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cells has been raised from 3.8% in the 
first report[2] to over 20% today.[3] Such 
an unprecedented improvement has been 
triggered by the unique features of hybrid 
perovskites that make them attractive for 
solar-cell applications, including large 
optical absorption coefficients and high 
charge carrier mobility.[1]

Despite these remarkable advances, the 
mechanism for photoinduced electron–
hole (e–h) pair dissociation and transport 
in lead perovskites is still controversial. 
Exciton binding energies of 5–16 meV 
have been reported in MAPbI3,[4] so only 
a fraction of weakly bound excitons likely 
coexist with free charge carriers at room 
temperature under solar illumination 
conditions.[5] It has been argued that e–h 
separation could be further assisted by 
fluctuations in the energy landscape asso-
ciated with the positional dynamics of MA 
cations in pristine materials.[6–8] In poly-

crystalline films prepared from precursor solutions, defects 
are not as benign as initially thought,[9] as suggested by the 
recent demonstration of the grain-to-grain variation in photo-
luminescence (PL) intensity.[10] These reports are seemingly in 
conflict with the measured, significantly long, charge-carrier 
diffusion lengths in MAPbI3 films,[11] as these inhomogeneities 
should act as traps and sources of nonradiative recombination 
channels.

Very interestingly, the e–h diffusion lengths in iodide-based 
perovskites can be further enhanced by incorporating a small 
amount of chlorine anions.[12,13] While it has been claimed 
that chlorine dopants yield polycrystalline film morpholo-
gies with improved charge transport properties,[14,15] possibly 
by smoothing out structural and energetic discontinuities at 
grain boundaries[16] or seeding crystallization of higher quality 
grains,[17,18] recent state-of-the-art studies point to the presence 
of residual Cl dopants remaining in thin films of MAPbI3.[19,20] 
The enhanced PL intensity inside the grains with higher Cl con-
centration[10] may be explained by reduced trap-assisted non-
radiative recombination, thereby increasing the lifetime and 
diffusion length of photoexcited electrons and holes.[14,15,21,22] 
However, a model relating charge-carrier decay dynamics to 
atomistic details of the excited-state electronic structure of Cl-
doped perovskites is severely lacking.[23]

Here, we address these questions by means of a many-body 
description of the electronic excitations of pristine and defec-
tive perovskites that fully accounts for ground- and excited-state 

Lead tri-iodide methylammonium (MAPbI3) perovskite polycrystalline mate-
rials show complex optoelectronic behavior, largely because their 3D semi-
conducting inorganic framework is strongly perturbed by the organic cations 
and ubiquitous structural or chemical inhomogeneities. Here, a newly devel-
oped time-dependent density functional theory-based theoretical formalism 
is taken advantage of. It treats electron–hole and electron–nuclei interactions 
on the same footing to assess the many-body excited states of MAPbI3 per-
ovskites in their pristine state and in the presence of point chemical defects. 
It is shown that lead and iodine vacancies yield deep trap states that can be 
healed by dynamic effects, namely rotation of the methylammonium cations 
in response to point charges, or through slight changes in chemical composi-
tion, namely by introducing a tiny amount of chlorine dopants in the defec-
tive MAPbI3. The theoretical results are supported by photoluminescence 
experiments on MAPbI3−mClm and pave the way toward the design of defect-
free perovskite materials with optoelectronic performance approaching the 
theoretical limits.

Solar Cells

1. Introduction

The field of solar energy conversion has witnessed tremendous 
progress with the development of solar cell devices based on 3D 
organic–inorganic hybrid perovskites.[1] For the lead tri-iodide 
methylammonium (MA) perovskites, MAPbI3 (MA CH NH3 3≡ +), 
the maximum power conversion efficiency of perovskite solar 
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structural reorganization, and we provide experimental valida-
tion of our theoretical findings by performing photolumines-
cence experiments on slightly chlorine-doped MAPbI3−mClm  
(0 < m < 0.1) samples. We first show that the spatial extent of 
the electronic excitations in defective perovskites is controlled 
by the relative orientation of the MA cations in proximity to 
the lead and iodine vacancies, irrespective of the crystal phase 
(similar results are obtained for the cubic and tetragonal 
phases, so we expect the main conclusions drawn from these 
calculations to be rather general). We next consider the influ-
ence of introducing a small fraction of chlorine ions into defec-
tive MAPbI3. Remarkably, our results suggest that the incorpo-
ration of a tiny amount of chlorine ions can switch the primary 
photoexcitations in the defective perovskites from spatially con-
fined to highly delocalized electronic states.

