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Abstract

Perovskite LEDs (PeLEDs) are currently reaching up to about 20% external quantum efficiency
and becoming a promising technology for display and lighting applications. Still, many questions
regarding their performance remain unclear, particularly those related to stability, operation in
non-stationary regimes, and efficiency roll-off at high current densities. Here, we address some of
those issues in LEDs based on MAPDIs perovskite. We analyse electroluminescence (EL) and
current dynamics during and after application of sequences of voltage pulses, at different
temperatures. Analysis of the results suggests that the complex dynamics observed on time scales
from sub-seconds to minutes and hours can be explained by the redistribution of mobile species
characterised by about 175 meV activation energy, most likely iodine interstitials. This
redistribution alters the carrier injection, spatial electric field and carrier density distributions and
density of nonradiative recombination centres. Mathematical modelling of the ion motion and
related processes enabled us to mimic the EL and current dynamics and to disentangle complex

sequence of processes determining the PeLED operation.

1. Introduction

Perovskite light-emitting diodes (PeLEDs) are a promising technology for development of
wavelength tuneable, large-area, solution-processed, flexible light sources.!*-¢1 These devices have
already demonstrated external quantum efficiencies (EQE) exceeding 20%.4-¢ However, many
problems still remain unsolved, limiting the widespread usage of PeLEDs. One of them, inherent
to all perovskite devices, is the short-term and long-term stability. PeLEDs also suffer from
efficiency roll-off limiting their brightness.’ 1% A further issue, particularly important for the high-



speed device operation, is the occurrence of hysteresisi*l and variations of the

electroluminescence EQE and photoluminescence (PL) efficiency!®*?! under electrical stress.

The performance hysteresis in perovskite solar cells was widely investigated and was
attributed to the modifications of perovskite-transport layer interfaces or to the motion of mobile
ions.*3281 Jon motion in metal halide perovskites is a very complex and still poorly understood
phenomenon. Generally, all constituents of metal halide perovskites - halides, lead, and organic
cations - may form vacancies, interstitials and anti-sites, which may be mobile and act as carrier
traps.[6-81On the other hand, theoretical evaluations show that only few of them form deep traps
acting as non-radiative recombination centres,*” while shallow traps have a negligible effect on a
trap-assisted recombination.[*]

Recently, several papers reported the persistent enhancement of the EQE of PeLED,
observed during initial minutes or even hours of its operation under applied positive voltage (so-
called stressing regime), and attributed it to the motion of the mobile excess iodine ions that fill
vacancies and reduce concentration of iodine interstitials, acting as deep carrier traps.[>2% Similar
gradual performance enhancement under positive bias voltage was also reported for perovskite
solar cells and was likewise attributed to the motion and recombination of ions and vacancies.?*!
On the other hand, Wang et al. observed reversible changes of the EQE of PeLED and also ascribed
them to the motion of iodine ions.l Recently, Cheng et al. reported that diffusion of organic
cations from the perovskite to the electron-transporting layer was responsible for the EQE roll-
off.1?2l Leijtens. et al. attributed reversible changes, observed on a time scale of several minutes, to
the motion of methylammonium cations (MA*).[23241 Meanwhile Liu et al. observed lateral drift of
MA* ions during tens of seconds on a surprisingly large, more than tens of micrometers
distances.?]

Consequently, there is a general consensus that ion motion is the key factor responsible for
the dynamic changes of the efficiency of perovskite-based devices. However, the reported time
scales, intensities of the observed changes, and their attribution to some particular kinds of ions
are very different. Overall, the underlying physical mechanisms of the ion motion-induced
variations in device performance still remain far from clear.

Herein, we report a detailed study of the ion motion that causes both persistent and
reversible changes of the PeLED performance, taking place on time scales ranging from



milliseconds to hours. Temperature dependencies revealed identical activation energies for all
these processes occurring on different time scales. We suggest a mechanism explaining the
majority of the observed changes by motion of a single type of charged defects and their
recombination with “counter” defects acting as recombination centres. The validity of our model

is supported by numerical simulations.

