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Abstract

Light-induced  photoluminescence  (PL) enhancement in  surface-deposited
methylammonium lead iodide (CH3NH3sPbls) perovskites was investigated in detail using time-
resolved luminescence microscopy. We found the PL intensity to increase up to three orders of
magnitude upon light illumination with an excitation power density of 0.01-1 W/cm?® PL
enhancement is accompanied by an increase of the PL lifetime from several nanoseconds to
several hundred nanoseconds and also by an increase of the initial amplitude of the PL decay.
The latter suggests excited state quenching at the subpicosecond timescale. We propose a model
where the trapping cites responsible for non-radiative charge recombination can be de-activated
by a photochemical reaction involving oxygen. The reaction zone is spatially limited by the
excitation light-penetration depth and diffusion length of the charge carriers. The latter increases
in the course of the light-curing process making the reaction zone spreading from the surface
towards the interior of the crystal. The PL enhancement can be reversed by switching on/off the
excitation light or switching the atmosphere between oxygen and nitrogen. Slow diffusion of the
reactants and products and equilibrium between the active and “cured” trapping sites are

proposed to be the reasons for peculiar responses of PL to such varied experimental conditions.
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1. Introduction

Organo-metal-halide (OMH) perovskites with the generalized formula OMH3;, which
frequently adopt a perovskite crystal structure, receive a lot of interest since solar cells based on
methylammonium lead iodide (CH3NH3Pbl; or MAPDI3) have increased from <5% to 20.1%
after 6 years of research.’> While MAPbI; was first used as a light harvester in solar cells based

on the dye-sensitized solar cell architecture,®

it was later understood that highly mobile charge
carriers are directly generated in the OMH perovskite materials, making specially created
interfaces for exciton splitting redundant.”*! Perovskite materials are suitable not only for solar
cells but also for light emitting devices, as demonstrated recently.*>* High charge carrier
mobilities, long carrier lifetimes, and long diffusion length in the order of um that have been
reported for single crystals of MAPbI3™ as well as PbCl,-derived thin films of MAPbI5,Cl,.2% —
all essential properties for applications in electronics.

In general, the photophysical processes in these materials are still far from being

understood.'®*8 1t is debated whether the photoluminescence (PL) stems from excitonic states,

3



Physical Chemistry Chemical Physics

band to band transitions of free charge carriers or from radiative recombination of charge carriers
trapped in defect states.” Although solution-processability ~(solution chemistry and
crystallization) is an important potential advantage of OMH perovskites, it is also one of the
reasons for the huge variance in their reported photophysical properties. For example the charge
carrier lifetime and device performance appear to strongly depend on the precursors, conditions
during depositions, annealing and post-processing conditions.®*%*"?*% Recent observation of
giant PL blinking of hundred nanometer sized perovskite crystals illustrates how just a single
trap state can control the PL of a large volume of the material.* This suggests that defects, as in
any semiconductor, are crucial for determining the properties of the material.

Therefore, improving the film quality in terms of defect types and concentrations by
optimizing the preparation procedures is highly important for reaching high solar cell
efficiency.?2??" For example, passivation of charge traps by Lewis base has been reported to
enhance the PL and the solar cell device performance.?® Also, the PL intensity was found to
increase upon illumination for the PbCl,-derived MAPbDI;.Cly perovskite, which was proposed to
be a result of the stabilization of charge carrier trap states by photogenerated electrons and,
possibly, light-driven chemical changes in the semiconductor involving ionic motion.? “Curing”
of the perovskite film by light leads not only to PL intensity enhancement but also enhanced
solar cell performance.”® The same PL enhancement effect was also reported by some of us for
MAPbI; prepared from equimolar solutions of Pbl, and MAL? A very recent work reported a
dependence of the PL enhancement effect on the environment of the sample® and on the crystal
size.™!

In this work we present a detailed investigation of the light-induced PL enhancement in

OMH perovskite using luminescence microscopy. This method allows probing PL intensity,
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spectra and lifetime in selected parts of the samples with sub-micrometer resolution. Having such
an instrument in hand, we chose to study MAPDbI; deposited from equimolar solutions of Pbl,
and MAI in gamma-butyrolactone. This is one of the first methods reported for the perovskite
deposition;® it leads to a vast distribution of crystal sizes due to the rapid crystallization during
spin casting. The combination of the sample inhomogeneity and light-induced changes allowed
us to observe just in one sample the whole span of PL properties ever reported for OMH
perovskites prepared by different methods.

