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ABSTRACT: We consider the Br vacancy in CsPbBr3 as a prototype for the impact of
structural dynamics on defect energetics in halide perovskites (HaPs). Using first-principles
molecular dynamics based on density functional theory, we find that the static picture of
defect energetics breaks down; the energy level associated with a Br vacancy is found to be
intrinsically dynamic, oscillating by as much as 1 eV on the picosecond time scale at room
temperature. These significant energy fluctuations are correlated with the distance between
the neighboring Pb atoms across the vacancy and with the electrostatic potential at these Pb
atomic sites. We expect this unusually strong coupling of structural dynamics and defect
energetics to bear important implications for both experimental and theoretical analyses of
defect characteristics in HaPs. It may also hold significant ramifications for carrier transport
and defect tolerance in this class of photovoltaic materials.

Halide perovskites (HaPs) have emerged as remarkably
efficient materials for optoelectronic applications,

notably for photovoltaics, but also for light-emitting diodes
and other devices.1−8 One of the most intriguing features of
HaPs is the very long lifetime of photoexcited carriers (up to
several microseconds),9−11 which is essential for key device
parameters, e.g., the open-circuit voltage of HaP-based
photovoltaic cells.12 These long lifetimes are particularly
remarkable given that HaP compounds are typically fabricated
using relatively low-energy, solution-based material synthe-
ses.13−16 This suggests that electronic defect states in these
materials are unusually benign electrically.10,17−21 Therefore,
there are significant and ongoing efforts to understand defect
energetics and its relation to charge carrier scattering and
recombination in HaP materials.
Recently, a large number of theoretical investigations have

examined the microscopic origins and energetics of intrinsic
defects in HaPs, mostly using density functional theory
(DFT).22−51 While these studies exhibit scatter in the results
owing to the type of density functional used, as well as various
numerical and convergence choices, they do share one key
common element, which is the adoption of a static model. In
other words, these studies allow the surrounding nuclei to
adapt to the presence of a defect via a well-defined local
minimum in the potential energy surface, tacitly assuming that
dynamic nuclear effects are of secondary importance.
Comparison between theory and experiment shows this
assumption to be justified in a wide range of semiconductors
of scientific and technological interest.52 However, it is by now

apparent that HaPs do not behave as ordinary semiconductors
in terms of lattice dynamics. They are mechanically much
softer than other efficient optoelectronic materials21,53−59 and
exhibit unusual structural dynamical phenomena, including
large-amplitude, anharmonic nuclear fluctuations and dynamic
symmetry breaking, even at room temperature (RT).21,58,60−90

Given that such phenomena surely modulate the energy
landscape both spatially and temporally, one may ask whether
the assumption of a static defect is valid, and if not, what are
the consequences of its breakdown.
Here, we address this question by performing first-principles

molecular dynamics (MD) calculations, based on DFT, which
allow us to study point defect properties while fully accounting
for structural dynamics. As an illuminating test case, we focus
on CsPbBr3, which is known to exhibit structural dynamics
similar to hybrid organic−inorganic HaPs,68 and we examine
the halide vacancy, which has been suggested theoretically to
be abundant.36,91 We find significant temporal variation in
defect energies which are strongly correlated with nuclear
dynamics, thereby precluding the assignment of a unique
defect energy level. This suggests a breakdown of the static
picture, with possible repercussions for material and device
behavior.
All DFT-based MD calculations were performed using the

Perdew−Burke−Ernzerhof (PBE)92 form of the generalized-

Received: June 27, 2019
Accepted: July 18, 2019
Published: July 18, 2019

Letter

pubs.acs.org/JPCLCite This: J. Phys. Chem. Lett. 2019, 10, 4490−4498

© 2019 American Chemical Society 4490 DOI: 10.1021/acs.jpclett.9b01855
J. Phys. Chem. Lett. 2019, 10, 4490−4498

