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Photon-induced deactivations of multiple traps
in CH3NH3PbI3 perovskite films by diﬀerent
photon energies
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Photon-induced trap deactivation is commonly observed in organometal halide perovskites. Trap
deactivation is characterized by an obvious photoluminescence (PL) enhancement. In this work, the
properties of traps in CH3NH3PbI3 perovskite films were studied based on the PL enhancement excited
by lasers of diﬀerent wavelengths (633 nm and 405 nm). Two types of electron traps were identified;
one can be deactivated by both 633 nm and 405 nm illuminations, whereas the other one can only be
deactivated by 405 nm illumination. The energy levels of both types of traps were beneath the
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conduction band minimum. The expressions of the PL enhancement kinetics due to the trap
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recombination rate and the initial capture rates for both traps was determined from the PL

deactivations by lasers of diﬀerent wavelengths were derived. The ratio of the constants of the radiative
enhancement. The trap deactivation was a photon-related process rather than a photocarrier-related
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process, and the deactivation time was inversely proportional to the photon flux density.

Introduction
Organometal halide perovskites (OHPs) have high optical
absorption coeﬃcients,1,2 a wide visible absorption range,3,4
high photoluminescence quantum yield,5,6 eﬃcient solar light
harvesting ability,7 and a low lasing threshold;8,9 these are
favorable properties for optoelectronic devices. After a decade
of rapid developments in OHP applications, the power conversion eﬃciency of OHP photovoltaics has reached over 25.5% for
single-junction devices10,11 and has approached 29.1% for
perovskite-based tandem devices.11 The external quantum eﬃciency of OHPs as light-emitting diodes has reached 20%
through management of the compositional distribution in such
devices.12 Defects in OHP material strongly limit the performance of OHP devices. In photovoltaic devices, nonradiative
recombination caused by defects impair the carrier density
buildup and limit the open-circuit voltage (Voc). The highest
Voc reported for OHPs is approximately 1.18 V,10 which is still far
from the Shockley–Queisser Voc limit (E1.3 eV).13 In a light-emitting
diode, the excited carrier’s nonradiative recombination with defects
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strongly diminishes the emission of light. Deactivation or elimination of defects in OHPs is critical to improving OHP device
performance. Therefore, the properties of defects in OHPs are worth
exploring.
Defects can trap free charge carriers in OHPs through
nonradiative recombination, and the eﬀects of traps were
quantitatively assessed through photoluminescence (PL). Many
groups have studied the variation of traps in OHPs by observing
PL as a function of illumination time. Tian et al. studied PL
enhancement in OHPs by illuminating it with a laser of 514 nm
wavelength in an oxygen atmosphere and proposed that the
trap defects in perovskite are deactivated by photochemical
reactions involving photocarriers and oxygen-related species.14
deQuilettes et al. measured PL and applied time-of-flight
secondary-ion-mass spectrometry when OHPs were illuminated
by a 532 nm laser in conditions with a minimal amount of
oxygen.15 They found that trap state density is reduced by one
order of magnitude due to the iodine’s net migration. Fu et al.
used a 532 nm laser to illuminate OHPs and found that trap
deactivation is an oxygen-assisted process.16 However, the
behavior of trap deactivation is still not well studied.
In the present work, the photon-induced deactivation of
traps in CH3NH3PbI3 (methylammonium lead iodide, MAPbI3)
perovskite films was characterized by PL enhancement. Two
lasers with wavelengths of 633 nm and 405 nm were used to
excite electrons to diﬀerent energy states of OHPs, and then the
properties of the traps were probed. The PL enhancement
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under 633 nm and 405 nm illuminations revealed that the
perovskite had two types of traps. One type can be deactivated
by both 633 nm and 405 nm illuminations, whereas the other
type can only be deactivated by 405 nm illumination. The
expressions related to the kinetics of PL enhancement due to
the trap deactivations were derived. The energy levels, initial
capture rate constants, and deactivation times of the two traps
were studied. The traps were deactivated directly by photons
rather than by photocarriers.

