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ABSTRACT: Solution-processed lead halide perovskites have emerged as one of the most
promising materials in optoelectronic applications. However, the perovskites are not stable
over prolonged solar illumination. A recent experimental study has revealed light-activated
photocurrent degradation and self-healing in lead halide perovskites, which has important
implications in tackling the photostability problems of the perovskites. Unfortunately, the
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framework for elucidating defect-controlled excitation dynamics in perovskites.

L ead halide perovskites (LHPs) have recently emerged as a
class of highly promising materials for optoelectronic
applications, ranging from photovoltaics"” to light-emitting
diodes™ and optically pumped lasers.” Crystallized in corner-
sharing octahedra with cages, three-dimensional LHPs bear a
general chemical formula of ABX;, with a large organic cation
(“A”) occupying the center of each cage, a lead cation (“B”) at
the center of each octahedron, and halide anions (“X”) taking
the corners of the octahedron.’ Within only a few years, LHPs
have achieved a power conversion efficiency (PCE) of 25.2%,”
which is a truly remarkable feat given the fact that these
perovskites are often solution-processed. Despite the achieve-
ments, however, LHPs suffer from critical stability problems;
they are sensitive to water moisture,”” ultraviolet light,w’11 and
thermal stress,'” which represents a major roadblock to their
commercialization. While exposure to moisture may be
alleviated through encapsulation of the devices,'”'* the
problem of photostability remains highly challenging and far
from being resolved.">™"”

Nonetheless, much progress has been made to address the
photostability problems.'>'” For example, earlier work has
focused on the role of light-triggered ion migration in the
photostability of the perovskites.”’”>> Among the recent
efforts, the discovery of light-activated photocurrent degrada-
tion and self-healing in MAPbl; (MA = CH;NH,) is
particularly interesting with far-reaching implications.”> The
researchers demonstrated that the degradation of the photo-
voltaic performance under constant solar illumination was due
to the reduction of the photocurrent, which, crucially, can
rapidly recover or self-heal in the dark to its original value. Two
distinct recovery time regimes were observed: a fast recovery
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(<1 min), which brings the device to ~96% of its steady-state
value, followed by a longer recovery time (tens of minutes to
an hour) to fully restore the device photocurrent. The
photocurrent degradation was attributed to the formation of
deep trap states (>0.5 eV), which are light-activated and
metastable. While both the degradation and self-healing of the
devices were highly sensitive to temperature, the dynamics of
the former (in hours) is much slower than the latter (in
minutes). Finally, a decrease in the open circuit voltage (V,.)
by 40 mV was observed and attributed to the existence of the
deep trap states. The authors proposed that the formation of
small polarons is responsible for the experimental observations
based on the following considerations. (1) Localized polaronic
states can manifest as deep trap states within the band gap,
which over time lead to the accumulation of space charges and
a <40% decrease in the photocurrent. (2) The formation of
small polarons is not expected to be extremely fast, but faster
than the observed time scales in the degradation of the devices.
(3) The slow degradation of the photocurrent is attributed to
the very slow mobility and the accumulation of the small
polarons. Although these considerations are fairly reasonable,
the proposal cannot explain the two most crucial aspects of the
experiments: (1) self-healing and the time scales for self-
healing. The first-principles calculations by these authors
revealed that the binding energy of small polarons in MAPDI,
is on the order of 600 meV (hole polaron) and 1300 meV
(electron polaron), which is much higher than the thermal
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Figure 1. (a) Sketch of the potential energy surfaces in the electronic ground state and the lowest excited state for MAPbI; in the presence of
iodine vacancies. A, represents the excitation energy difference between the equilibrium geometries in the ground state and the excited state. A,
represents the trapping energy barrier, and A, represents the detrapping energy barrier. (b) DOS of the system before the forward relaxation with
shallow defect levels colored blue. The valence band maximum is denoted as VBM. (c) DOS after the forward relaxation with the deep trap states
colored blue. The DOS in panels b and c are calculated with the OT-RSH functional. (d) Exciton charge density with the electron (hole) density
colored red (yellow). The value of the density iso-surface is 3.0 X 107> A=,

energy at room temperature (~25 meV).>* Therefore, if
formed, the small polarons would remain highly stable against
thermal fluctuations, which precludes a rapid recovery of the
photocurrent, contradictory to the experimental observations.
(2) The proposal cannot explain the steep temperature
dependence (activation law) for the degradation and recovery
of the photocurrent, which “needs to be elucidated by future
studies” as acknowledged by the authors.