2. Experimental results and discussion
2.1 EL and current dynamics

We first investigated the EL and current dynamics of a PeLED based on MAPDbI3 perovskite
under abrupt application of the pump voltage. The device structure, and the corresponding
energy level diagram are presented in Figure 1. Description of the PeLED fabrication procedures
can be found in the experimental section, while Figure S1 in Sl gives IV characteristics and
voltage dependence of electroluminescence EQE of the device stabilised after 30 min. operation.
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Figure 1. The PeLED structure and corresponding energy level diagram.

We have shown in our previous work that the use of PCBM/ZnMgO electron injection layer
significantly improves the device stability!?®, which ensures the reliable and reproducible
measurements in this study. After abrupt first-time application of a constant voltage to the PeLED,
over just several minutes, we observe a significant growth of the electroluminescence (EL)
intensity and electric current. Figure 2a presents normalized EL intensity and current growth
kinetics at different device temperatures after application of 2 V voltage. Since the first-time
voltage application can be studied only once, curves at different temperatures were measured for

different devices formed on the same substrate.
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Figure 2. EL and current dynamics at different temperatures in pristine PeLEDs under first-time
application of 2 V voltage. a) Normalised EL (blue lines) and current (black lines) growth kinetics,

measured (solid lines) and simulated (dashed lines, see below for discussion) at three different



temperatures (kinetics at different temperatures were measured for different samples, formed on the same
substrate). b) Current and EL kinetics at room temperature on a logarithmic time scale (black and blue
lines, respectively), red and magenta lines show approximations by egs. 1 and 2 respectively. c) Arrhenius
plot for the slow EL growth time constant ts (blue), fast current growth time constant t: (grey line), and

slow current growth time constant t, (black).

Immediately after the voltage was applied, the EL intensity was very weak, but it increased and
reached a plateau after several minutes at room temperature and after more than one hour at 200
K. Similar behaviour of perovskite LEDs has been reported before® and was denoted as stressing.
The electrical current was non-vanishing from the very beginning and then increased 3-5 times,
but the growth rate was significantly faster than that of EL. Figure 2b shows the current and EL
kinetics at 297 K on a logarithmic time scale, more clearly demonstrating the initial growth
dynamics. The initial current was almost constant during tens of milliseconds and created almost
no EL during this time. It should be noted that the delayed growth of the EL cannot be explained
by the charging of the sample capacitance since this process, according to the device RC
characteristics, should take place on a timescale of several microseconds, i.e. about 10* times
faster. Therefore, the initial absence of EL suggests that either a) the initial current is created by
injection of only one kind of charge carriers, which then leak to the opposite electrode creating no
EL, or b) EL is absent because of fast nonradiative recombination. The EL starts to grow after
about 100 ms, and up to about 10 s, it grows simultaneously with current. Nevertheless, the EL
intensity during the initial ~10 s remains low. Faster growth starts only when current almost

stabilises, which suggests that the later growth process is not related to the carrier injection.

The current growth kinetics can be reasonably well (see red line in Figure 2b) fitted with the bi-

exponential rise functions as:
I(t) = Iy +a:[1—exp(=t/71)] + az[1 — exp(—t/72)], (1)

resulting in time constants of 71 = 1.7 and 7> =25 s at room temperature (RT). We have also
successfully fitted the EL kinetics (magenta line in Figure 2b) using the same time constants 71,
and correspondingly modified coefficients a; and a; and additional delayed slow saturating growth

component:



EL(t) = a’4[1 —exp(—t/ty)] + a',[1 — exp(—t/7,)] + b[1 — exp(— (t — At) /73)], (2)

here we consider that the third component equals to zero before t > At. The best fit gives At =25 s
and == 97 s. These fitting results show that the weak EL intensity during initial several tens of
seconds is proportional to the growing current part, while the strongly increasing EL phase starts
after delay of about 25 s. Similar fitting has been also performed for the lower temperature data.

The obtained time constants are listed in Figure 2a.

Following earlier publications discussed in the Introduction, it is natural to attribute the
observed processes to the motion of ions. We presented the time constants, obtained from the EL
and current rise kinetics at different temperatures (Figure 2a), in Arrhenius coordinates (see Figure

2¢), which enable us to evaluate activation energies E. of ions, responsible for different processes:

ke = ko exp (— 22), )

here k; = 771, kg is Boltzmann constant and T is the absolute temperature. The Arrhenius plot
gives surprisingly identical, within the experimental accuracy, activation energies of about
175 meV for all three processes, strongly suggesting that all of them have the same physical origin,
i.e. they are related to the same type of ion motion.