We report strong dependence of the PL enhancement process on the atmosphere and
preceding light exposure of the sample. The PL enhancement effect is interpreted in terms of
decreasing of the concentration of defect sites due to a photochemical reaction with oxygen-
related species. The PL decay dynamics showed both ultrafast non-radiative decay (limited by
trap filling) and slow nanosecond decay (determined by the trap concentration and their
deactivation rates). We propose a phenomenological model based on a chemical reaction in
heterogeneous media that determines the balance between active and “cured” PL quenching
defects.

2. Experimental

The MAPbI; samples were prepared from an equimolar solution of lead iodide (Pbl,) and
methylammonium iodide (MAI) in y-butyrolactone, according to a previous report.® The
precursor methylammonium iodide (MAI) was synthesized by reacting 30 ml (0.227 mol) of
hydroiodic acid (Sigma-Aldrich, 57wt% in water) with 27.8 ml (0.273 mol) of methylamine
(Sigma-Aldrich, 33 wt% in ethanol) by stirring for two hours at 0°C. The amount of solvent was
reduced at 50<C over the course of one hour during which colorless MAI crystals precipitated.

The MAI crystals were washed three times with diethyl ether and dried under vacuum. In order
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to prepare MAPDI3, one equivalent (0.395 g) of MAI was dissolved with one equivalent (1.157 Q)
of Pbl; in 2 ml of y-butyrolactone (Aldrich) by stirring at 60<C for 12 hours. MAPbI; samples
were prepared by spin-casting 50 ul MAPDI; solution on a glass cover slip with speed of 1500
rpm. The spin-coated films were annealed at 80 <C for 30 min. All sample preparations were
carried out under ambient conditions.

The PL was analyzed using a home-built wide-field fluorescence microscope, described
previously.*>** A 514-nm Ar-ion CW laser was used for excitation. The luminescence was
collected by an oil immersion objective lens (Olympus UPlanFLN 60> NA=1.25) and detected
by a CCD camera (Pro-EM:512B, Princeton Instrument) after passing through a 675 nm long-
pass filter (HQ675Ip, Chroma Technology Corp.). Samples were studied under ambient
conditions as well as in a sample chamber that allowed a controlled N, or O, atmosphere.
Measurements were also carried out in vacuum (10 mbar) using a Janis ST-500 cryostat as a
chamber, in which case a dry objective lens (Olympus LUCPIlanFI 40% NA=0.60) was used to
collect the luminescence. The usual measurement was to take a movie consisting of 500-2000
images (frames) with an exposure time per image of 100 ms and with 0.5 — 4 seconds between
sequential images.

A transmission grating (150 grooves/mm) was placed in front of the CCD camera for the
spectral measurement, resulting in resolution of ~8 nm. For time-tagged single-photon counting
and luminescence kinetic measurements, a pulsed diode laser (Picoquant, 640 nm, 2.5 MHz) was
used as an excitation source and the luminescence was detected by a fast avalanche photodiode
(APD, Micro Photon Devices) coupled with the PicoHarp 300 (PicoQuant GmbH) counting

module. Raman scattering of the excitation laser from water was used to measure the
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instrumental response function (IRF, width of ~100 ps) at a wavelength close to the emission

maximum of the sample luminescence.

3. Results

3.1. Curing by light enhances PL intensity and makes PL lifetime longer

PL intensity / a.u.
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Figure 1 PL intensity of MAPbI; perovskite crystal upon light irradiation for 11 minutes. Inset shows the
PL image and selected area where the PL light was collected. The PL spectra are also shown in the inset indicating

no spectra change during the light-curing (11 minutes). The excitation power density was 0.3 W/cm?.

As-deposited MAPDbI; samples showed a very low PL intensity with estimated quantum
yield less than 4x10™ (see below). However, under continuous irradiation by the excitation light
(CW laser, 514 nm) of constant power, the PL intensity gradually increased,?**° reaching
saturation at a level several orders of magnitude higher than the initial PL intensity as
exemplified in Fig. 1. Importantly, no changes in the PL spectrum upon PL enhancement were
observed (Fig. 1 inset). The maximum of the PL spectra was at 778 nm which is the typical value
reported in literature for this material.>** This effect only occurred locally in the illuminated

region, so the experiment could be repeated by moving to a new area on the sample. The ratio
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between the maximum PL intensity and the initial PL intensity (at time zero) constitutes a PL
enhancement factor, which was up to 2500 varied with the probing location of the sample and
from sample to sample. If we assume that the enhanced samples possess PL quantum yield close
to unity, the PL quantum yield of as-prepared samples must be less than 4x10™.