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
PE

N
N

SY
LV

A
N

IA
 o

n 
O

ct
ob

er
 1

7,
 2

01
9 

at
 1

5:
33

:0
4 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.9b01855
http://dx.doi.org/10.1021/acs.jpclett.9b01855


gradient approximation, augmented by dispersion terms
calculated within the Tkatchenko−Scheffler (TS) scheme93

using an iterative Hirshfeld partitioning of the self-consistently
computed charge density.94 This approach has previously been
found to be highly useful for an accurate description of the
structure and energetics of ionic compounds that also exhibit
dispersive binding.94,95 We note that the Heyd−Scuseria−
Ernzerhof (HSE)96 short-range hybrid functional, together
with the inclusion of spin−orbit coupling (SOC) effects, has
previously been shown to be more accurate in predicting defect
energetics in HaPs.31 However, a comprehensive MD analysis
of the system studied here based on HSE+SOC is at present
prohibitive computationally. Here, our strongest interest is not
in the absolute defect level position, but rather in its energy
fluctuations triggered by thermal nuclear motions. As shown in
section 1 of the Supporting Information, all energy fluctuation
trends reported below are fully reproduced by HSE+SOC
calculations performed for selected points in the MD run, thus
validating the use of PBE level calculations in this case. All
calculations are performed using the Vienna ab initio
simulation package (VASP),97 a plane-wave basis code in
which ionic cores are described by the projected augmented
wave (PAW)98 method. A plane-wave cutoff of 300 eV and a
10−4 eV/supercell convergence criterion for the total energy
were used in all HaP calculations.
All first-principles MD simulations of CsPbBr3 in its RT

orthorhombic phase were based on previously used cell
parameters (a = 8.18 Å, b = 11.64 Å, c = 8.13 Å),68 obtained
from a PBE+TS optimization of the ionic and cell degrees of
freedom. Whereas PBE alone overestimates cell parameters,
the inclusion of dispersive TS terms greatly improves the
agreement between experimental and theoretical lattice
parameters,99−102 in our case to within ≈0.8% of the reported
experimental values.103 A 2 × 2 × 2 supercell (containing 160
atoms) was employed, and a single Br vacancy (VBr) was
introduced. Owing to the size of this supercell, only the Γ-
point of the Brillouin zone was sampled and was found to yield
converged differences in defect-state eigenvalues (see below).

The DFT-MD calculations were performed using a Nose−́
Hoover thermostat104,105 with the temperature set to 298 K
and a Verlet algorithm to integrate the nuclear equations of
motion, using a time step of 10 fs, previously found to be
sufficient for MD of CsPbBr3.

68 To ascertain the suitability of
this time step, we repeated the MD run of the defect-
containing supercell with a significantly smaller time step of 2
fs. The results of this comparison, given in section 2 of the
Supporting Information, establish that the two time steps result
in similar statistics. CsPbBr3 was thermally equilibrated,
followed by 180 ps of RT dynamics. For comparison, similar
MD calculations have been performed for the well-known AsGa
antisite defect in GaAs, using a 3 × 3 × 3 GaAs supercell,
which provides a defect−defect image distance similar to that
of the HaP supercell, with all other parameters being the same
except for a slightly smaller cutoff energy of 280 eV. Additional
tests of the effects of denser k-grids, of spin-polarization, and of
supercell size (defect density and image interaction) are
presented in sections 3 and 4 of the Supporting Information.
The standard, static approach to computing defect level

energetics is to consider the crossover point in the formation
energy of the relaxed defect at different charge states.52

Because our MD data inherently and purposefully produce
unrelaxed geometries, we focus instead on the instantaneous
eigenvalue of the defect state as a proxy to its instantaneous
charge transition level. We are well aware that Kohn−Sham
eigenvalues are not charge transition levels, but we also
emphasize that the two are qualitatively and often semi-
quantitatively related,106 an issue elaborated below. For
simplicity and clarity, further use of the term “defect level”
refers to the Kohn−Sham eigenvalue related to the defect state.
Figure 1a shows the temporal evolution of three key

eigenvalues in the CsPbBr3 supercell containing a neutral VBr
defect: the conduction band minimum (CBM), the valence
band maximum (VBM), and the defect-related eigenvalue,
over the last 30 ps of the equilibrated MD simulation.
The energy variations of the VBM and CBM energies over
the entire 180 ps of the MD simulation are found to be