Material and methods
Sample preparation
A perovskite precursor solution was prepared using methylammonium iodide (CH3NH3I, FrontMaterials) and lead iodide
(PbI2, 99.9985%, Alfa Aesar) in a 1.70 M indimethyl sulfoxide
(DMSO, 99.9%, ECHO) and g-butyrolactone (GBL, Z99%,
Aldrich) mixture solvent (50/50 v/v) continuously stirred at
35 1C for 12 h.17 The perovskite precursor solution was then
spin-coated onto glass slides using the solvent-engineering
method.3 Samples were stored in a vacuum-sealed plastic
bag. The vacuum environment can reduce sample degradation
caused by humidity and oxygen.18–21

Fig. 1 (a) Experimental scheme of PL measurement. BPF: Bandpass filter.
DM: dichroic mirror. Obj: objective. APD: avalanche photodiode. EMCCD:
electron-multiplying CCD. Blue, red, and orange arrows denote the
405 nm laser light, 633 nm laser light, and PL, respectively. (b) Spot profiles
of the 633 nm and 405 nm lasers.

Optical system
The PL measurement was performed using a modified confocal
microscope (Olympus, IX71). A 633 nm laser and a 405 nm laser
were used to produce illumination and PL enhancement. The
laser excitation intensity was adjusted by diﬀerent combinations of neutral-density filters. A bandpass filter (Chroma,
410/40 ET) was used to transmit the 405-nm laser beam and
reflect the 633 nm laser beam such that the two beams could
travel along the same path to the samples [Fig. 1(a)]. The laser
beams were reflected by a dichroic mirror to the sample. An
objective lens (Olympus, UPlanFLN 10 , NA = 0.3) was used to
focus the beams and collect PL from the sample. The spots
from the 405 nm and 633 nm lasers were monitored using an
electron-multiplying CCD (Princeton instruments, Cascade 1K),
and aligned to the same location on the sample, and the spot
size of both lasers was the same. The sample was either
illuminated by one laser or both lasers at a time. As shown in
Fig. 1(b), two beam spots overlapped well with a size of about
2 mm in full width half at maximum. The PL was detected using
an avalanche photodiode (MPD, PDM5CTC). The PL spectra
were acquired using a monochromator (Princeton instruments,
SP2150i) equipped with an electron-multiplying CCD.

Results and discussion
Fig. 2(a) shows the absorption spectrum of the MAPbI3 perovskite
sample. The spectrum is consistent with those found in other
studies.7,22,23 The broad absorption spectrum of perovskites is
correlated with several transition levels of electrons. The absorption peaks located at 730 nm and 495 nm correspond to the 1.6 eV
bandgap transition at the R point of the Brillouin zone of the
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Pm3m space group from the valence band maximum (VBM) to the
conduction band minimum (CBM) and the 2.5 eV band-to-band
transition at the M point to a higher conduction band (CB),
respectively.22,24 The red and blue dash arrows in Fig. 2(a) indicate
the positions of the excitation wavelengths, 633 nm and 405 nm,
used in this work. The 633 nm laser excited the band-to-band
transition located between R and M points, and the 405 nm
excited the transition located between M and X points. Both of
the PL spectra excited by the 633 nm and 405 nm lasers have the
same shape and a peak at 778 nm [Fig. 2(a)]. The photo-excited
electrons to a higher level at the CB relax to CBM at the R point
and recombine with the holes at the VBM to emit photons at
778 nm. The wavelength of the PL peaks does not change with an
increase in illumination time. Therefore, the variation in PL
intensity with illumination time observed in this work was not
caused by thermal eﬀects16 or phase changes.
As observed in numerous other works, the intensity of the PL
spectra had an obvious increase when the perovskite films were
continuously illuminated by the excitation lasers. Fig. 2(b) displays the representative results of the PL intensity as a function
of the time that the films were excited by the two lasers at
diﬀerent locations. The PL enhancement is characterized by a
fast-process region and a slow-process region. The fast process
is attributed to the trap filling or other processes which is not
the focus of this research. The trap filling process refers to the
dynamic process whereby defects repeatedly trap and release
carriers and finally reach equilibrium when trapping and
de-trapping rates balance.16 The process causes a rapid initial
PL increase during the first 5–10 ms of exposure before
saturation.25 The slow process is attributed to trap deactivation.
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Fig. 3 PL intensity as a function of the illumination time with specific
sequences of lasers applied. (a) (in red) 633 nm laser with an intensity of
11.2 W cm2 was first applied and then the intensity was increased to
16.2 W cm2. (b) (in red) 633 nm laser with an intensity of 8.4 cm2 was first
applied, and then (in purple) 405 nm laser with an intensity of 8.9 cm2 was
added. (c) (in blue) 405 nm laser with an intensity of 8.9 W cm2 was first
applied, and then the intensity was increased to 12.9 W cm2. (d) (in blue)
405 nm laser with an intensity of 8.9 W cm2 was first applied, and then (in
purple) 633 nm laser with an intensity of 8.4 W cm2 was added.
Fig. 2 (a) Absorbance (black solid curve) and PL (red solid squares for the
633 nm excitation and blue empty squares for the 405 nm excitation)
spectra of MAPbI3 perovskite films. (b) PL intensity as a function of the
illumination time excited by the 633 nm laser with an intensity of 0.9 W cm2
and the 405 nm laser with an intensity of 1.1 W cm2. The solid arrows
indicate the onset of the slow PL enhancement, and the dash arrows indicate
the saturated PL.