In this paper, we propose an alternative theory that can
explain all key experimental observations. Recognizing the
importance of light activation and the role of defects in charge
transport, we focus on defect-trapped excitons as opposed to
small polarons in the pristine material. On the basis of first-
principles calculations, our theory can rationalize both the fast
and the slow time scales of self-healing, the contrasting
dynamics of photocurrent degradation and recovery, and the
steep temperature dependence of the competing processes.
Some quantitative agreement with the experiments is also
reached. We further predict that the same phenomena, ie.,
light-activated photocurrent degradation and self-healing,
could also be found in other LHPs with even faster time
scales of recovery.

In the experiments, the perovskite active layer was solution-
processed with large grains.”>*® As a result, the effect of grain
boundaries is not expected to be significant. Thus, in our work,
we focus on two representative point defects, lead and iodine
vacancies, which are abundant in LHPs under typical synthetic
conditions.”” "> The conclusions drawn from the two
vacancies can be generalized to other defects. We are
particularly interested in the iodine vacancies because they
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were shown to be formed under electron beam illumination
recently.”” More importantly, the iodine vacancies are believed
to initiate structural decomposition and degradation in
MAPDI; under illumination. Our study could examine whether
the same degradation would also occur under photoillumina-
tion. Four lead halide perovskites APbX; [A = methylammo-
nium (MA) or formamidinium (FA), and X = I or Br] in their
respective stable phase at room temperature® —>* are included
in the present first-principles calculations. To study defect-
trapped excitons, we first perform geometric relaxation in the
ground state of the perovskite, after which we further relax the
molecular geometry in the excited state of the perovskite by
employing a newly developed first-principles approach based
on time-dependent density functional theory (TDDFT). The
TDDFT approach captures both the electron—hole and
electron/hole—nucleus interactions on the same footing.*
To calculate the density of states (DOS) of the perovskites, we
have used both the optimally tuned and range-separated hybrid
(OT-RSH) functional®® and Perdew—Burke—Ernzerhof func-
tional®” with spin—orbital coupling (SOC). The computational
details can be found in the Supporting Information.

In this work, we focus on two point defects, halogen vacancy
and lead vacancy, both of which were predicted to have low
formation energies.””***” We first consider the iodine vacancy
(V1) in MAPbI; by removing an I~ ion from the supercell of
384 atoms, which amounts to an iodine vacancy concentration
of 1.2 X 10* cm™>. Due to the computational costs of the OT-
RSH calculations, the vacancy concentration is rather high,
although Walsh et al. have shown that the vacancy
concentrations in MAPbI; can actually reach this level.”” We
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Figure 2. (a) Sketch of the potential energy surfaces in the electronic ground state and the lowest excited state for MAPbI, in the presence of lead
vacancies. Apy, is defined in the same way as A in Figure la. (b) DOS of the system before the forward relaxation with shallow defect levels colored
blue. (c) DOS after the forward relaxation with the deep trap states colored blue. The DOS in panels b and c are calculated by the OT-RSH
functional. (d) Exciton charge density with the electron (hole) density colored red (yellow). The value of the density iso-surface is 5.0 X 107> A™%,