There is a large diversity in literature regarding the mobile ions. According to the theoretical
investigations, iodine interstitials and vacancies have the lowest motion activation energies, in
different publications ranging from about 80 meV to more than 800 meV.[16182728 \/ery similar
activation energy values (Ea = 137 + 28 meV and 190 + 50 meV) as obtained by us have been
evaluated experimentally from PL enhancement by the light soaking data and attributed to the
motion and annihilation of iodine interstitials and vacancies.[?>*° Similar motion activation
energies have been also reported for another halide Br ions.B¥33 On the other hand, reported
activation energies for migration of MA* and Pb" ions typically exceed 500 meV. These
attributions are in line with other publications claiming that iodine defects are particularly
important in optoelectronic devices since they can easily move under application of electric
field.27:29:34351 According to Dong et al., motion of negatively charged iodine interstitials |- takes
place on a timescale of tens of seconds.Y Similar conclusion that redistribution of iodine defects

causes reversible variations of current and EL intensity on a time scale of seconds has been also



recently suggested by analysing performance hysteresis of FAPbls PeLEDs.*!I According to Buin
et.al., positively charged iodine vacancies Vi* should be the most mobile charged iodine defects.*”]
However, our samples were prepared under iodine-rich conditions from solution with 20 mol%
excess PMAI (benyzlammonium iodide), which suggests that iodine interstitials inside the bulk of
crystallites or iodine ions at the crystallite boundaries should be dominating defects.['7-18]
Although we cannot completely exclude role of other kinds of charged mobile species, iodine
interstitials I" seem to be the most likely mobile species mainly responsible for the observed PeLED

performance dynamics.

To get more information about the stressing properties, we have modified our investigation
technique to decouple monitoring of the LED parameters from the stressing impact. For stressing,
we applied 100 mA/cm? current density (voltage was about 1.7 V) for different time intervals and
after each stressing interval we monitored the LED status by using a series of rectangular pulses
of 1.45 V in amplitude and 5 ps in duration, applied with 30 us period for 30 ms (see Figure S2 in
Sl for time sequence of electrical pulses). These short low-voltage monitoring pulses only weakly
affected the LED performance. Such investigation protocol enabled us to separate the PeLED
stressing and monitoring of its parameters. It also enabled us to investigate the recovery of the
PeLED performance after the stressing current was terminated, as well as the effect of other
impacts such as negative voltage and light soaking. To get more information about the PeLED
status, we have also simultaneously monitored current and the EL spectrum. In a similar way we
could also monitor stressing-induced changes of the perovskite electroabsorption, sample

capacitance, photoluminescence (PL) intensity and its decay Kinetics.
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Figure 3. Stressing-induced processes monitored by pump pulse trains. EL intensity (a) and
current (b) dynamics monitored by short positive voltage pulses of 1.45V, during following types
of stress and relaxation: stressing by 100 mA/cm? current (red points); relaxation at zero applied
voltage (black points); stressing by negative —1V voltage (blue points); light soaking at 0V

voltage (magenta points).

Figure 3 shows the EL and current kinetics, measured for the fresh sample affected at different
time intervals by positive (red points), or negative (blue points) voltage, during relaxation at zero
applied voltage (black points), as well as under light soaking by 1sun intensity light at 0 V
(magenta points). Similar to the case of continuous stressing (Figure 2a), the initial EL intensity
of the non-stressed sample was very weak. The EL growth was 2—3 times slower than observed
with 2 V steady state voltage, which was apparently caused by the weaker current created by lower
used stressing voltage of 1.7 V. The current growth was less significant than under application of

constant voltage, apparently because of non-negligible impact of monitoring pulses.

After termination of the stressing voltage, both EL and current gradually decreased. The current

decreased to the same value as it was before stressing, while the EL intensity decreased only by



less than 20%. Moreover, the decay rates of both EL and current kinetics were very similar. Second
application of the stressing voltage after 2.5 hours and the third application after 22 hours caused
very fast EL growth even to a higher value than the value reached during the first stressing session.
Surprisingly, after this fast initial rise, the EL intensity slowly decreased during the second and

third stressing sessions, unlike the steady increase during the first session.
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Figure 4. Major stressing-induced processes. EL development kinetics (solid magenta line),

bi-exponential current growth causing fast reversible EL growth component (dash-dot blue line),
slow irreversible EL growth component (dot green line), and reversible EL decay (dash red line).
The numbers show time constants of various processes at room temperature at 2 V stress voltage

obtained from exponential fitting.