2. Results and Discussion

We start our analysis by noting that single charge carriers can 
potentially polarize the lattice in ionic perovskites[24,25] and 
prompt local lattice relaxation, i.e., polaronic effects. Interest-
ingly, the polaronic binding energy can be substantially tuned 
by MA orientation through induced volumetric strain.[26] Simi-
larly, upon light irradiation, the electronic excitations centered 
on the inorganic cages might be significantly coupled to the 
motion of the MA cations, which would result in an energy 
stabilization following either a direct (electrostatic) or indirect 
(lattice distortion) mechanism. This can be quantified by the 
polaronic relaxation energy (Epol), defined as the difference in 
excitation energies computed from the optimized ground-state 
and relaxed excited-state geometries.

Local structural rearrangements in the excited states are here 
assessed in pure- (MAPbI3) and mixed-iodide (MAPbI3−mClm) 
perovskites by using a time-dependent density functional 
theory (TDDFT) approach recently developed to study elec-
tronic excitations in 3D solids.[27] Since we aim at dissecting 
how defects affect the fate of electron–hole pairs in hybrid 
perovskites, namely their recombination as probed by photolu-
minescence experiments, we find it critical to include on the 
same footing electron–hole and electron–nuclei interactions, 
as done here. Unless specified, the geometric optimization and 
charge densities are obtained from Perdew–Burke–Ernzerhof 
(PBE) functional neglecting spin–orbital coupling (SOC). Yet, 
we stress that similar results have been obtained on selected 
control cases using optimally tuned range-separated hybrid 
DFT functionals[28] and accounting for SOC, thus we believe 
our results are robust against the level of theory used. We have 
investigated the influence of MA orientation and of the pres-
ence of Cl dopants on the energy and spatial confinement of the 
lowest electronic excited states in defective perovskites. Native 
point defects are created by removing Pb2+, I−, and MA+ ions 
from the pristine structures, as these charged vacancies have 
been demonstrated to be prevalent.[29] Detailed first-principle 
simulations have indeed reported relatively low and comparable 
formation energies for these vacancies that translate into defect 
concentrations up to ≈1017–1018 cm−3,[9] see below. We note that 
these concentrations are comparable to the trap densities exper-
imentally reported for nonpassivated polycrystalline films,[30] 

and are typically 2–3 orders of magnitude higher than those in 
high-quality thin films.[10,31,32]

In the absence of defects, the excited-state charge density dis-
tribution in both the cubic phase (Figure S1, Supporting Infor-
mation) and the tetragonal phase (Figure S2, Supporting Infor-
mation) of MAPbI3 is dictated by the interplay between the 
organic cations and the inorganic cages[6,7] and largely affected 
by the dynamic orientation of the MA cations. At any given 
“instantaneous” configuration (where MA ions are frozen in a 
local energy minimum on the ground-state potential), one can 
thus picture hole-rich and electron-rich (or both) spatial regions. 
Because MA cations have vanishingly small contributions to 
both the valence band and conduction band edge states,[29,33] 
the spatial charge distribution for MAPbI3 in the presence of 
MA vacancy (Figures S3 and S4, Supporting Information) is 
unaltered with respect to the pristine case (Figures S1 and S2, 
Supporting Information). The situation is, however, very dif-
ferent for lead and iodine vacancies, as described below. Sup-
pose, first a lead vacancy forms in the vicinity of a hole in 
one of the instantaneous ground-state configurations above. 
Because lead vacancies bear two negative charges, they tend 
to attract hole density (Figure S5, Supporting Information) 
and repel electron density (Figure S6, Supporting Informa-
tion). The geometric distortions induced by the reshuffling in  
electronic density turn the electronic excitation from being 
delocalized in the optimized ground-state geometry (Figure S5,  
Supporting Information) to being rather localized in the excited-
state geometry (Figure 1a). The formation of such a strongly 
bound e–h pair is supported by the analysis of the hole density 
of states (DOS), showing both a tail at and discrete levels above 
the valence band edge (Figure 1b). A small polaron exciton thus 
forms around the trapped hole with a large polaronic relaxation 
energy, Epol = 386 meV. In contrast, when lead vacancies are 
located further away from hole-rich regions, delocalized excita-
tions are sustained in both ground-state (Figure S6, Supporting 
Information) and excited-state geometries (Figure 1c). Epol  
(= 21 meV) is therefore much smaller and comparable to room 
temperature thermal energy; concomitantly, no discrete in-gap 
trap states can be resolved from the DOS (Figure 1d). We stress 
that a similar picture is obtained whatever the electric polariza-
tion state and the crystal phase, i.e., paraelectric (Figure S7–S9, 
Supporting Information), ferroelectric (Figure S10, Supporting 
Information), and anti-ferroelectric (Figure S11, Supporting 
Information) configurations all show the same behavior in 
hole-rich and hole-poor domains.

