involves
the contributions of nonadiabatic and adiabatic charge transfer.
Figure 6a shows the fraction of electrons injected from the
perovskite to TiO2 conduction bands for intact structure and in

Figure 6. (a) The fraction of interfacial injection charge transfer as a
function of time. (b) The fraction of interfacial recombination charge
transfer as a function of time.

the presence of diﬀerent VI sites. By exponentially ﬁtting χ(t),
the fraction of photoexcited electron transfer, with the equation
χ1(t) = χf(1 − exp[−k(t − t0)]), we obtain the injection time
scales of intact MAPbI3/TiO2, as well as those with diﬀerent
sites of VI (Table 2). Here χf is the ﬁnal amount of charge
transfer, and k is the estimated electron injection rate. Due to
the electronic coupling between perovskite and TiO2 electrode,
there is always a small fraction of the photoexcited state
residing at TiO2 at t0, which can be interpreted as the charge
transfer time corresponding to the pretransferred amount. The
injection time scale τinj = 1/k, is estimated to be 7.57 fs for
intact structure, 2.51 fs for the structure with VI-a1, 2.98 fs for
that with VI-a2, and 3.17 fs for that with VI-b1, respectively. All
the structures display ultrafast electron injection into TiO2
within 10 fs, indicating high electron injection eﬃciency of
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Figure 7. Partial charge density distribution of the HOMO of perovskite layer for (a) intact structure and (b−d) structures with VI-a1, VI-a2, and VIb1, respectively. Isosurface level is set to be 0.0005 e/Å3. Three sites of iodine vacancies are shown in yellow spheres.

the PCE of PSCs. (2) Among the structures with various sites
of VI, the structure with VI-a1 has the shortest τinj and longest
τrec. In other words, VI accumulating at the MAPbI3/TiO2
interface does the least harm to the overall performance and the
PCE of PSCs, as compared to the cases of VI randomly
distributed in the bulk.

Sheng Meng: 0000-0002-1553-1432

4. CONCLUSION
In conclusion, we use the extensive ﬁrst-principles calculations
and nonadiabatic electron dynamics simulations to study the
properties of iodine vacancies VI at diﬀerent sites of
freestanding MAPbI3 ﬁlm and the MAPbI3/TiO2 heterojunction. Our results indicate that
(i) VI at surface (MAPbI3) and interfacial (MAPbI3/TiO2)
MA-I layer are most stable comparing with random sites
in the bulk. Consequently, VI’s prefer to accumulate at
surfaces or interfaces in the thermodynamic equilibrium,
consistent with the accumulation of VI at grain
boundaries of MAPbI3 PSCs observed in experiments.
VI’s accumulating at interfaces and migrating in the
perovskite layer under electric ﬁeld during voltage scans
leads to hysteresis.
(ii) VI at Pb−I layer and MA−I layer are quite diﬀerent. VI at
MA−I layer are more stable, while VI defect states at Pb−
I layer are more local and weakly covalent-bonded.
(iii) VI promotes both electronic injection and recombination
rates of MAPbI3 PSCs, but overall reduces the PCE of
PSCs. Most important of all, interfacial VI is found to be
the least harmful to the PCE of PSCs comparing with
bulk sites, which could be responsible for the high PCE
of MAPbI3 PSCs.
The analyses of VI in MAPbI3 PSCs provide systematic and
detailed explanations of the stability, anomalous hysteresis and
high PCE of PSCs. Our studies construct an unambiguous link
between the microscopic interfacial structures and macroscopic
photovoltaic properties of PSCs, and pave the way for
innovative solar cell design and optimization.
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