The above-described experimental data lead to the stressing scenario schematically presented in
Figure 4. We suggest that the EL intensity is determined by three processes: fast reversible EL
growth congruous with the bi-componential saturating current growth with time constants t; and
T2; slow persistent EL growth with time constant t3; and reversible EL decay. The time constants
vary depending on the applied voltage and temperature. This model naturally explains the two
striking differences observed during the first and subsequent stressing sessions, i.e. larger EL

intensity and its decay observed during subsequent stressing sections.



To get more insight into the stressing dynamics and independently verify this proposed
multi-component scheme, we have additionally measured stressing-induced dynamics of several
other PeLED parameters: EL wavelength, photoluminescence efficiency and its decay kinetics,
sample capacitance, and electroabsorption. Stressing-induced changes of these parameters are
presented in Figure 5. Below we discuss these data sequentially by analysing the stressing-induced

processes presented in Figure 4.
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Figure 5. Changes of various PeLED parameters, induced by stressing with 100 mA/cm? current. a)
PL intensity dependence on stressing time (red points) and relaxation at applied zero voltage (black
points), b) PL decay kinetics in sample stressed for different time intervals, c) wavelength of the EL band

maximum, d) electroabsorption at 780 nm and e) capacitance kinetics during sample stressing.



2.2 Stressing-induced processes

Fast reversible current and EL growth. As shown in Figure 2b, this initial evolution phase
expressed as growth of current together with emergence and initial development of EL continues
for about 20 s at RT. We will consider how other PeLED parameters change during this time.
Figure 5a shows the photoluminescence intensity dynamics monitored during the sample stressing.
The PL intensity was measured at zero applied voltage, when stressing voltage was temporary
switched off. As shown in the inset in Figure 5a, the PL intensity slightly drops down during initial
tens of seconds, i.e., during the initial evolution phase. Afterwards it increases more than 2.5 times
during the slow irreversible EL growth phase discussed below. Termination of the stress voltage
causes a fast PL intensity increase again.

Figure 5b shows the PL decay kinetics, which reveals a bi-exponential decay. The kinetics were
measured at zero applied voltage after stressing the sample for the indicated time intervals.
Comparing PL decay kinetics before and after 15 s of initial stressing, we observe that the fast
stressing-induced PL intensity drop is mainly caused by faster PL decay on a time scale of tens of
ns. We have also measured the PL decays for non-stressed sample under applied different negative
and positive voltages not reaching EL operation threshold. These kinetics are presented in Sl
Figure S3. The applied voltage mainly changes the slow decay phase, apparently by varying
electric field inside the perovskite layer and, thus carrier extraction. It implies that the faster PL
decay observed for the shortly stressed sample may also be caused by the modification of the
electric field within the perovskite film. This assumption is supported by the electroabsorption
(EA) measurements (see Figure 5d), which show an increase of the EA signal after a short-time
stressing. The EA signal is proportional to the square of the electric field strength, therefore
changes of the EA signal shall be considered as an indication of the redistribution of the electric
field strength over perovskite layer thickness. Additional support is also provided by the
capacitance measurements that demonstrate capacitance increase during the fast stressing phase
(see Figure 5e), indicating that the electric field in the stressed sample concentrates in thinner
perovskite layer. The initial fast stressing phase also changes the EL spectrum; the luminescence
peak wavelength exhibits a slight red shift (Figure 5¢).The shift in emission wavelength was
attributed to the interference of EL radiation emitted towards transparent electrode and that
reflected from the metal electrode; the red shift indicates that the recombination zone moves away



from the interface with the electron transporting layer.?6361 Thus, this is another indication that the
fast stressing phase changes the electric field distribution and consequently also the distribution of

charge carriers inside the perovskite layer.