The PL transient during the enhancement was found to be different for different crystals.
In particular, smaller crystals tend to show faster PL enhancement.®* Moreover, different regions
of the same MAPbI; perovskite crystal of about 10 um in size showed drastically different PL
enhancement transients as shown in Fig. 2. This is an illustration of the polycrystalline nature of
the perovskite material (see example of an SEM image in Fig. S1) and large variation of local

photophysical properties at the micrometer scale.

=
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Figure 2. PL enhancement behavior of different domains belonging to the same large polycrystal. Note that
excitation conditions are exactly the same for different locations of the polycrystal. Excitation power was 1.5 W/cm?

@ 514 nm.

The PL decay dynamics on the nanoseconds timescale was found to correlate perfectly
with the PL intensity enhancement: the larger the PL intensity the longer the PL lifetime. In Fig.

3, we show the PL kinetics of a MAPbI; crystal under constant illumination by the pulsed laser

8
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(see normalized decays in Fig. S2). Each PL decay curve was collected over the 10 s intervals
shown in the figure. By keeping the accumulation time of each decay curve constant, we were
able to compare not only the decay rates but also the absolute PL intensities. The as-prepared
samples exhibit an amplitude averaged PL lifetime of =3 ns similar to previously reported values
for perovskites prepared by solution deposition.”'® After light irradiation for 5 minutes, the PL
lifetime became more than 100 ns. Fig. 3 shows that not only the PL lifetime becomes longer
(see kinetics with higher temporal resolution in Fig. S3), but also, the initial PL amplitude is

increasing in the course of light-curing.

(c)
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Figure 3 The PL decay and PL steady-state intensity as a function of light irradiation time. (a) A PL
enhancement trace upon light irradiation and (b) the corresponding PL dynamics through the enhancement process
measured at the indicated times (the data in (a) and (b) were obtained in one experiment, the intensity units are the
same). (c) The same data in the logarithmic scale. The excitation power was 0.02 W/cm?, the laser repetition rate —

2.5 MHz, IFR width = 300 ps, see Fig. S2.

To compare the dynamics quantitatively, the decay curves were fitted by a triple-
exponential function. The starting PL amplitude obtained from the fitting increased by a factor of

6 in the course of light-curing, while the averaged lifetime increased about 50 times (Fig. S4)
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giving the total enhancement factor of 6x50=300 times. The details of the lifetime/amplitude

change of these three components are shown in Fig. S5.
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Figure 4. Effect of the static (a) and dynamic (b) quenching on the PL decay where ¢ - PL quantum yield.

(c) The effect of the instrumental response function (IRF) with o on the appearance of a double exponential decay.

The fast decay is due to dynamic quenching of 60% of the excitations, slow decay is the radiative decay of the

remaining 40%. If the fast decay component (that illustrates dynamic quenching) cannot be resolved, it appears as

static quenching in the experiment (when it is the initial amplitude, but not the lifetime that depends on the quantum

yield).

Luminescence quenching commonly is described as either a dynamic or a static

process.>* Dynamic quenching (Fig. 4b) assumes that it takes time for a quencher to de-activate

an excited state. For example dynamic quenching in solution implies that a quencher molecule

diffuses towards an excited dye molecule and this takes time. Therefore, when excited by a short

light pulse, the initial amplitude that is proportional to the number of absorbed photons and the
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radiative rate stays constant while the PL lifetime is proportional to the PL quantum yield (®).
Static quenching implies, to the contrary, that a part of the excited species is not able to decay
radiatively at all (instantaneous quenching), while the rest decays as there was no quencher as
shown in Fig. 4a. A typical example of static quenching is when some fluorophore molecules
form a non-luminescent complex in the ground state with quenching molecules. The lifetime in
this case stays constant independently on the degree of quenching while the initial amplitude of
the decay is proportional to @.

The time-resolved PL data of the MAPDI; perovskite sample shows that the excited state
de-activation can be described as a combination of both static and dynamic quenching
mechanisms because both the lifetime and initial amplitude grow with increasing PL quantum
yield. Note, however, that a decay much faster than the instrumental response function (IRF), if
present, cannot be resolved experimentally because it is convoluted with the IRF. To illustrate
this, Fig. 4c shows a bi-exponential kinetic where 60% of the excited states decay with t=1
(representing quenched states) and the remaining 40% with t=200 (representing the states
decaying radiatively). For an IRF with the width >10 the kinetics appear as a monoexponential
decay with t=200 but with the initial amplitude equal to 0.4 instead of 1 as shown by the dotted
line. If we decrease @ by increasing the fraction of the states quenched with t=1, the
experimentally observed kinetics will have the same lifetime (t=200) but lower initial amplitude
proportional to ® — exactly as in the case of static quenching. It means that “instantaneous
quenching” in the definition of the static quenching in practice means a process faster than about
1/10 of the IRF width. For our experiment with the narrowest IRF of 100 ps, this means shorter

than about 10 ps. So, in order to explain the rise by a factor of six in the initial PL amplitude we
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can conclude that there must be non-radiative processes capable of deactivating most of the
excitations in the as-prepared perovskite films within the first 10 ps after excitation.