Figure 1. Eigenvalues representing the valence band maximum (VBM), the defect level, and the conduction band minimum (CBM) as a function
of time along the MD trajectory for (a) CsPbBr3 with VBr and (b) GaAs with AsGa. All values are referenced to the average defect level position. For
clarity, only the last 30 ps of the MD run of each material are shown.
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≈0.3−0.4 eV, a result that is consistent with prior
studies.62,64,107 Also consistent with prior studies is the fact
that the fluctuations of these bulk properties somewhat
diminish further with supercell size but remain finite108 (see
the Supporting Information, section 4, for more details). In
stark contrast, the temporal fluctuations of the VBr-related
defect energy level, and more importantly, the fluctuations in
the distance of this level from the CBM, are much larger and
are much more weakly affected by an increase in supercell size,
due to the localization of the defect state (an issue elaborated
below). The defect energy level fluctuations can be as large as
≈1.3 eV (see Table 1 for detailed statistics), often on a time

scale <1 ps. As a consequence, the defect level spans a
surprisingly wide energy range, from almost midgap to almost
the CBM. This wide range is reminiscent of the one found
computationally in MAPbI3, upon taking into account different
MA orientations around an I vacancy under excited-state
conditions.109 For comparison, Figure 1b shows the results of
analogous calculations of the same three eigenvalues for a

GaAs supercell containing a neutral AsGa defect. The
fluctuations in the band edge energies are smaller (≈0.1−0.2
eV) than in CsPbBr3, but more importantly, the fluctuations in
defect energetics are significantly smaller, only ≈0.3 eV.
It is important to note that the PBE calculations of lead-

based HaPs benefit from a fortuitous cancellation of errors; the
combination of the PBE underestimation of the gap and an
overestimation of the gap due to neglect of SOC combine to
produce a band gap that is close to the experimental one.110 In
GaAs, the effect of SOC on the gap is much less pronounced,
and therefore, the PBE band gap (0.53 eV) is much smaller
than either the experimental GaAs band gap or the HaP band
gap. To check whether this affects our conclusions, we
performed additional HSE+SOC calculations for GaAs, using
selected geometries from the MD run (see the Supporting
Information, section 1, for more details). The band gap of
GaAs then increases to ≈1.3 eV, close to the experimental gap
value, causing the defect-level energy fluctuation to increase by
a factor of 2. This is larger than what would have been naively
expected but still much smaller than the ≈1.3 eV range found
for the softer and more anharmonic HaP.
Importantly, the defect-level fluctuations in CsPbBr3 and

GaAs do not appear on the same time scale. This is established
in Figure 2, where the fluctuations are averaged over a
temporal “window”. Upon averaging the fluctuations over a
temporal window of 100 fs, a time scale that is assumed to be
relevant for carrier scattering or trapping events, the range of
defect fluctuations in GaAs reduces to a mere ≈0.1 eV,
whereas defect fluctuations in CsPbBr3 still span over ≈1.2 eV.
Averaging over a significant temporal range of 1 ps (also shown
in Figure 2) causes defect fluctuations in GaAs to be essentially
negligible, whereas in CsPbBr3 they still span a significant ≈0.6
eV; they remain non-negligible even upon averaging over a

Table 1. Statistical Analysis of the Eigenvalues Representing
the Valence Band Maximum (VBM), Defect Level (Ed),
Conduction Band Minimum (CBM), and CBM-Ed,
Performed on the Results of the Entire 180 ps MD Run of
the VBr-Containing CsPbBr3 Supercell

VBM (eV) Ed (eV) CBM (eV) CBM-Ed (eV)

minimum 0.46 1.43 2.53 0.17
maximum 0.76 2.71 2.95 1.29
range 0.29 1.28 0.42 1.12
average 0.60 2.08 2.85 0.77
standard deviation 0.04 0.20 0.05 0.18