All the above discussed observations are consistent with conclusion that the fast phase is
caused by the ion motion, which changes the electric field distribution within the perovskite layer.
Although this conclusion is quite expected, the experimental data described above also give
important information enabling us to consider the shape of the electric potential and its
modifications during stressing, which leads to the changes of carrier injection and recombination.
We suggest the qualitative model schematically presented in Figure 6. At zero applied voltage,
different work functions of electrodes create build-in electric field inside the perovskite layer of
opposite direction than electric field in operating PeLED. This field accumulates negative mobile
I"ions next to the PCBM electron transport layer, while positive ions accumulate next to the hole
transporting layer. The accumulated ions partly or completely screen the electric field in the
central part of the perovskite layer. The field screening would be non-symmetrical, as shown in
Figure 6a in case of different concentrations of positive and negative ions. This potential shape
suggests that the flat potential in the central perovskite layer part causes slow extraction of
photogenerated charge carriers, therefore pristine sample exhibits relatively weak PL quenching

(as shown in Figure 5b) caused by the carrier extraction.

Application of the stressing voltage does not change the ion distribution instantaneously, therefore
the initial shape of the potential becomes as shown in Figure 6b. This potential shape creates
additional barriers for the carrier injection, while additional barrier for the hole injection of about
200 meV is created by the difference between work functions of perovskite and hole transporting
material PolyTPD (see Figure 1). The barriers for electrons and holes are different, therefore
injection of one kind of charge carriers may be almost completely blocked causing very low

electroluminescence.
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Figure 6. Schematic representation of potential surfaces and ion distributions at different
phases of the PeLED stressing. a) under built-in electric field, I ions (blue symbols) and
vacancies V* (red symbols) accumulate next to PCBM and PolyTPD electrodes respectively, b)
abrupt application of stressing voltage creates electric field potential with barriers for electron
and hole injection, and creates only weak EL because of the spatial separation of electron and
hole densities, c) redistribution of I" ions and vacancies (assumed being less mobile) reduces
barriers for both electrons and holes and also causes ion recombination, d) EL intensity increases
when ion recombination eliminates majority of vacancies acting as recombination centres.

Subsequently, applied stressing voltage causes drift of ions away from the transporting layers, thus
reducing the barriers for the carrier injection. Finally, ions change their positions causing reduction
of injection barriers. The potential shape becomes as shown in Figure 6c, enabling efficient
injection of both electrons and holes and, thus, more efficient EL. However, the roles of positive
and negative ions seem to be significantly different in our samples. This is because: a) identical
activation energies obtained for different processes strongly suggest that one kind of mobile ions
strongly dominate and b) concentration of iodine interstitials in our iodine-rich samples is expected
to be much larger than that of iodine vacancies. Figure 6 accounts for the dominating role of I

ions.

Slow permanent EL growth. As shown in Figure 2b, this slow (tens of minutes) stressing phase
starts with a delay of about 25 s at RT after application of the stressing voltage and causes major
enhancement of the EL intensity, while current remains at the same level as reached during the

previous fast stressing phase. The slow stressing phase also causes almost 3-fold permanent



enhancement of the PL intensity (Figure 5a). As shown in Figure 5b, the slow stressing phase
increases the initial intensity of the PL Kinetics, slackens its decay during initial 10 ns, but does
not change the Pl decay on a t >10 ns time scale (compare red and magenta curves obtained after
15 s and 30 min stressing). We attributed the PL Kinetics at t >10 ns to the carrier extraction, thus
this process does not change during the slow stressing phase. While the fast initial PL decay should
be attributed to the carrier trapping. Therefore, EL and PL growth during the slow stressing phase
is a manifestation of the enhanced radiative recombination efficiency, apparently caused by the
reduced non-radiative Shockley-Read-Hall (SRH) recombination related to the carrier trapping.
This conclusion is supported by the increased open circuit voltage of the stressed PeLED operating
as solar cell (see Figure S4 in Sl for IV curves under artificial solar illumination), which is also an
indication of the reduced nonradiative relaxation. This slow phase, as was discussed, is
characterised by the same activation energy as the fast phases, strongly suggesting that it is also

related to the motion of iodine ions.