The present TDDFT calculations thus strongly support the 
view that the spatial confinement of the hole and electron wave-
function in the relaxed excited state is highly dependent on the 
electrostatic environment around defects (here lead vacancies). 
More specifically, there is a propensity for the dipolar methyl-
ammonium groups (with their electron deficient NH3 termina-
tion)[34] to collectively reorient around charged defects, which 
in turn perturbs the excited-state electronic structure. The deep 
trap states induced by the presence of lead vacancies in the 
previous instantaneous snapshots (i.e., in hole-rich regions) 
are indeed concealed when the MA cations point their NH3 
(instead of CH3) moiety (Figure S12, Supporting Information) 
toward the negatively charged defects. Our TDDFT calculations 
predict this relative orientation (NH3 in closer contact with 
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the vacancy) to be more energetically stable than the reverse 
situation, in line with simple electrostatic arguments (while, 
as expected, those in Figure 1a,c with randomly oriented MA 
cations lies in between). Thus, energetics drives the system 
toward delocalized electronic excited states by reorienting the 
MA dipoles in the proximity of lead vacancies. The rotational 
dynamics of the MA cations (on a picosecond scale)[6] is gen-
erally much faster than the nonradiative decay processes (on 
nanosecond scale),[32,35] hence these structural rearrangements 
can trigger a release of transiently trapped charge carriers. We 
speculate that carrier diffusion in the presence of lead defects 
then proceeds via a sequence of events, involving a dynamic 
crossover from spatially confined to delocalized states, and vice 
versa.

This picture is not only valid for lead defects but also prevails 
in the presence of iodine vacancies. We now pay attention to spa-
tial domains where the orientation of the MA cations translates 
into high electron density. For the most stable arrangements 
(Figure S13, Supporting Information) of the iodine vacancies in 
such electron-rich regions, a self-localization of the electronic 
excitation ensues upon geometric relaxation (Figure 2a) and 
a discrete trap level emerges below the conduction band edge 
(Figure 2b). Tracing the geometric deformations in the excited 
state, we notice that one lead atom close to the iodine vacancy is 
actually dragged toward that vacancy, leaving behind a broken 
lead–iodine bond on the opposite side. The resulting localized 
electronic excitation in Figure 2a is thus prompted by the for-
mation of a lead-centered defect with two excess holes. The 
accompanying appearance of trap levels close to the conduction 
band is in fact very reminiscent of the electronic structure of 
lead interstitials (Figure S14, Supporting Information). Notably, 
deep states have been identified experimentally as electron 