Figure 2. Defect level energy of the CsPbBr3 and GaAs supercells along the MD trajectory (a) as obtained from the simulation, with one time step
corresponding to 10 fs, and (b−d) obtained by using a moving averaging temporal window of width 0.1, 1, and 5 ps. The range of fluctuations and
standard deviation (SD) for each averaging window are given in the legend. The ratio of defect level ranges in the two materials grows from 4:1 up
to >20:1 as the window width meets and exceeds 1 ps, showing that the CsPbBr3 defect energy level has dramatically greater energy scatter over
experimentally accessible time scales.
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window of 5 ps. This rapid convergence toward one unique
value explains why in GaAs the static picture can still be used
successfully to address defect properties, whereas this picture
breaks down in CsPbBr3.
In order to ascertain that these results are not a spurious

consequence of considering the defect eigenvalues instead of
the traditional charge transition levels, we compute the total
energies of all geometries along a 15 ps section of the MD run,
while adding a positive charge to the defect. The total-energy
differences between the neutral defect-containing supercell and
the positively charged one produce the vertical transition levels
along the trajectory, i.e., transition energies in the absence of
atomic relaxation upon charge capture or release. A
comparison between the eigenvalues and vertical transition
levels is presented in Figure 3. As expected theoretically, the
two quantities are not entirely the same, but trends in the
fluctuation of both properties are highly correlated, thus
supporting the choice to focus on the defect eigenvalues as a
proxy. We note that the comparison to the vertical transition
level, as opposed to the thermodynamic (relaxed) one, is
indeed the relevant one, as the defect eigenvalues do not

contain information as to structural relaxation upon charge
capture or release. For a detailed analysis, see section 5 in the
Supporting Information.
In order to understand the microscopic origins of the

unusual fluctuations in the energetics of VBr in CsPbBr3, we
calculate the correlations of these fluctuations with fluctuations
in three other key quantities along the MD trajectory: the
CBM (see Figure 4a), the distance between the two Pb atoms
adjacent to the Br vacancy (Figure 4b), and the electrostatic
energy at one of these two lattice sites, gauged from its
calculated 1s core level energy (Figure 4c). Clearly, the defect-
level fluctuations are found to be reasonably correlated with
those of the CBM (correlation coefficient: 0.46). However,
they are uncorrelated with fluctuations in the VBM
(correlation coefficient: 0.01, see the Supporting Information,
section 6). This observation is rationalized by the similar
chemical nature of the n-type defect state and the conduction
band: the Br vacancy results in dangling p-orbitals for the two
Pb atoms surrounding it, and the conduction band also
comprises Pb p-orbitals. Importantly, the fluctuations in the
defect level are also highly correlated with fluctuations in both

Figure 3. Eigenvalues representing the neutral defect level (orange line), referenced to the valence band maximum (VBM), compared to the
vertical transition level of a Br vacancy (taken as the total energy difference between a supercell with a neutral defect and a positively charged one,
blue line), in a Br-vacancy containing 2 × 2 × 2 CsPbBr3 supercell, as a function of time along the MD trajectory for 15 ps of the MD simulation.

Figure 4. Correlation between the defect level fluctuations along the MD trajectory and (a) CBM, (b) distance between the two Pb atoms that
surround the Br vacancy, and (c) electrostatic potential at these Pb sites. The correlation coefficient for each two variables is given at the upper left
corner of each panel. The electrostatic potential is referenced to its own average value, while the CBM and the defect level are referenced to the
average VBM.
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the distance between the adjacent Pb atoms (correlation
coefficient: 0.72) and the electrostatic potential at these Pb
sites (correlation coefficient: 0.54). Significantly weaker
correlation (i.e., correlation coefficients smaller than 0.3) was
found with fluctuations in other neighboring atoms or the
electrostatic potential at their sites (see the Supporting
Information, section 6).
The strong correlation of the fluctuations in defect

energetics with those in the position and potential of the
neighboring Pb atoms strongly motivates a study of the
electronic structure changes that accompany these Pb motions.
To gain further insight into this issue, we examine five
geometries of the VBr defect, selected from the MD trajectory
to represent the entire range of defect energy fluctuations.
Generally, we find that a smaller Pb−Pb distance is associated
with a deeper trap, whereas a larger Pb−Pb distance is
associated with a shallower one. In Figure 5a, the geometries of
the five snapshots are overlaid, showing that strong Pb motion
is indeed a dominant geometrical feature in the vicinity of the
defect. Figure 5b then shows the charge density associated with
the defect state for the five snapshots. Clearly, deeper defect
energies (smaller Pb−Pb distances) are associated with
localization of the defect state, whereas shallower defect states
(larger Pb−Pb distances) are more delocalized. This
interpretation is further supported by MD runs of the supercell
containing a positively charged Br vacancy (see the Supporting
Information, section 7, for details). While the overall findings
are similar to the case of the neutral species, and the energy