next calculate the potential energy surfaces (PESs) of the
defective MAPDI; in its electronic ground state and the lowest
excited state (shown in Figure 1a), with three energies defined
therein. The first is reorganization energy A, (6 meV), which is
defined as the difference in the excitation energies between the
equilibrium geometries in the ground state and the excited
state. The reorganization energy is analogous to the polaron
binding energy and represents self-trapping or stabilization of
the exciton. Note that A signifies the trapping of a charge-
neutral exciton to the defect, whereas the polaron binding
energy describes the binding of a charged particle (electron or
hole) to lattice deformation in a pristine material. The self-
trapping of the exciton is realized via the geometric relaxation
in the excited state. In the following, we will term the
reorganization energy as the exciton trapping energy. Aside
from A,, two energy barriers in the PES of the excited state are
of interest to us. Energy A, (20 meV) represents the energy
barrier that the system has to overcome to reach the
equilibrium geometry in the excited state from the equilibrium
geometry in the ground state. This geometric change will be
called “forward relaxation” in the following through which the
free exciton becomes trapped by the vacancy. Conversely, the
system can also undergo geometric change from the
equilibrium geometry in the excited state back to the
equilibrium geometry in the ground state, and this process
will be termed “backward relaxation”, whose energy barrier is
A; (26 meV). The backward relaxation detraps the exciton.
Note that a similar energy barrier was also observed in one-
dimensional perovskites for self-trapping excitons;*" thus, this
phenomenon, the presence of barriers in excited-state PES, is
not unique for V; in MAPbI;, and our analysis represents a
general approach to this type of problem.
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The next task is to examine the equilibrium geometry of V;
in its excited state. Interestingly, we find that the Pb*" ion
adjacent to Vi is pulled toward the vacancy, weakening and
breaking the Pb—I bond on the opposite side of the vacancy
(Figure S1). This implies that V; may initiate structural
degradation in MAPbI; under photoillumination, corroborat-
ing the experimental observation that the decomposition of
MAPDI, under electron beam illumination is initiated with the
formation of iodine vacancies.’® We subsequently compare the
DOS of the perovskite before and after the forward relaxation,
shown in panels b and ¢ of Figure 1. We note that prior to the
forward relaxation, shallow defect states are present at the
bottom of the conduction band (Figure 1b). However, after
the relaxation, deep trap states emerge in the midgap whose
energy is >0.8 eV from the conduction band edge (Figure 1c).
Therefore, the deep trap states are the result of the forward
relaxation upon photoexcitation and are predominantly
contributed by lead atoms (Figure S2a). The conclusion
remains the same when the SOC correction is included (Figure
S3a). In Figure 1d, we display the exciton charge density after
the forward relaxation and find it to be highly localized around
the vacancy. Therefore, we conclude that photoillumination
can indeed lead to structural damage around the vacancy,
which in turn generates the localized midgap trap states.
Following the relaxation (which is an activated process), the
free exciton becomes trapped by the defect. The presence of
the light-activated and localized midgap trap states agrees quite
well with the experimental observations.”

We next turn to the lead vacancy (Vp,) by removing a Pb**
ion from the supercell. In Figure 2a, we present the PESs for
the ground state and the lowest excited state, similar to V.
However, unlike Vj, there is no energy barrier in the excited-
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Figure 3. (a) Sketch of the potential energy surfaces in the electronic ground state and the lowest excited state for the three perovskites in the
presence of halogen vacancies. A;—A; are defined in the same way as those in Figure la. Exciton charge densities in the presence of halogen
vacancies are shown in (b) FAPbL;, (c) MAPbBr;, and (d) FAPbBr;. The electron (hole) density is colored red (yellow). The values of the density
iso-surface are (b) 1.5 X 107> A3, (c) 2.0 X 107> A% and (d) 2.0 x 107> A3,

state PES for Vp,. On the other hand, the exciton trapping
energy to Vp, is much higher (Ap, = 38 meV), suggesting that
the forward relaxation is spontaneous and the exciton is more
strongly bound to Vp,,. In addition, no light-induced structural
damage is observed in the presence of Vp,. Importantly, we
find that deep trap states also appear in the DOS after the
forward relaxation (Figure 2c), and the trap states contributed
predominantly by iodine atoms (Figure S2b) are ~0.4 eV from
the valence band edge. In contrast, no such deep trap states are
present before the relaxation (Figure 2b), suggesting that these
trap states are induced by the geometric relaxation upon
photoexcitation. In Figure 2d, we present the exciton charge
density after the geometric relaxation and find it to be localized
around Vypy.