It is remarkable that we observed in one sample the whole range of PL lifetimes (from
few ps to hundreds of ns) ever reported for the MAPbI; semiconductor prepared and investigated
by different groups.**%??*33% The PL lifetime of light-cured MAPbI; when PL reaches
saturation can be as long as 200 ns, which is comparable with the long PL lifetimes observed for
MAPDI4.Cly as well as optimized MAPbI3.*># Obviously, it is not only differences in the
sample preparation, but also interaction of the sample with environmental factors that plays a
crucial role in the excitation dynamics.

Based on these results we suggest that there are defects in the as-prepared perovskite
samples. These defects act as PL quenchers limiting the lifetime and the diffusion length of the
charge carriers. Light irradiation can remove or de-activate these defects via chemical reaction
resulting in a PL enhancement with longer PL lifetime. The mechanism will be discussed in
details in section 4.3.

These results emphasize on the one hand, that apparently huge discrepancies in the
reported PL lifetimes of MAPbI; samples are predominantly determined by the inherent material
properties after preparation. On the other hand, we show here that the PL lifetimes can change by
orders of magnitude during the measurement illustrating the importance to specify and
investigate the exact experimental conditions at which a PL lifetime value was obtained.

3.2 Oxygen is essential for the light-curing

12
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Figure 5. The atmosphere effect on the PL enhancement of MAPbI;. The atmosphere was switched
between N, and O, at the time moments indicated by the gray vertical lines. The sample was continuously irradiated
by 0.2 W/cm? Inset shows the PL micrograph of the sample and the selected region (red square) taken for the
analysis. The sample was kept in N, for 5 min before the experiment. The same data plotted in logarithmic scale is

shown in Fig. S6 in SI.

We observed that oxygen gas has to be present in the atmosphere in order to observe
substantial PL enhancement in MAPDI; crystals. In the most this observation is in accord with
the recently published data.* Fig. 5 shows the PL enhancement upon light irradiation while the
atmosphere was switched between pure nitrogen and pure oxygen gas at ambient pressure (see
Fig. S6 for the same curve in logarithmic scale). Dry gases were used in the measurement to
avoid presence of water. PL enhancement was much more pronounced in oxygen gas compared
to nitrogen.

Since the excitation power density was the same in the whole experiment, we conclude
that the PL quantum yield of the MAPDI; perovskite sample in nitrogen gas is always lower than
that in oxygen gas at all times until the enhancement process saturates. When saturation is

reached, the difference between the PL quantum yield in oxygen and in nitrogen atmosphere

13
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diminishes. We did not observe any significant difference between ambient air and pure oxygen
gas. Therefore we exclude water vapor in ambient air being the causes of the reaction. Also only
a small PL enhancement was observed for the sample placed in vacuum (Fig. 6). So, we

conclude that the major contribution for the PL enhancement comes from a photo-induced

reaction in MAPDI3 involving oxygen.

—Air

=
o

PL intensity / a.u.

Time / min

Figure 6. PL enhancement of MAPbI; film in air (blue) and in vacuum (red). For the enhancement
measurement in vacuum, the sample was kept in vacuum (10 mbar) for one day before the measurement. The
selected regions for analysis are shown by squares.

The PL intensity drop upon switching the atmosphere from oxygen to nitrogen must be a
result of the decreasing of concentration of oxygen-related species in the material (due to
replacement of oxygen by nitrogen in the sample chamber) which took several minutes in our
experiment. By oxygen-related species we understand chemical species formed in the crystal
with participation of oxygen atoms. These can be simply oxygen molecules or oxygen atoms
bound to the atoms of the crystal and forming oxygen containing chemical defects.

It shows that there is equilibrium between the non-active and active defects, which shifts
towards active defects when the oxygen concentration decreases. Note, however, that complete

removal of oxygen-related species is practically impossible; therefore observation of some PL

14
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enhancement in nitrogen atmosphere is still probably caused by the residual oxygen-related
species present in the material.