In this study, we solely focused on the slow trap deactivation
process. The end of the fast enhancement is taken as the onset
of the slow process. The initial PL intensity of the slow process
I0 is indicated by solid arrows, and the saturated PL intensity IN
is indicated by dash arrows. The PL intensity is proportional to
kr/(kr + knr + kT), where kr is the radiative recombination rate
constant of free electrons and holes, kT is the rate constant of
free electrons captured by traps that can be deactivated by light
illumination, and knr is the recombination rate constant by
other nonradiative transitions. kT depends on the properties
and the density of traps, and decreases with illumination time
due to trap deactivation. When PL saturates, kT equals zero. We
defined a trapping ratio RT = (IN  I0)/IN, which is equal to
kT0/(kr + knr + kT0). Here, kT0 is the initial value of kT. Therefore,
the capture rate of photoelectrons by the traps before the trap
deactivation was proportional to RT. RT can act as an index of
the initial quality of the MAPbI3, meaning that the lower the RT
value is, the less the amount of photoelectrons are captured. As
shown in Fig. 2(b), RTs for 633 nm and 405 nm illuminations
(RT633 and RT405) were 0.39 and 0.61, respectively. These are
lower than the RT values reported in other studies, which range
from 0.83 to 0.9.14–16 Furthermore, the substantial difference
between RT633 and RT405 indicates that at least two types of traps
might have been deactivated by the illumination.
To explore the diﬀerent trap types, the lasers were applied to
the sample at the same location in specific sequences. One laser
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was first used to deactivate the traps related to the laser until the
end of the first slow PL enhancement, and then the other laser
was added to illuminate the sample. If the traps could be
deactivated by either laser, all traps would be deactivated by
the first laser and no second slow PL enhancement would appear
when the other laser is added. By contrast, if diﬀerent types of
traps were deactivated by diﬀerent lasers, a second slow PL
enhancement would appear when the other laser was added,
after the first slow PL enhancement with the first laser. Since
deactivation of traps usually needs a long time of illumination
(from some hundred seconds to some hours), a higher laser
intensity density up to 19 W cm2 was used to excite the samples
to accelerate the deactivation process in this work. According to
ref. 26 excitation intensity below 100 W cm2 is in low-excitation
region. Fig. 3(a) presents the PL intensity as a function of time
when the sample was first illuminated by a 633 nm laser with an
intensity of 11.2 W cm2 and then increased to 16.2 W cm2. The
PL intensity exhibited a first slow enhancement and then
saturated. As the laser intensity was increased, only a steep
increase was observed without a second slow enhancement.
The result indicates that all traps related to the 633 nm illumination were completely deactivated when the PL intensity saturated. In Fig. 3(b) the PL intensity is plotted as a function of time
when the 633 nm laser with an intensity of 8.4 W cm2 was first
applied and then the 405 nm laser with an intensity of
8.9 W cm2 was added. After the saturation of the first slow PL
enhancement with the 633 nm laser, a second slow PL enhancement appeared with the addition of the 405 nm laser. The
second slow PL enhancement indicated that perovskite films
contain two types of traps. The first type of trap (T1) was
deactivated by a 633 nm illumination and the second type of
trap (T2) was deactivated by a 405 nm illumination.
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Fig. 3(c) shows PL intensity as a function of time, where the
sample was first illuminated by the 405 nm laser with an
intensity of 8.9 W cm2 and then increased to 12.9 W cm2.
After the first PL enhancement saturated, the T2 traps were
completely deactivated; no second slow enhancement was
observed as the laser intensity was increased. Similarly, the
sample was illuminated first by the 405 nm laser with an
intensity of 8.9 W cm2 and then the 633 nm laser with an
intensity of 8.4 W cm2 was added, as illustrated in Fig. 3(d). No
second slow PL enhancement was observed with the addition of
the 633 nm laser, which means that T1 had also been deactivated by the 405 nm laser. The result indicates that both T1 and
T2 were deactivated by the 405 nm illumination. Therefore, T1
can be deactivated by both the 633 nm and 405 nm illuminations, whereas T2 can only be deactivated by illumination with
the 405 nm laser. From the results, the rate equations of the
deactivations of T1 and T2 are given as
dN1
¼ D1r N1  D1b N1 ;
dt