traps,[21,32,36] Since the conduction band is predominantly com-
posed of p orbitals of lead ions, the deep electron traps could 
possibly originate from the unsaturated lead atoms.[37] Thus, 
the fingerprints of iodine vacancies and lead interstitials turn 
out to be very similar and, combined with the results obtained 
for lead vacancies above, highlight the key role played by lead 
defects as nonradiative recombination centers. These have been 
experimentally detected as the main culprit for the degraded 
performance in perovskite solar cells.[37–39] Interestingly, the 
photoinduced “brightening” of perovskite PL is associated with 
a reduction in trap state density through iodine migration.[30] 
Since iodine interstitials do not break PbI bonds and con-
tribute to inefficient traps (Figures S15 and S16, Supporting 
Information), we propose that lead defects are healed, at least 
partly, by iodine anions moving to lead defects and repairing 
the lead–iodine bonds, thereby restoring extended electron 
wavefunctions. Here also, proper orientation of the MA cations 
can shift the electron distribution away from the iodine vacan-
cies, so that no trap levels appear in the band gap irrespective 
of the electric polarization (Figure 2c,d and Figures S17–S19 
(Supporting Information)) and crystal phase (Figure S20, Sup-
porting Information). The TDDFT calculations predict the 
MA cations pointing their electron-rich CH3 moiety toward 
the positively charged defects to be more energetically stable, 
so here again, thermodynamics favors a shift of the electron 
distribution away from the iodine vacancies and delocalized 
electronic excitations. We notice that depending on the orienta-
tion of the MA cations, iodine vacancies yield a distribution of 
electron traps going from deep levels (≈0.6–1.1 eV below the 
conduction band) to shallow levels (<0.1 eV) (Figure S21 and 
Table S1, Supporting Information). The presence of such traps 
is consistent with the subgap density of states distributions 
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Figure 1.  Charge densities and DOS in the relaxed geometry of the lowest excited state in MAPbI3 with a single lead vacancy. a) Charge density and  
b) DOS in defective MAPbI3. The lead vacancy is located at the bottom right of the supercell. The excited-state geometry in (a) is relaxed from the opti-
mized ground-state configuration in Figure S5b (Supporting Information), showing high hole density in vicinity of the lead vacancy. The discrete trap 
state is highlighted with blue color in (b). c) Charge density and d) DOS in defective MAPbI3. The excited-state geometry in (c) is relaxed from the 
optimized ground-state configuration in Figure S6b (Supporting Information) with reduced hole density in the vicinity of the lead vacancy. The electron 
(hole) density is shown in red (yellow) in (a) and (c). The value of isosurface is 1.5 × 10−3 e Å−3 in (a) and 1.0 × 10−3 e Å−3 in (c).
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reported experimentally,[40,41] and is expected to have a substan-
tial impact on recombination of charge carriers.[32,42]

We stress that these results: (i) are robust against the level of 
theory used, namely a similar picture is obtained by including 
SOC effects (Figure S22, Supporting Information) or by using 
optimally tuned range-separated hybrid DFT functionals 
(Figure S23, Supporting Information); and (ii) are not incon-
sistent with hybrid functional plus SOC ground-state electronic 
structure calculations.[43] In fact, both the set of calculations 
when performed at the ground-state geometry indicate iodine 
vacancies to be shallow traps (Figures S17–S20, Supporting 
Information). The deep in-gap trap states in Figure 2c,d develop 
only once lattice relaxation processes in the excited state (exciton–
polaron effects) are switched on, a phenomenon that has been 
overlooked in previous DFT studies.[9,19,43] For iodine interstitials, 
both the present PBE (Figure S15, Supporting Information) and 
the hybrid relativistic DFT calculations with SOC at the ground-
state configurations[43] yield an energy level above the valence 
band edge, yet at slightly different energies (0.22 vs 0.15 eV). 
However, the corresponding charge densities (Figure S15, Sup-
porting Information) show some degree of (de)localization along 
different spatial directions, both in the ground-state and excited-
state geometries. Overall, we thus expect iodine interstitials to be 
rather inefficient traps in comparison to iodine vacancies.

MAPbI3 perovskite films are not as spatially homogeneous 
as originally thought.[44,45] Besides the phenomenon of light-
induced halide migration discussed above, films synthesized 
from Cl-containing precursors typically contain a tiny amount 
of residual chlorine dopants (m < 0.12 in MAPbI3−mClm).[13,19,20] 
Although it is difficult to distinguish between the effects of the 
chloride ions on nucleation of high quality grains from the 

impact of residual chloride in the final films,[46] there is now 
strong collective evidence that residual chloride dopants have 
a positive effect on the optoelectronic properties.[10,12–20,47–49]  
Cl-doped MAPbI3 films consistently have a lower trap 
density than their Cl-free counterparts by 1–2 orders of 
magnitude.[15,49,50] Recent microscale measurements revealed a 
positive correlation between local Cl concentration and local PL 
intensity,[10] suggesting that nonradiative processes, associated 
with defect densities, are hindered by Cl incorporation not only 
in between, but also inside the grains.