With these first-principles results, we can rationalize the key
experimental observations. Under photoillumination, free
excitons are formed on an ultrafast time scale. Because the
exciton binding energy in MAPbL, is very small (a few
millielectronvolts at room temperature),*” a fraction of the free
excitons will dissociate into free carriers on a femtosecond time
scale.” In fact, the coexistence of excitons and free carriers has
been observed experimentally in MAPbI,.** The remaining
free excitons can then undergo the forward relaxation and
become trapped by the defects, forming strongly localized trap
states. While the trapping by Vp, is spontaneous, the trapping
by V| is a thermally activated process with an energy barrier
(A, = 20 meV). At the same time, the trapped excitons can
also escape from the defects and become detrapped. This
reversal (or recovery) process is realized by the backward
relaxation with the activation energy of A; (26 meV) for V;
and Ap, (38 meV) for Vp,. Therefore, the photocurrent
degradation and recovery are determined by the competition
between the forward and backward relaxations, i.e., trapping
and detrapping.
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Let us consider V; first. Because of a constant supply of
newly formed free excitons under the solar illumination, the
excitons going forward (trapped) outnumber those going
backward (detrapped); thus, the forward process outcompetes
the backward process despite their similar energy barriers (A,
~ A;). Therefore, more and more excitons become trapped
and space charges accumulate in the material, degrading the
photocurrent. The competition between the trapping and
detrapping and the loss of excitons into free carriers underlie
the slow dynamics of photocurrent degradation. When the
system is in the dark, the situation is reversed. The backward
process now dominates the forward process because the
detrapped excitons could dissociate into free carriers. Without
the supply of free excitons, the excitons going backward
(detrapped) outnumber those going forward (trapped),
leading to the gradual disappearance of space charges and
recovery of the photocurrent. Because the detrapping energy
barrier A; (26 meV) is comparable to the room-temperature
barrier, the backward process can proceed quickly and is
assisted by the thermal fluctuations. Every time when excitons
become detrapped, a fraction of them disappears into free
carriers; thus, the number of excitons going forward (trapped)
decays exponentially. In other words, detrapping would
dominate trapping, which explains the much faster recovery
dynamics of the photocurrent.

A similar but simpler process is at work for Vpp,. Under the
constant illumination, more and more excitons are trapped by
Vpy, following the spontaneous forward relaxation. Thus, the
degradation due to Vyy, is expected to be faster than that due to
V. On the other hand, the trapped excitons can also escape
from the Vy, albeit at a slower rate owing to the higher
trapping energy Ap, (38 meV). Therefore, we can expect two
time scales for self-healing of the photocurrent: a faster one
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associated with excitons detrapped from V; and a slower one
from Vypy.

Although we have tried to correlate the dynamics of exciton
trapping/detrapping to the dynamics of photocurrent degra-
dation/recovery in the preceding analysis, they are concep-
tionally different and should be distinguished. The microscopic
dynamics of exciton trapping/detrapping is very fast and
concerns a single defect (or exciton). In contrast, the dynamics
of the photocurrent degradation/recovery is determined by the
macroscopic process of space charge accumulation/disappear-
ance and, hence, is much slower and involves all defects (or
excitons) in the material. Unfortunately, we do not have a
means to estimating the dynamics of space charge accumu-
lation/disappearance from first principles, which likely depends
on the configurations of the defects, space charges, and their
long-range interactions.

One important experimental observation is that both the
degradation and the recovery processes depend sensitively on
temperature, particularly for photodegradation. This suggests
that the underlying processes are thermally activated whose
energy barriers must be comparable to the temperature.
Finally, we note that the drop in V. (40 mV) coincides with
the highest value of the relevant energy barriers (Ap, = 38
meV). The coincidence calls for future studies to elucidate the
roles of Vypy, in affecting the V. of the devices. Although we do
not examine all defects in MAPDI;, our conclusions are
expected to be valid for other defects, as well. This is because
while characteristic energies could be different for different
defects, the general phenomenon is the same. The excited-state
PESs can have barriers (like V;) or no barriers (like Vpy,), but
both are included in our theory.