Similar PL enhancement of MAPbIs perovskites, only induced by optical soaking, is a well-known
phenomenon. It was explained by excitation-induced spatial redistribution and recombination of
iodine interstitials and vacancies,?®3 which act as recombination centres. Such recombination is
not possible in PeLEDs before their stressing because, according to our model, the built-in electric
field concentrates iodine ions and vacancies in narrow layers next to the opposite transport layers,
they are spatially separated and cannot recombine. Applied stressing voltage drags ion populations
towards each other, they mix together as shown in Figure 6¢ and start to recombine. Thus, the
delayed start of the slow permanent EL growth phase at about 25 s corresponds to the time needed
for charged species to redistribute across the perovskite layer and mix together. Recombination of
the iodine defects lasts for about 10 min at RT and longer at lower temperatures. The
recombination rate of iodine defects is proportional to the diffusivity of more mobile species,
therefore the rate of this process as well as processes attributed to the ion redistribution is
characterised by the same activation energy. Recombination of the iodine interstitials and
vacancies permanently reduces concentration of recombination centres. In case of different ion

and vacancy concentrations, the minor species, in our case V™, suffer relatively larger loses.

Reversible EL decay. This reversible process observed as partial decay of the EL intensity during
the repeatable device stressing (Figure 3) and presented by the red line in diagram in Figure 4



reduces the EL intensity, but does not change significantly the current, photoluminescence, EL
wavelength and electroabsorption (Figures 3 and 5). This process reveals a fast component of
several minutes and a much slower decay on a time scale of hours. During the first-time stressing
this decay process is masked by EL increase discussed above. During the repeatable stressing, the
fast decrease phase apparently also competes with the EL growth causing slightly faster EL
saturation in comparison with the current. Similar decay processes have been observed and
investigated in detail in previous publications.??] The fast decay component has been attributed
to the sample heating due to current flow, while the slow component is apparently related to the

partly reversible device degradation, probably also related to ions.

Relaxation after stressing. Termination of the stress voltage causes simultaneous decay of the
current and EL intensity (Figure 3 black points), because recreated built-in electric field drags ions
back to their initial positions as in pristine sample recreating barriers for the carrier injection.
However, the initial state of pristine sample does not recover completely because of irreversible
reduction of the trap and ion densities, as discussed below. It should be also noted that the current
and EL decays during relaxation are much slower than their growth during repeatable stressing,
although both processes are expected to be caused by the motion of I'ions. According to the above
presented ion redistribution model, the stressing and relaxation processes shall not be identical.
First, because of different electric field strengths and its spatial distributions. Recombination of I
with V*, reduces the ion density and may also change the dynamics. The stressing and relaxation
processes may also be different because ion motion during the PeLED stressing takes place in the
presence of charge carriers, while charge carriers are absent during relaxation. lon diffusivity has
been reported being enhanced by optical excitation, however the mechanism of this phenomenon
still remains vague.Bl Thus, ion diffusivity may be enhanced by charge carriers, both

photogenerated and injected, which makes ion motion faster during stressing.

2.3 Impact of reverse bias and light soaking

Impact of negative voltage. Application of the negative voltage to the stressed sample after its
relaxation at zero voltage caused additional decay of the EL intensity and current (see Figure 3,
blue points). Reinforcement of the internal electric field above the built-in value caused stronger

accumulation of ionic species and additionally increased barriers for the carrier injection. After



termination of the negative voltage, current and EL intensity gradually recover to the values

characteristic of stressed samples at zero applied voltage (see Figure 3).

Application of the negative voltage for a long time interval revealed an additional slow EL decay
and almost completely quenched the EL after 25 hours (see Figure S5 in SlI). We speculate that
strong negative voltage applied for the long time may cause redistribution of less mobile ions,
probably MA*, which additionally increase barriers for the carrier injection. Subsequent
application of a positive stressing voltage returned the device to the strongly electroluminescent

state again.

Light soaking. We have also attempted to investigate the influence of light soaking on the PL and
EL intensities by illuminating the PeLED by 1 sun intensity light, similar as was used in ref.
[29,30]. Surprisingly, no significant changes of the PL intensity and its decay kinetics have been
observed in pristine non-stressed samples (see Figure S6c in Sl). The light soaking, however,
increased the current of non-stressed sample by about 20% and approximately doubled the EL
intensity (see Figures S6a and b in Sl), which, however, remained about 10 times lower than after
current-stressing. Consequently, the influence of the light soaking was similar to the one produced
by the fast-stressing phase. The light soaking of the stressed sample also caused similar changes
as additional current stressing, i.e. increased the current and EL intensity, which relaxed later when

the light soaking was terminated.