fluctuations of the defect level are still very large, the range is
only about half that of the neutral defect. This makes sense if
one considers that the removal of an electron creates more
repulsion between the positively charged Pb atoms and limits
their range of motion to areas farther from the vacancy. This
reduced range of motion then translates to reduced
fluctuations in the energy of the defect state.
These results, for both charge states of the defect, leave us

with one very important insight: defect energetics in HaPs are
dynamic. Therefore, pinning down a particular unique static
value, even if highly precise, is not sufficiently informative. The
strong spatial and temporal modulation of the energetics in
HaPs is dictated by the local and instantaneous arrangement of
atoms rather than by one global static geometry, causing the
defect energetics to span a significant portion of the forbidden
band gap on the picosecond time scale. This effect has been
demonstrated here for the case of the VBr defect in CsPbBr3,
which is an abundant defect in HaPs. The situation may well
be similar for other types of defects in view of the soft HaP
lattice. Of course, each defect should be studied individually,
but the large defect-level fluctuations found in our example are
fundamentally incompatible with the static picture and suffice
to establish that it cannot be taken for granted a priori.
Our results may have important implications for future

studies on HaPs as well as potential ramifications for devices.
This is because the unusually long time scale of the defect
energy fluctuations, as well as the fact that it changes strongly
but remains large when considering longer times (see Figure 2

Figure 5. (a) Representation of the dynamic nature of the CsPbBr3 system, shown by overlaying five different geometries from the MD trajectory.
Cs atoms are in purple, Pb in gray, and Br in red. The location of the vacancy is marked by a yellow dashed circle, and its neighboring Pb atoms are
marked by green circles. (b) Partial charge density of the eigenvalue associated with the defect level (yellow surface), calculated for the same five
geometries. The distance between the two Pb atoms that surround the Br vacancy is smallest for the left-most geometry and largest for the right-
most geometry. The opposite is true for the amount of charge localization.
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above), implies a frequency dependence in the response to
measurements probing the defect characteristics of HaPs. This
poses significant challenges also to experimental defect
characterization of HaPs, where fluctuations over long enough
time scales may affect measured thermal or optical properties.
Finally, we hypothesize that defect fluctuations could facilitate
a mechanism for defect tolerance: While the average defect
energy position may be deep in the gap and thus likely to
capture charge carriers and be harmful for solar cell operation,
the DFT-MD results imply that the structural fluctuations of
the environment can also lead to frequent visits to regions of
shallow defect energies. These are less likely to trap carriers
and could release captured ones, which could potentially
mitigate deleterious trapping effects of the defect. This
suggested mechanism bears some resemblance to the “electron
elevator”, suggested by Lim et al.,111 which describes the
movement of a gap state energy level across the forbidden gap
by moving ions in irradiated Si. We believe that the results
presented in this work call for further study of this possibility.
In conclusion, we have considered the case of the Br vacancy

in CsPbBr3 as a prototype for examining the impact of
pertinent nuclear fluctuations at room temperature on defect
energetics in HaPs. Our DFT-MD results show that the static
picture of defects breaks down in CsPbBr3; the energy of the
VBr level is dynamic. It oscillates widely and over long time
scales within the forbidden band gap, which is unusual
compared to conventional semiconductors such as GaAs. The
energy fluctuations of the defect state were found to be
correlated with the distance of neighboring Pb atoms as well as
with the surrounding electrostatic potential. Therefore, the
massive energy fluctuations of the VBr defect in CsPbBr3 are
dictated by the large-amplitude nuclear displacements of the
HaP lattice. These findings bear important implications for
future experimental and theoretical studies on defect character-
istics of HaPs, as well as their consequences in devices, and
may specifically assist defect tolerance in these materials.
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