Although it is clear that oxygen is a part of the curing reaction, our experiments do not
allow determining in what form (radical, molecule, bound to another atom) oxygen is present
inside the material. It is text book knowledge that oxygen atoms can dissolve and diffuse through
crystal solids via different mechanisms. The simplest mechanism is diffusion of oxygen
molecules as interstitial defects also assisted by imperfections of the crystal lattice. Diffusion of
oxygen atoms can also occur via chemical bonding to atoms of the crystal, creating oxygen-
containing defects that can diffuse through the crystal.

Since we were not able to find any literature data on the oxygen diffusion coefficient in
OMH perovskites, let us use typical values of oxygen diffusion reported for solids. The diffusion
coefficient of oxygen species in inorganic solids like silicon or fully inorganic perovskites (e.g.
SrTiO; where diffusion of O,” was considered) is extremely small (~10™*° cm?s).3"*® In organic
crystals, the diffusion is much faster. For example in pentacene single crystal, the diffusion
coefficient of O, and N, gases was estimated to be 2x10™° cm?s.*® A diffusion coefficient of 10°
19 cm?/s means that it takes 0.5 s for the particle to diffuse over a 100 nm layer and 50 s to pass a
1 um thick layer. Of course, the diffusion coefficient of oxygen-related species in OMH
perovskites can be several orders of magnitude different from that in pentacene. However, the
timescale of the processes we observed in perovskites also varied from milliseconds to hours.*
Therefore, some of these observed processes most probably are due to, or influenced by, oxygen
diffusion.

3.3 Spontaneous re-generation of luminescence quenchers in the dark: partial reversibility of

the reaction.
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Does the sample which has reached a high PL quantum yield by light treatment keep its
property when stored in the dark? In other words, do the non-radiative recombination channels
reactivate when the sample is kept in the dark? We checked this experimentally by first
irradiating of the sample continuously for 11 min (Fig. 7a). The PL was enhanced by several
times. Then the light was switched off for 5 min. When the excitation light was switched on
again at t=16 min, the PL intensity was very weak in the beginning similar to that before light
irradiation (t=0 min), but, it started to increase with much faster rate than before. After the same
light exposure (11 min) PL reached a higher level than at the end of the first irradiation period.
For each sequential irradiation period, in spite of always starting from a low level, the
enhancement dynamics became faster and faster and PL intensity at the end of the irradiation
period became higher and higher. So, much less light-exposure was needed to eliminate the
quenchers again after their re-activation.

This example shows that although PL became substantially quenched again after keeping
the partially cured sample in the dark, the conversion to the initial material with low PL yield
was not complete on the time scale of the experiment. In other words, some persistent, non-
reversible, physical change must have occurred in the sample during each illumination period as

the PL enhancement proceeded at an increasingly faster rate after each cycle.

16
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Figure 7. Response of the PL enhancement on switching off the light excitation. The greens bars below
each graph show when the light was on. For (c) the PL intensity was measured for 10 s and the data points show the
maximum value of this period (see the time-resolved response in Fig. S7). The right column shows the

corresponding images in which the selected areas for analysis are also shown. The excitation power was 0.3 W/cm?.

Another crystal shown in Fig. 7c behaved quite differently: after 12 min of irradiation,
the excitation light was switched “off” and switched “on” after 20 min for a very short period (10
s) only to check the PL intensity. Surprisingly, in spite of the negligible exposure during the PL
check up, the maximum PL intensity within each check period was significantly higher than that
in the previous cycle suggesting that, for this particular sample, whatever processes were
initiated during the first illumination phase (12 min illumination) they continued even when the
excitation light was switched off. A similar behavior is also seen in Fig. 7b: the PL intensity at
the beginning on the next irradiation period was always higher than at the end of the previous
one.

We can conclude that re-activation of the non-radiative channels occurs to some extent
when the sample is kept in the dark for several minutes. Hence, the de-activation of quenchers is,

at least partially, a reversible process, but the PL quenchers formed during the short period in the

17
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dark are not very stable and can be removed very rapidly again by light treatment. Because the
time-scale of all these mentioned processes can vary a lot from particle to particle it leads to a
very different appearance of the PL transients under interrupted light exposure as exemplified in
Fig. 7. This difference is most probably related to the degree of polycrystallinity of the probed
perovskite crystals or, in other words, to the size of single crystals forming the whole perovskite
particle.* As one can see from scanning electron microscopy images (Fig. S1) micrometer-size
perovskite crystals are actually polycrystals with clearly visible boundaries between individual
crystallites. Diffusion of oxygen-related species from the surface to the oxygen-depleted reaction

zone also plays a role in the temporal response.