To understand the role of chlorides on the enhanced PL 
intensity, we considered configurations where iodine ions 
are progressively replaced by chlorides, corresponding to 
MAPbI3−mClm with m ranging from 0.015 to 0.06. Compared to 
pristine bulk sites, this substitution is predicted to be energeti-
cally favored on sites close to vacancies because these provide 
a larger freedom to accommodate the stronger (and shorter) 
PbCl bonds, in line with the location of Cl ions in perovskite 
films.[16] Remarkably, our calculations show that the local geo-
metric distortions taking place in the lowest excited states of 
Cl-free defective MAPbI3 (especially for those ions in the prox-
imity of lead vacancies, Figure 3a,b) are suppressed even at 
moderate Cl ion concentrations (m ≈0.3), see Figure 3c. As a 
consequence, we observe a localized-to-delocalized transition 
(from Figure 1a to Figure 3d) of the excited-state charge den-
sities together with a substantial decrease in Epol. Correspond-
ingly, the discrete level expelled from the valence band edge 
(Figure 3e) in the pure-iodide case now merges into the valence 
band as Cl anions are substituted for iodides (Figure 3f). This 
is accompanied by a shift of the Fermi level away from the con-
duction band, in line with the experimental observation.[51]
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Figure 2.  Charge densities and DOS in the relaxed geometry of the lowest excited state in MAPbI3 with a single iodine vacancy. a) Charge density and 
b) DOS in defective MAPbI3. The iodine vacancy is located at the middle right of the supercell. The excited-state geometry in (a) is obtained by relaxing 
the optimized ground-state configuration in Figure S13b (Supporting Information), where two lead ions are sitting on both sides of the iodine vacancy 
in a high electron density region. The discrete trap state is highlighted with blue color in (b). c) Charge density and d) DOS in defective MAPbI3. The 
excited-state geometry in (c) is obtained by relaxing the optimized ground-state configuration in Figure S17b (Supporting Information), where two lead 
ions are sitting on both sides of the iodine vacancy in a low electron density region. The electron (hole) density is shown in red (yellow) in (a) and (c). 
The value of isosurface is 1.5 × 10−3 e Å−3 in (a) and 1.0 × 10−3 e Å−3 in (c).
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Our rationale for these findings is as follows. Chlorine has 
much larger electronegativity and ionization potential than 
iodine, hence substitution of iodides by chlorides should lead 
to the appearance of Cl-rich occupied levels lying deeper in the 
valence band. This is confirmed by the analysis of the partial 
DOS (pDOS), see Figure 3e,f (and holds true whether SOC 
effects are included or not, see Figure S24 in the Supporting 
Information). Thus, the mobile holes at the valence band top 
tend to spread out away from the chlorides and thus also from 
their preferred spatial confinement around lead vacancies, 
hence “avoiding” the defects. The vacancies could still act as 
scattering centers, reducing the charge carrier mobility but not 
clamping the holes any longer, in essence healing the material 
from a charge transport perspective.

Cl dopants also suppress the formation of 
discrete traps associated with iodine vacan-
cies. Recall that in the case of the labile lead–
iodine bonds, electron trap levels develop 
inside the gap because of the weakening/
breaking of a PbI bond close to the vacancy, 
with the iodine vacancy ultimately behaving 
similar to a lead interstitial. As lead binds 
more strongly to chlorine (than to iodine), 
this is alleviated in the case where iodides 
are substituted with chlorides in the geo-
metric arrangement shown in Figure 4b. The 
pDOS in Figure 4a shows that the lead atoms 
responsible for the emergence of electron 
traps in Cl-free perovskites now contribute 
to crystal orbitals well inside the conduction 
bands. As a result, instead of being spatially 
confined in the pure-iodine case (Figure 2a), 
the lowest electronic excitations are delocal-
ized away from the vacancies in Cl-doped 
MAPbI3 (Figure 4c). The present TDDFT 
calculations thus suggest that the reduced 
(trap-assisted) nonradiative recombination of 
the e–h pairs[10] and the resulting improved 
charge carrier lifetime[12,15,22] and diffu-
sion length[12] in Cl-doped perovskites stem 
at least in part (in addition to the improved 
morphology) from the extended delocalized 
states sustained by the mixed perovskites in 
presence of even tiny amounts of chlorine 
ions.

To validate our theoretical findings, 
we experimentally prepared thin films of 
MAPbI3−mClm with the Cl content in the pre-
cursor films ranging from m = 0 to m = 0.1 
(see the Experimental Section for sample 
preparation details). The film properties 
such as absorption (Figure S25, Supporting 
Information) and morphology (Figure S26, 
Supporting Information) do not dramatically 
change with chloride addition, allowing us to 
mostly isolate the impact of chloride on the 
charge carrier recombination properties in 
the series. Photoluminescence is an effective 
probe for traps, which impact the PL prop-

erties by introducing nonradiative decay pathways for charge 
carriers.[52] In Figure 5a, we show that the PL intensity and 
the measured photoluminescence quantum efficiency (PLQE) 
increases with addition of Cl. We note that the internal PLQE 
values will be much higher (≈10–15%)[50] owing to light collec-
tion losses in the external measurement due to poor light out-
coupling and photon recycling effects that depend on the thin 
film geometry.[31,53] The PLQE increases from 1.3% (m = 0) 
to 2.3% (m = 0.05) before dropping again to 2.1% for higher 
Cl content (m = 0.1). This trend is also reflected in the corre-
sponding time-resolved PL decays (Figure 5b), where recom-
bination is slowed down as we increase the Cl content to a 
maximum of m = 0.05, before decreasing again for m = 0.1. 
We have recently developed a model that is able to describe the 