(1)

and
dN2
¼ D2b N2 ;
dt

(2)

where N1 and N2 are the concentrations of T1 and T2, respectively. D1b and D1r represent the deactivation coeﬃcients of T1
induced by the 405 nm and 633 nm illuminations, respectively,
and D2b represents the deactivation coeﬃcient of T2 induced by
the 405 nm illumination. Deactivation coeﬃcients were suggested to be the functions of either photon density or photocarrier density, depending on the proposed mechanism.14,15,27
The decay of Ni is obtained as follows:
N1 ¼ N10 expðt=t1 Þ; N2 ¼ N20 expðt=t1 Þ;

(3)

where Ni0, with i =1, 2, is the initial density of Ti, t1 = 1/(D1r + D1b)
is the deactivation time of T1, and t2 = 1/D2b is the deactivation
time of T2. ti is useful to explore the properties of trap
deactivation.
The energy level of T2 is crucial to the relaxation of the
photoelectrons excited by the 405 nm laser and the behavior of
T2 deactivation. The energy level of T2 can be obtained by the
application of the two lasers in the following sequence. Firstly
the 633 nm illumination is applied to deactivate all T1, secondly
the 405 nm illumination is applied to deactivate all T2, and
thirdly the 633 nm illumination is applied again. If the energy
level of T2 is higher than the CBM the photoelectrons excited to
CB by the 633 nm laser are not trapped by T2. Thus, after T2 is
deactivated in the second step (illumination with the 405 nm
laser) the PL intensity excited by the 633 nm illumination in the
third step should be the same before and after the second step
of 405 nm illumination. If the energy level of T2 is below the
CBM, the photoelectrons excited by 633 nm will be trapped by
T2 too. The deactivation of T2 results in the increase of the
photoelectron density in CB excited by the 633 nm illumination. Therefore, the PL intensity excited by the 633 nm laser
should increase after T2 is deactivated by the 405 nm
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Fig. 4 (a) PL intensity as a function of laser illumination time. The sample
was first excited by the 633 nm laser with an intensity of 17 W cm2 (in red),
then by the 405 nm laser with an intensity of 19 W cm2 (in blue) and finally
633 nm with an intensity of 17 W cm2 (in red). (b) Schematic of the energy
diagram of CH3NH3PbI3 and the electron transitions.

illumination. In that scenario, the sample was illuminated by
the 633 nm laser with an intensity of 17 W cm2, then by the
405 nm laser with an intensity of 19 W cm2, and finally by the
633 nm laser with an intensity of 17 W cm2 [Fig. 4(a)]. After T2
was deactivated by the 405 nm laser in the second step, the PL
intensity excited by the 633 nm laser was enhanced. The result
indicates that the energy level of T2 was beneath the CBM. In
addition, T2 was not deactivated as T2 was filled with photoelectrons excited by 633 nm laser but was deactivated only by
405 nm illumination. This suggested that T2 was deactivated by
the 405 nm photons rather than by the photocarriers.
The experimental results were summarized into a scheme of
electron transitions, including the electrons captured by T1 and
T2, as shown in Fig. 4(b). This scheme involves only electron
trapping without hole trapping, because electron traps have
been identified as the dominant source of trap-assisted recombination in CH3NH3PbI3.28 Gb and Gr are electron generation
rates by 405 nm and 633 nm illuminations, respectively. k21 is
the electron relaxation rate constant from M point to R point
and k2 is the recombination rate constant for other nonradiative transitions from M point. Electrons in the CBM either relax
to the valence band or are captured by the traps. k1 includes
radiative and nonradiative processes (kr and knr, respectively).
kTi, where i = 1,2, denotes the capture rate constant of electrons
by Ti and is expressed as kTi = CiNi(1  fi), where fi is the filling
fraction of Ti, and Ci is the capture coeﬃcient of Ti. Exciton
formation, dissociation, and decay were considerably fast processes compared with the deactivation process. Therefore,
these exciton-related processes were considered in the thermal
equilibrium, and the contribution of excitons to the variation of
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electron density was ignored.25 The trapping process, which is
much faster than the deactivation process, is considered as
being in equilibrium and was ignored in our scheme, and fi is
assumed to be a constant during the deactivation as the
trapping process is in equilibrium. On the basis of the scheme,
the trapping ratio with the 633 nm illumination is given as
RT633 ¼