4. Discussion
4.1. Nature of quenching sites

Light-induced PL intensity enhancement or increase of the PL quantum yield
unambiguously indicates a photochemically induced reduction of non-radiative recombination
channels. The prominent non-radiative recombination mechanisms in semiconductors at low
carrier concentration are Shockley-Read-Hall recombination through interband defect states and
surface recombination sites. We propose that a light-induced change of the defect state density
(or PL quencher concentration) is the main mechanism behind the PL enhancement effect
observed in MAPDI. It is shown that the defects exist not only on the surface but also in the bulk
of the material.**

The dependence of the PL enhancement effect on the atmosphere and crystal size®*%

indicates that photo-induced chemical reactions play a critical role. The nature of the defect sites

must therefore be chemical rather than purely structural. In the highly ionic semiconductor

18
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MAPDI3;, defects are likely associated with ion vacancies, interstitial ions or antisite
substitutions.”” These defects are likely introduced during the sample preparation by non-
stoichiometry of the constituent ions in MAPDI; and are more likely to occur under rapid
crystallization conditions like the sample preparation method employed herein.** This is
corroborated by the differences in PL lifetime observed for samples prepared by different
methods.>*%?®

Our experimental data and the available literature reports do not allow us to name the
particular defects responsible for the PL enhancement, however, the perovskite chemistry allows
for many possibilities. Theoretical studies have investigated energy levels and formation energy
of different plausible defects in MAPbI;.**** P-type Pb vacancies and n-type methylammonium
interstitials are proposed to be the dominant defects, possessing shallow energy levels near band
edges.”? It is not clear whether such shallow defects can be efficient non-radiative recombination
centers. Other defects such as anti-site substitutions forming states near the middle of the band
gap are more likely candidates as PL quenching centers. In lead halides, PbX5, photolysis has
been documented to gradually lead to the formation of Pb° lead-clusters diffusing into the bulk of
the crystal and I, at the crystal surface.*** Photo-induced ion migration has been documented to
cause phase-segregation in mixed Br/I methylammonium lead halides.”® Metallic lead clusters
are probably very efficient PL quenching sites. Photolysis reactions in combination with photo-
induced ion migratory effects are probably mechanisms in the diffusion-limited PL enhancement
effect observed in MAPbI3.%’
4.2 How can the defect PL quenching be deactivated?

First of all, PL quenching can be decreased simply by decreasing the concentration of

quenchers. For example, light irradiation in the presence of oxygen may oxidize Pb° to PbO in
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Pb-clusters reducing their quenching activity leading to PL enhancement. Alternatively, reactive
oxygen species could passivate halide vacancies. The PL enhancement phenomenon has been
also observed in different inorganic crystal quantum dots.*™® The mechanism of PL
enhancement in such quantum dots was assigned to photo-passivation of the crystal surface.*
Chemical passivation of the defects in the perovskite materials by Lewis base or Pbl, was also
reported leading to enhancement of PL and solar cell efficiency.?®**"*? Thus, one of the reasons
to the PL enhancement studied by us might be due to passivation of surface and bulk defects by
photo-induced reaction with oxygen, which is in line with the ideas recently discussed in
literature.*

The second process well-known in semiconductor physics is so-called trap filling. The
non-radiative charge recombination assisted by an electron trap consists of two stages: 1)
electron trapping 2) non-radiative recombination of the trapped electron with a diffusing hole
that resets the trap. The initial trapping already results in PL quenching and this process can be
very fast. The second process may take a while because it involves hole diffusion and also the
trapping cross section may be small. During this time the trap is filled and cannot lead to any
more PL quenching. In semiconductors, trap-filling leads to the well-known increase of the PL
quantum yield with increasing excitation power density.>® This effect was recently discussed to
occur in perovskites.**? In ref. 2 the effect of light-induced PL enhancement at the time-scale of
minutes was assigned to slow trap filling and was found to correlate with the transient response
in the photovoltage. In accord with this reference we propose that the trap filling is essential to
explain the kinetics of PL in response to a picosecond pulsed excitation as will be discussed in

section 4.4, however, this is only a part of the whole process.
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The reversible part of the PL enhancement under interrupted CW excitation (Fig. 7)
means returning to the low PL quantum vyield after switching off the excitation light (Fig. 7a). It
could be indeed the interplay between filling (during the light treatment) and emptying (in the
dark) of the charge traps. In this model the actual trap filling is seen as a fast (seconds) increase
of PL yield in the very beginning of the illumination cycles, see also Fig. S7. However, it is not
possible to explain the irreversible increase of PL intensity at time-scales of minutes and hours
with the filling of trap states. In addition, the trap filling process as such should not depend on
the concentration of oxygen in the sample environment (Fig. 5 and 6). For that, the actual
concentration of the traps must be changed due to a chemical reaction and the diffusion of
reactants (oxygen-related species and charge carriers) toward the bulk of the crystals sets the
time scale of the PL enhancement (see section 3.2).