Adv. Energy Mater. 2018, 1702754

Figure 3.  Effects of Cl doping in MAPbI3 with a single lead vacancy. a) Atomic displacements in 
MAPbI3 from the optimized ground-state geometry in Figure S5b (Supporting Information) to 
the relaxed excited-state geometry in Figure 1a. b) The ions with the largest displacements. Pb2+ 
(solid black) and I− (solid red) in (a) are shown with the same color code. c) Atomic displacements 
in MAPbI3−mClm from the optimized ground-state geometry to the relaxed excited-state 
geometry in (d); the location of two chlorine ions (green color) is indicated. d) Charge densities 
in the relaxed geometry of the lowest excited state for MAPbI3−mClm. The electron (hole) density 
is shown in red (yellow). The value of isosurface is 1.0 × 10−3 e Å−3. The removed Pb2+ ion 
(magenta color) in (b) and (d) is shown as a guide to the eye for the position of Pb vacancy.  
e) pDOS for the relaxed excited-state geometry in Figure 1a. f) pDOS for the relaxed excited-
state geometry in (d). The pDOS of the two substituted iodine ions (blue line in (e)) in MAPbI3 
and for the replacing chlorine ions (blue line in (f)) in MAPbI3−mClm are zoomed tenfold.
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PL kinetics in perovskite films in the presence of NT electron 
subgap trap states,[30,42] and we use this model to fit the data 
to quantify the changes (gray lines in Figure 5b). We find that 
the trap density decreases by almost an order of magnitude 
with Cl addition, from 4.7 × 1016 cm−3 (m = 0) to 7 × 1015 cm−3 
(m = 0.05) (Figure 5b inset; see the Experimental Section and 
Figure S27 in the Supporting Information for low fluence 
results). These experimental data are consistent with the theo-
retical results above.

The formation energies for point defects in MAPbI3 have 
been calculated by Yin et al.:[9] These vary from 0.29 to 2.68 eV 
for lead vacancies, from 0.67 to 1.87 eV for iodine vacancies, 
and from 0.23 to 1.42 eV for iodine interstitials. Using a Boltz-
mann distribution, these formation energies turn into upper 
limits at room temperature for defect concentrations in single 
crystals of ≈3.6 × 1016 cm−3 for lead vacancies, ≈2.7 × 1010 cm−3 
for iodine vacancies, and ≈1.2 × 1018 cm−3 for iodine intersti-
tials. We should stress, however, that these numbers should be 
considered with caution as: (i) small errors in formation ener-
gies have a dramatic influence on concentrations; and (ii) most 
importantly, these data refer to single crystals while higher 
defect concentrations are expected in polycrystalline films 

because of grain boundaries and deviation from stoichiometry 
at grain surfaces, etc. By fitting photoluminescence kinetics 
data in presence of electronic subgap trap states[30] (Figure 5b), 
we estimate trap concentrations of 1015–1016 cm−3, in line with 
previous investigations.[54,55] From a comparison with the pre-
dicted defect concentrations, one would tentatively conclude 
that the traps arise mainly from the most numerous lead vacan-
cies and iodine interstitials. The reality is a bit more complex, 
however, as iodine defects are characterized by low transport 
activation barriers[56] and are thus very mobile. In the close to 
stoichiometric (at the macroscopic scale) films of deQuilettes 
et al.,[30] the presence of interstitial iodides is therefore neces-
sarily accompanied with iodide vacancies, hence it is difficult 
to disentangle the relative contributions from the various types 
of defects.