kT10
;
k1 þ kT10 þ kT20

(4)

which is the ratio of photocarriers captured by T1. The ratio
with 405 nm illumination is given as
RT405 ¼

kT10 þ kT20
;
k1 þ kT10 þ kT20

(5)

which is the ratio of photocarriers captured by both T1 and T2,
and kTi0, i = 1, 2, is the initial value of kTi. RT405 is larger than
RT633, which is consistent with our experimental results displayed in Fig. 2(b).
To explore the trapping ratios and deactivation times, the PL
enhancement under various excitation intensities (0.4–11.2 W cm2
for 633 nm laser and 0.6–7.7 W cm2 for 405 nm) were
measured, as depicted in Fig. 5(a) and (b). RT633 and RT405 were
obtained under different excitation intensities [Fig. 5(c)]. Both
ratios are power independent (average values are 0.34 and 0.51),
which indicates that fi is a constant within the range of
the excitation intensity. The ratio of k1, kT10, and kT20 was
0.49 : 0.35 : 0.16 for our samples. The sum of the ratios of
photon carriers captured by the traps (0.35 and 0.16) before

deactivation was 0.51, which is rather high in terms of solar
power harvesting and light emission applications.
The deactivation time from the PL enhancement can be
derived from the rate equations for electron densities,
dn0
¼ Gb  n0 ðk21 þ k2 Þ;
dt

(6)

dn
¼ Gr þ n0 k21  nðk1 þ kT1 þ kT2 Þ;
dt

(7)

which are similar to those in ref. 16, and n 0 and n represent the
electron densities in M point and in R point, respectively.
Because the deactivation processes occurred in a time scale of
seconds to minutes, n 0 and n had reached their quasiequilibrium states. Combining Ni from eqn (3), (6) and (7),
gives nr and nb, the electron densities with respect to the
633 nm and 405 nm illuminations, which are expressed as
follows:
nr ¼

Gr
k1 þ kT10 expðt=t1r Þ þ kT20

Gb k21
k21 þ k2
nb ¼
k1 þ kT10 expðt=t1b Þ þ kT20 expðt=t1b Þ

(8)

(9)

where t1b = 1/D1b and t2b are the t1 and t2 under the 405 nm
illumination, respectively, and t1r (= 1/D1r) is t1 under the
633 nm illumination. In the presence of traps, the PL intensity