Our above presented model explains this unusual influence of light soaking in a similar way as
was proposed for perovskite solar cells, where redistribution of ions or vacancies was suggested
to be driven by photoinduced voltage creating additional electric field.[*8 Optical excitation of
PeLED generates an open circuit voltage like in solar cells. Consequently, it reduces the build-in
electric field similarly as an applied positive voltage. The reduced internal electric field causes
redistribution of iodine ions, that leads to the reduction or complete disappearance of barriers for

the carrier injection, and, as a consequence, increase in current and EL.

3. Numerical modelling of the stressing-induced processes.

To further verify the suggested stressing mechanism, we have modelled the ion redistribution

processes and related PeLED performance dynamics. The model is described in SI. Briefly, we



calculated ion distribution at zero applied voltage, when the electric field inside perovskite is
determined by the built-in voltage. Next, we calculated the electric field potential immediately
after a positive PeLED pumping voltage was applied. Assuming that carrier transport layers are in
exhaustible carrier sources, considering that mobility of charge carriers is several orders of
magnitude larger than that of mobile ions, and accounting for the charge carrier recombination and
their drift in the electric field produced by the external applied voltage and internal distribution of
ions and carriers themselves, we calculated the resulting stationary distribution of electrons and
holes in perovskite layer as well as their current density. Assuming that small variations in ion
density do not significantly change the distribution of the net electric field in the perovskite, we
then propagated ion dynamics for a small-time interval, recalculated stationary distributions of
charge carriers and iteratively repeated the cycle. As a result, we obtained not only the gradual ion
redistribution in the net electric field created by applied voltage, ions, and charge carriers, but also
the effect of this redistribution onto the electric current and spatial densities of the electrons and
holes. During these calculations, we accounted for carrier recombination without distinguishing
between radiative and nonradiative parts assuming just a constant bimolecular recombination rate.
For the sake of simplicity we consider motion of only negative iodine ions, which, as was

discussed, likely are dominating players.

As already mentioned, our model directly gives time dependence of the current density on a time
scale of seconds, and, finally, we calculate the EL intensity as follows. We assume that the EL
intensity is proportional to the spatial overlap of the electron, n(x), and hole, p(x), densities
multiplied by efficiency of radiative recombination, &(t), which changes due to the current

stressing:

EL(t) x é(t) - [ n(x, t)p(x, t)dx. (4)

Here, the integral is taken across the perovskite layer. For simplicity, we also assume that the
current stressing rate is proportional to the current density, thus the efficiency of the radiative

recombination equals to:

§(t) = 1 — exp(—ksj(0) 1), ()

here j(t)is current density and kst is the stressing rate constant.



The model contains a number of variable parameters. Some of them such as carrier mobilities,
bimolecular recombination rate, ion density, were chosen based on literature data, others evaluated
from the sample structure and geometry, remaining are free parameters varied to achieve a
reasonable agreement with the experimental data. The parameter values used in our calculations
are listed in Table S1 in SI.
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Figure 7. Simulated perovskite stressing dynamics. a) Time dependence of the current density
(i(t), blue line, left axis), and spatial overlap of the electron and hole densities (f n(x, t)p(x, t)dx,
red line, right axis) during the initial fast stressing phase. b) Dynamics of the current density and
EL intensity during the slow stressing phase. ¢) lon densities within the perovskite layer (0 nm and
40 nm coordinates correspond to the interfaces with PCBM and Poly TPD respectively), calculated
at three delay times, shown with shaded circles in panel a (black lines). Density of immobile ion
vacancies remained constant (yellow line). d) Calculated densities of electrons (blue lines) and
holes (green lines) at the same three delay times. €) Distributions of the spatial overlap of carrier
densities, n(x, t) - p(x,t), calculated at the same three delay times. f) Calculated electrostatic
energy of the electron in the perovskite layer at the same three delay times, the insert shows electric
field strength next to Poly TPD layer. In panels c--f, point x = 0 corresponds to the interface with

the electron transporting layer.