3. Conclusions

In conclusions, our work points to two key findings that high-
light the importance of electron–phonon couplings in perovs-
kites and the extraordinary sensitivity of these interactions to 
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Figure 5.  Photoluminescence (PL) properties of MAPbI3−mClm films controllably doped with small amounts of Cl in the precursor solutions. a) PL 
intensity from MAPbI3−mClm thin films with increasing chloride content (m) illuminated with a 532 nm CW laser. Inset: External PLQE of the films 
averaged across three measurements on each sample (relative error <10% for each). b) Time-resolved PL measurements of the series zoomed in over 
the key window. The films were photoexcited with a 407 nm pulsed laser with a fluence of 3.2 µJ cm−2 pulse−1. The solid gray lines are fits to the data 
using a trap model[41] with the resulting trap densities shown in the inset.

Figure 4.  pDOS and charge densities of the lowest excited state for MAPbI3−mClm in presence of a single iodine vacancy. a) pDOS for the geometry in 
(b). The black and green lines pDOS correspond to the bound lead ion (shown by a black color in (b)) and chloride, respectively. The blue line pDOS 
shows the contributions from all other lead ions. The pDOS indicated by the black and green lines is zoomed tenfold. b,c) Charge densities of the opti-
mized ground-state geometry and relaxed excited-state geometry for MAPbI3−mClm, respectively. One iodine ion of the defective MAPbI3 in Figure S13b 
(Supporting Information) is substituted with one chlorine ion (indicated by the green color) close to the iodine vacancy. The removed I− ion (magenta 
color in (b) and (c)) is shown as a guide to the eye for the position of the iodine vacancy. The electron (hole) density is shown in red (yellow) with the 
isosurface value being 1.0 × 10−3 e Å−3 in (b) and (c).
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the charge distribution in the proximity of defects. Specifically, 
we have demonstrated that the orientation of MA cations set-
tles the local excited-state charge distribution in the vicinity of 
defects. The local geometric distortions in the excited state and 
the associated trap states for both lead and iodine vacancies 
in defective MAPbI3 can be dynamically healed as MA cations 
rotate toward their thermodynamic configuration. This is con-
firmed by a substantial decrease in Epol and a reduced defor-
mation of the inorganic lattice in the vicinity of the chemical 
defects. This peculiar capability of escaping traps in defective 
MAPbI3 perovskites leads to the long charge carrier lifetimes 
and diffusion lengths. We speculate that the charge carrier 
diffusion in MAPbI3 films occurs by a repeated sequence of 
localized-to-delocalized crossovers, which also affect nonradia-
tive recombination. Remarkably, a transition from defect-local-
ized to spatially extended electronic excited states is predicted 
from our calculations for Cl-doped defective perovskites. The 
localized excited state in defective MAPbI3 can thus be healed 
when a small amount of Cl ions replace iodides in the defec-
tive MAPbI3 perovskites. The stronger electronegativity of chlo-
rine (vs iodine) and the associated more rigid bonds these form 
with lead ions result in suppressed lattice distortions and shift 
the density of holes and electrons far from the defect centers. 
Overall, we attribute the observed healing defects to dynamic 
reorientation of the methylammonium cations and local lattice 
distortions around chlorine dopants in vicinity of the vacancies, 
as sketched in Figure 6. We thus expect these healing effects to 
be suppressed in pure inorganic lead-halide perovskites (like, 
e.g., CsPbI3), which might be the reason for their lower photo-
conversion quantum yields.[57] Finally, on a modeling perspec-
tive, the present work suggests that treating electron–hole and 
electron–nuclei interactions on the same footing is critical to 
reveal the formation of trap states in defective MAPbI3 under 
solar illumination, which might be important toward exploring 
the environment effects on the photophysics of organic–inor-
ganic halide perovskites.[58,59]

4. Experimental Section
Computational Details: The cubic and tetragonal phases of MAPbI3 

were modeled. The geometry optimization of the primitive cell was 
carried out by using density functional theory (DFT) with a plane-wave 
basis set, as implemented in the Vienna ab initio simulation package.[60] 
The semiempirical DFT-D2 method was used to account for the van der 
Waals corrections.[61] Energy convergence criterion was set to be 10−5 eV 