Having explained all key experimental observations in
MAPDI;, we next ask whether the same phenomena can also
be realized in other LHPs. To this end, we consider FAPDL;,
MAPDBr;, and FAPbBr;, which are related to MAPbI; via the
replacement of MA cation with FA cation and iodine ion with
bromine ion, respectively. Both halogen vacancies (V; and Vg,)
and lead vacancies are examined. When the halogen vacancies
are introduced, we find that the PES of the excited state
exhibits the similar behavior as in MAPbI; with activated
processes, but with a reversed asymmetry of the energy barriers
(Figure 3a). More specifically, the forward barrier (A,) is
greater than the backward barrier (A;) with a negative exciton
trapping energy (A,). The values of these energies are listed in
Table 1.

Similar to MAPDI;, the free excitons in the three LHPs can
be trapped by the halogen vacancies following forward
relaxation. The emergence of localized midgap trap states is
apparent from the exciton charge density in Figure 3 and DOS

Table 1. Summary of the Energies (millielectronvolts)
Defined in Figures la—3a“

MAPbI, FAPbI, MAPbBr, FAPbBr,
A, 6 -10 -6 -13
A, 20 22 21 28
A, 26 12 15 15
Ap, 38 1.6 6.1 12
E 34.8 41.8 49.9 457

“The last row shows the effective Young’s modulus (E) in GPa
defined as E = (c;; + ¢y + €33)/3, where ¢;;, ¢, and ¢ are elastic
constants.

in Figures S3 and S4. The similar bond weakening/breaking in
the vicinity of halogen vacancies is also observed in these
perovskites with the halogen vacancies (Figure SS). However,
unlike MAPbI;, the trapped excitons are energetically less
stable than the free excitons with negative A; values.
Importantly, the detrapping energy barrier (A;) is between
12 and 15 meV, smaller than the corresponding value in
MAPDbI,. Thus, if the localized trap states are formed in these
LHPs, their recovery dynamics is predicted to be faster than
that in MAPDL,.

The same conclusion holds when we consider Vp, in the
three perovskites. Similar to MAPDI;, no energy barrier is
present in the excited-state PES for these perovskites with Vpy,
and the formation of trapped excitons is spontaneous.
However, the trapping energy (Ap,) is 1.6, 6.1, and 1.2 meV
in FAPbl;, MAPbBr;, and FAPbBr;, respectively (Table 1),
which is much smaller than the trapping energy (38 meV) in
MAPDI;. In fact, no deep trap states are observed in these
perovskites owing to their vanishingly small trapping energies.
Therefore, the excitons are essentially free in the presence of
Vpp, and can dissociate into free charge carriers. In other words,
no photocurrent degradation is expected in these perovskites
due to the presence of Vp,. Overall, we predict the higher
photostability in FAPbI;, MAPbBr;, and FAPbBr;, which is
manifested by the absence of photocurrent degradation due to
Vp, and faster self-healing dynamics due to the halogen
vacancies. This trend is in line with the experimental finding
that perovskites with FA cations generally exhibit markedly
longer carrier diffusion lengths than the MA counterparts.”
Finally, we also note an interesting correlation between the
lattice stiffness (e.g, Young’s modulus) and photostability
(Table 1). The more stable FAPbl;, MAPbBr;, and FAPbBr,
have Young’s moduli that are higher than that of MAPbI;,
suggesting that one may be able to enhance the photostability
of the perovskites by tuning their chemical compositions.

To summarize, we provide a first-principles theory that can
elucidate the key experimental observations on light-activated
photocurrent degradation and self-healing in MAPbI;. It is
revealed that upon photoexcitation, structural changes take
place, which leads to the formation of localized excitons
trapped at the defects. Under constant illumination, the deep
trap states accumulate to yield space charge distribution and
result in photocurrent degradation. In the presence of Vj, both
photoinduced structural relaxation and its reversal are activated
processes with energy barriers (20 and 26 meV, respectively)
comparable to the room-temperature value. In the presence of
Vpp, on the other hand, the photoinduced structural relaxation
is spontaneous and the exciton trapping energy (38 meV) is
higher than the room-temperature value. By considering that
the detrapped excitons can dissociate into free carriers, the
theory can also explain the contrasting dynamics between the
photodegradation and the recovery. Finally, we predict that
FAPbI;, MAPbBr;, and FAPbBr; can exhibit behavior similar
to that of MAPDI;, but with faster recovery dynamics.
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