Fig. 5 PL intensity as a function of illumination time excited by (a) 633 nm and (b) 405 nm lasers with diﬀerent excitation intensities. The green curves in
(a and b) are fitted results with eqn (8) and (9), respectively. (c) RT for diﬀerent excitation intensities of the 633 nm and 405 nm lasers. Solid lines represent
average values of 0.34 and 0.51. (d) The deactivation time derived for each type of trap fitted to the data in (a and b) as a function of the photon flux
intensity. Solid lines with a slop of 1 are used as guiding lines of sight.
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is proportional to n at low-excitation rate,25 so we can use n as a
function of time to represent the kinetics of the PL intensity.
The saturation time decreased as the photon density
increased, as illustrated in Fig. 5(a) and (b). The kinetics of
the PL enhancements in Fig. 5(a) and (b) were well fitted to
eqn (8) and (9), respectively, where t1b, t1r, and t2b (as well as
D1b, D1r and D2b) were considered as fixed values for each
photon density. Fig. 5(d) shows the fitted t1b, t2b, and t1r under
various photon flux intensities. Those two deactivation times
related to 405 nm diﬀer by two order of magnitude. If the
underlying mechanisms of the deactivation of T1 by 633 nm
light and 405 nm light are the same, t1r and t1b should be close
to each other. Therefore, the one closer to t1r was designated as
t1b. t2b is two order of magnitude smaller than t1b, indicating
that T2 was much more reactive than T1 to the 405 nm illumination. We suggest that the radical states of T2 are much more
reactive than those of T1.
As observed in the experimental results of the present
experiment, t1b, t1r, and t2b were inversely proportional to
the excitation intensity (P), i.e., t  P = constant. In our case,
t  P = 1012 min s1 cm2 (or 50 min W cm2 for 405 nm)
according to the results in Fig. 5(d). An optical pretreatment to
deactivate the traps in MAPbI3 films can improve the performance of MAPbI3 solar cells.29 Under proper ‘‘dosage’’ of
illumination, the performance of MAPbI3 in optoelectronics
should be optimized in terms of trap deactivation. The proper
dosage is exactly t  P.
It has been proposed that such traps are deactivated by the
trapped photocarriers and oxygen-related species, implying
that the deactivation times as well as the deactivation coeﬃcients are functions of electron density.14 The kinetics of PL
enhancement, which are well described by eqn (8) and (9),
illustrates the increase of electron density with illumination
time, which means the deactivation time should decrease with
illumination time. However, the kinetics of the PL enhancements were well fitted by eqn (8) and (9) with fixed values of
deactivation times. Therefore, the deactivation time is a function of excitation intensity, but not a function of photocarrier
density. We suggest that the deactivations of T1 and T2 by
illumination using the 633 nm laser, the 405 nm laser, or both
lasers are a photon-activated process rather than an electronactivated process.
Research by deQiulettes et al. suggests that illumination
induces the migration and redistribution of iodine,15 resulting
in PL enhancement with net reduced trap densities, and that
oxygen may not be essential in the process. Anaya et al.
proposed that the annihilation of halide vacancy and interstitial Frenkel pairs30 is favored when the surface density of
O2 that forms on the sample surface induced by photoexcitation of adsorbed oxygen is suﬃciently high to activate the
migration of interstitial halide anions away from the surface
and toward the bulk.27 The density of traps in the bulk of the
material is then reduced, and the reinforcement of PL is
observed. Here, the formation of adsorbed O2 on the surface
upon illumination is crucial for the deactivation and reduction
of traps. In both cases, the deactivation (or reduction) of traps
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Fig. 6 PL intensity as a function of the illumination time with samples
placed in vacuum-sealed plastic bags and in air illuminated by (a) 633 nm
laser and (b) 405 nm laser.

depends on the illumination photon density rather than
photocarrier density, which is in agreement with our argument explaining the process of trap deactivation. However,
these two studies are controversial about the role of oxygen in
the deactivation process. To examine the eﬀects of environmental conditions on the deactivation, PL was measured
with perovskite samples placed in vacuum-sealed plastic
bags and in air excited by both 633 nm and 405 nm. As
shown in Fig. 6(a) and (b), deactivation times are obviously
shorter when samples were exposed to air by both wavelengths. This result suggests that oxygen plays a key role in
the mechanism of deactivation.

Conclusions
We studied photon-induced trap deactivation in MAPbI3
perovskite films by analyzing PL enhancement of perovskite
samples excited by 633 nm and 405 nm lasers. Two types of
traps (T1 and T2) were identified in perovskite films. T1 was
deactivated by both 633 nm and 405 nm illuminations,
whereas T2 was deactivated only by 405 nm illumination.
The energy levels of T1 and T2 were both beneath the CBM.
The expressions of the PL enhancement kinetics related
to the trap deactivation under the 633 nm and 405 nm
illuminations were derived. The ratio of the constants of
the radiative recombination rate and the initial capture rate
by T1 and T2 can be determined from the PL enhancement.
The kinetics of the PL enhancement indicated that the
deactivation time was inversely proportional to the photon
flux density and the traps were directly deactivated by illuminating photons rather than by photocarriers.
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C. Momblona, J. Ávila and H. J. Bolink, Adv. Mater., 2015,
27, 1837–1841.
29 H. Cao, J. Li, Z. Dong, J. Su, J. Chang, Q. Zhao, Z. Li, L. Yang
and S. Yin, ACS Energy Lett., 2019, 4, 2821–2829.
30 E. Mosconi, D. Meggiolaro, H. J. Snaith, S. D. Stranks and
F. De Angelis, Energy Environ. Sci., 2016, 9, 3180–3187.

Phys. Chem. Chem. Phys., 2021, 23, 10919–10925 | 10925