4.3. Kinetic of the chemical reaction

We propose the following overall picture of the light-induced chemical reaction in the
OHM perovskites schematically illustrated in Fig. 8. Among the reactants are oxygen-related
species, excited electron or hole and defect sites in the material. The initial condition is a
saturated concentration of oxygen-related species and presence of a certain concentration of
defects. In the as-prepared perovskite samples the defects limit the PL lifetime (tp.) to a few
nanoseconds and carriers’ diffusion length (Lp) to a few tens of nanometers. In the literature a
diffusion length of 1000 nm was obtained for tp. =270 ns,*® and since Lo~(D1)"?, the tp.=3 ns
measured before the onset of PL enhancement leads to Lp~30 nm. The light penetration depth
for the material is approx. 40 nm, which is greater than the initial diffusion length of the charges.
This implies that the initial reaction volume is solely determined by the light penetration depth, a

thin layer close to the surface of the crystal as shown in Fig. 8a. As soon as the defect sites
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become non-active, the tp_ becomes longer and L increases. Thus, electrons and holes are able

to diffuse deeper and induce the defect-curing in the interior of the crystal (Fig. 8b and 8c. With
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this mechanism the defect-curing reaction zone spreads over the whole volume of the crystal (Fig.

8d) leading to a PL lifetime >200 ns and the corresponding diffusion length of about 1000 nm.*°
This reaction spreading mechanism explains the correlation between the PL intensity and the PL
lifetime as well as the crystal size dependence."

As mentioned above, the defects can be re-activated due to the reverse reaction. There is
an equilibrium between the non-active and active defects. According to Le Chaelier's principle,
reducing concentration of any reactant (e.g. replacing oxygen with nitrogen gas or switching off
the light) shifts the equilibrium towards smaller concentration of the products (smaller fraction of
cured/non-active defects) giving lower PL quantum yield as experimentally observed (see
sections 3.2 and 3.3). However, only partial reversibility of the reaction was observed in our
experiment. The reason for this is that some elementary processes behind the PL enhancement
are too slow in comparison with the experiment time. Such processes could be diffusion of the
reactants and product (e.g. oxygen-related species from the surface to the reaction depleted zone)

and ion migration for stabilization of the defects sites in the un-active state.*’
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Figure 8. Propagation of the light-curing reaction to the interior of the crystal

4.4. Photoluminescence kinetics at fast timescale.

Now let us consider PL decay kinetics under picosecond pulsed laser excitation. As we
have discussed in section 3.1, because not only the PL lifetime but also the initial amplitude of
the PL decay increases during the light-curing (Fig. 3), the non-radiative process cannot be seen
as a simple dynamic quenching at the nanosecond time scale. This means that there is also an
ultrafast (<10 ps) quenching process determined by the concentration of the trapping sites, which,
in its turn is controlled by the photo-curing reaction. We propose that this ultrafast quenching is
due to a very fast charge or exciton trapping.

There is an ongoing debate about the nature of initially excited states in OMH perovskites.
The most feasible scenario at room temperature is that both Wannie-Mott excitons (exciton
transition) and free change carries (band to band transition) can be created by light
absorption.’***** Admittedly, the ratio between the probability of these two processes is not
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known. Excitons, however, possess low binding energy and split to charges at picosecond time
scale.>!! Initially created excitons as well as free charges are highly mobile species® and
therefore susceptible for trapping on defects even if the concentration of latter is very small (Fig.
9).

If the concentration of traps is smaller than the initial concentration of charges/excitons,
then the traps cannot quench all electron-hole pairs within this short time scale. The traps get
filled and the quenching rate drastically reduces. That is why the charges which were not initially
trapped live much longer. It takes of the order of ten nanoseconds (see estimation below) for a
trap to recover; then it can quench PL by trapping a charge again. Therefore, after the initial
ultrafast quenching, the PL lifetime is determined by the trap recovery time, trap concentration
(non-radiative recombination) and by radiative recombination. In practice the initial trapping is
so fast that it could not be resolved in our experiment. It was observed as small initial amplitude
of the nanosecond decay components. The initial amplitude of this slow decay should increase
upon decreasing the trap concentration (increasing of the PL quantum yield), as observed
experimentally (Fig. 3).