and atomic positions were relaxed until the forces on each atom along 
each direction were smaller than 0.02 eV Å−1. A k-mesh of 7 × 7 × 7 was 
used during the geometry relaxation. The optimized primitive cell was 
then periodically expanded, generating a 4 × 4 × 4 supercell with 768 
ions for the cubic phase and a 2 × 2 × 2 supercell with 384 ions for the 
tetragonal phase. Point vacancies were created by removing Pb2+ ion, I− 
ion and MA+ cation, respectively, from the supercell with the fixed lattice 
constants. Based on the projected augmented wave pseudopotentials[62] 
and the PBE functional[63] and using a cutoff energy of 400 eV, the ground-
state calculations were then performed at the Γ point, an approach that 
has been shown to reasonably predict the band gap and defect properties 
for the studied systems.[64,65] The energy convergence criterion was set 
to be 10−4 eV and the atomic positions were relaxed until the forces 
on each atom along each direction were smaller than 0.04 eV Å−1.  
Based on the DFT fully optimized ground-state supercells (with and 
without defects), a recently developed TDDFT scheme was applied to 
assess geometry relaxation in the excited state.[27] This TDDFT method 
targets large-scale systems in the framework of linear response theory 
and is implemented in conjunction with the use of pseudopotentials and 
plane-wave basis set. The ionic forces and charge densities in the excited 
states are obtained by the derivatives of the Lagrangian functional 
with respect to ionic position and external potential, respectively. The 
PBE results presented in the paper are consistent with those obtained 
using an optimally tuned range-separated hybrid functional[28] TDDFT 
approach for large-scale systems.[66] More details for the TDDFT 
formalism can be found in the Supporting Information. Notably, to get 
converged charge densities in the lowest-energy excited states, all of the 
unoccupied orbitals have to be included in TDDFT calculations, whereas 
only a few tens of occupied orbitals are sufficient due to the low DOS 
at the valence band maximum.[33] As a result, the lower-lying occupied 
orbitals from Cl contents play a negligible role in determining the charge 
densities of the lowest-energy excited states (Figure S28, Supporting 
Information).

Perovskite Film Fabrication: The organic cations were purchased from 
Dysol; the lead compounds from TCI; dimethylformamide (DMF) from 
Sigma-Aldrich. The perovskite (MAPbI3−mClm) precursor solutions were 
prepared by dissolving 1.2 m methylammonium iodide and 1.2 m PbI2 
for pristine (m = 0), 1.185 m PbI2 and 0.015 m PbCl2 (m = 0.025), 1.170 m  
PbI2 and 0.030 m PbCl2 (m = 0.050), and 1.140 m PbI2 and 0.06 m  
PbCl2 (m = 0.100) in anhydrous DMF. The perovskite solutions were 
then spin coated in a two-step program at 1000 and 6000 rpm for  
10 and 30 s, respectively. During the second step, 50 µL of chlorobenzene 
was dripped on the spinning substrate 10 s prior to the end. All the 
perovskite films were annealed at 100 °C for 30 min.

Optical Characterization and Trap Model: The steady-state optical 
properties of perovskite films were studied using UV–visible absorption 
and PL spectroscopy. The absorption spectra of perovskite films 
were recorded with a UV–Vis–NIR spectrophotometer (CARY-5) in 
transmission mode. Fluorescence spectra and fluorescence decay 
kinetics were recorded on a spectrofluorometer Fluorolog 322. 
Fluorescence spectra were recorded by exciting the samples with 407 nm 
continuous-wave (CW) laser and scanning the emission monochromator 
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Figure 6.  Schematic picture of the dynamic (MA orientation) and static (Cl doping) healing mechanisms. The crossover from spatially localized to 
delocalized excited states (ES) in defective perovskites is reflected by the extension of charge densities in the vicinity of the vacancies (shown in magenta 
color). The electron (hole) density is shown by red (yellow) circles on lead (iodine) ions.
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from 500 to 850 nm. The same spectrometer working in a single-photon 
counting mode was used for the measurements of PL decay kinetics. 
Picosecond pulsed diode laser head NanoLED-405LH (Horiba) emitting 
<200 ps duration pulses at 407 nm with repetition rate of 40 MHz and 
fluence of 3.2 µJ cm−2 pulse−1 was used as an excitation source. The 
PL kinetic data were fit using the recent trap model, which is described 
in detail by Stranks et al.[42] and deQuilettes et al.[30] The following 
parameters were set to be the same as the previous work: Rpop = 2 × 
10−10 cm3 s−1, Rdep = 8 × 10−12 cm3 s−1, and fix γ0 = 5 × 107 s−1, leaving 
the only fitting parameter to be the trap density NT.

PLQE Measurements: Perovskite films were placed in an integrating 
sphere and were photoexcited using a 532 nm continuous-wave laser. 
The laser and the emission signals were measured and quantified using 
a calibrated Andor iDus DU490A InGaAs detector for the determination 
of PL quantum efficiency. The external PLQE was calculated from 
measurements by de Mello et al.[67]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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