Note, that it was already proposed in our recent paper®* that the trap recovery time sets
the limit to the PL capacity of the trap. In experiment with single nanocrystals it is revealed as
decreasing of the PL blinking amplitude with increasing of the excitation power density. By
analysis of the PL enhancement and blinking of perovskite crystals it was concluded that the
traps responsible for PL blinking and the quenching defects we are talking in relation to the PL
enhancement phenomenon are the same species.**

The concentration of the traps and excitations is indeed comparable under our conditions.

Based on the PL blinking measurements, the concentration of the PL quenchers in bright
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blinking nanocrystals was estimated to be about 1 quencher per 7x10* nm*? which is about the
same as the concentration of excitations (1 excitation per 10° nm* = (46 nm)® per pulse) in our
experiment shown in Fig. 3. The measured PL decay is thus a convolution of the radiative
recombination of the remaining charges and the recovery dynamics of the filled traps. The
capacity of a PL quencher was also estimated to be 6.4x10" excitations per second®
corresponding to the quencher recovery time of 15 ns which is comparable with the PL lifetime
before light curing and PL lifetime in the literature data.”*°

Another possibility to influence the initial amplitude of the PL decay is exciton
quenching. This model, however, would explain our results only if substantial part of initially
excited states were excitons. At timescales comparable with the exciton dissociation time (=1
ps),® we must consider quenching of excitons independently from quenching of charge carriers as
shown in Fig. 9. Since the exciton is either quenched or it dissociates into free charge carries that
live much longer, the concentration of the charge carriers is dependent on the concentration of
excitons which escaped quenching. This means that the initial amplitude of the PL decay due to
charge carrier recombination is larger (more carries are available), if the exciton quenching rate
is smaller. It is natural to assume that the excitons can be trapped and quenched at a short time
scale (ps) by the same quenching sites (traps) that are also responsible for the non-radiative
recombination of the free charges on much longer timescale (tens of ns). Therefore, photo-

chemical deactivation of these exciton quenching sites can be one of the reasons of the

increasing of the initial amplitude of the PL decay in the course of light curing.
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Figure 9. Scheme of the photophysical processes in perovskite. Initial absorption of a photon can create
either Wannie-Mott exciton (exciton transition) or free electron and hole (band to band transition). Due to the low
binding energy, exciton splits to charges within few picoseconds at room temperature. Excitons and free chargers
are highly mobile and can be trapped by trapping sites present at low concentration. The traps quench excitons and
also induce non-radiative recombination of free carriers. Traps can become saturated (when concentration of the
excitations is high) leading to suppression of quenching. The trap concentration can be changed by a photochemical

reaction involving oxygen.

Decreasing of the quencher concentration by the light-curing should decrease the fraction
of initially “instantaneously” quenched species, which increases the initial amplitude of the PL
decay and also increases the PL lifetime at longer timescale due to lower concentration of the
quenching sites. In order to check this hypothesis we plan to study excitation intensity

dependence of the PL decay in the future.

5. Conclusions

We studied the light-induced enhancement of CH3NHsPbl;  perovskite
photoluminescence (PL) where the PL quantum yield can be increased by more than three orders
of magnitude upon light irradiation of the sample. The PL lifetime increases from several
nanoseconds to several hundreds of nanoseconds in the course of light treatment. Not only the

lifetime, but also the initial amplitude of the PL decay increases during the enhancement
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processes. We stress that the PL enhancement phenomenon is general for the samples prepared
not only by the equalmolar solution deposition but also by the other solution deposition methods,
while the enhancement factor can be very different (from several times to several thousand times)
depending on the initial PL yield of the as-prepared samples. Based on the experimental
observations we infer that ultrafast exciton quenching, or charge trapping at sub picosecond time
scales is responsible for the low initial amplitude of the PL decay before light-treatment. The
non-radiative recombination of charge carries on the nanosecond timescale is determined by
charge diffusion, trapping site concentration and their recovery time.

We suggest that a photochemical reaction involving photogenerated charge carriers and
oxygen-related species deactivates the trapping defects that are causing non-radiative charge
recombination and the very low PL yield of freshly-prepared samples. The photochemical
reaction initially happens over a depth of <100 nm of a crystal, determined by the excitation light
penetration depth and the very short diffusion length due to high concentration of the defects.
Upon light curing the concentration of the defects goes down, leading to an increase of the
charge carrier diffusion length, allowing the reaction zone to proceed to the interior of the crystal.
A chemical equilibrium between the non-active and active trapping defects determines the PL
quantum yield and the PL lifetime. Variation of the reactant (charges, oxygen) or product

concentrations can shift the equilibrium and change the PL properties in a reversible manner.
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