Figure 7a shows current and recombination rate dynamics during the initial fast stressing phase,
evaluated for optimal parameter values, while Figure 7b shows also an EL dynamics on a longer
time scale. The latter was calculated according to Eq. 5. For comparison with experimental data,
the evaluated current and EL dynamics at different temperatures are also presented with dashed
lines in Figure 2a. A reasonable agreement with experimental data has been obtained except of the
very initial times. Processes at lower temperatures were calculated just assuming that the ion
mobility decreases with temperature as described by eq. 3 with activation energy Ea=181 meV,
which is close to the activation energies determined from Figure 2c.

Our inability to reproduce the very initial dynamics indicates that some additional fast processes
take place, which were not included into the model. In our calculations, we consider that the ion
mobility is constant. While in case of the disordered material, the initial ion motion may be
significantly faster than determined by their mobility at longer times, as was observed for carrier
motion in disordered organic semiconductors.[¥ Such dispersional ion motion would cause much
faster initial current growth, and its slower saturation at longer times, as observed experimentally.
The fast initial electric field redistribution may also be caused by the presence of the slow
component of the dielectric permittivity, which could be present in perovskites due to ferroelectric
polarization.[*® We cannot also completely exclude that our attribution of the observed processes
to the motion of iodine interstitials is incorrect. Some evaluations suggest dynamics during tens
and hundreds of seconds may be caused by motion of MA of Pb defects, while motion of iodine
defects should be much faster.l*®! Thus, motion of iodine defects may be responsible for the
dynamics during subseconds and several initial seconds. However, so far we don’t have arguments

in favour of one or another process.

Figures 7c and d show spatial distributions of mobile negative and immaobile positive ions as well
as electrons and holes, calculated at three time moments: 1) immediately after application of
positive voltage, 2) in the intermediate stage of ion redistribution phase, and 3) after the complete
ion redistribution. Figures 7e and f also show distributions of electron energy and of product of
electron and hole densities determining carrier recombination rate and, thus, electroluminescence
intensity. The initial ion distribution is determined by the built-in electric field corresponding to
about 1.2 V built-in voltage created by the differences between work functions of transport layers

and electrodes. Correspondingly, applied positive voltage of 2 V in the ideal case creates potential



difference on the perovskite layer equal to 0.8 V. However, apparently a fraction of the applied
voltage drops on transport layers, therefore we consider potential difference across perovskite layer
being of 0.6 V under applied 2 V voltage. Immediately after voltage application, the initial ion
distribution creates a potential energy surface for electrons exhibiting a flat zone close to the
negative electrode, which limits the electron injection. On the other hand, the hole injection is
limited by the barrier of about 200 meV originating from the difference between HOMO levels of
PolyTPD and MAPDIs. This barrier narrows when electrons and negative iodine ions accumulate
next to the PolyTPD layer and create strong electric field as shown in insert in Figure7F, enabling
faster hole injection by tunnelling, hence increase of the hole density at the positive electrode
(point x = 40 nm). Consequently, when iodine ions redistribute and gradually accumulate next to
PolyTPD layer, both electron and hole injection rates increase which in turn lead to the increase in

carrier density and recombination rate.

As shown in Figure 7e, the carrier recombination takes place close to the perovskite layer surfaces
where charge carriers accumulate. Before the ion redistribution, stronger carrier recombination
takes place close to the negative Al electrode. Later on, due to ion diffusion, recombination
intensifies along the positive ITO electrode, which is in agreement with the observed red shift of
the EL wavelength (see Figure 5c) that, indicating shift of the recombination zone away from the
metal electrode.!?6:38 Concentration of the electric field in a thin layer (insert in Figure 7f) shall
lead to increase in the electroabsorption signal and in sample capacitance, in agreement with the

experimental data (see Figures 5d and e).

Even though the used calculations simplify some of the processes taking place in real PeLEDs,
they quite closely reproduce the current and EL dynamics and also qualitatively explain changes
of the PL wavelength, electroabsorption and capacitance taking place during the PeLED stressing.
Depending on the PeLED structure and properties of the perovskites used, processes in other
PeLEDs may be significantly different. Figure S6 shows how the current and EL dynamics change
under variation of some model parameters. Quantitative similarity retains by changing carrier
mobility, ion density by orders of magnitude, but significantly changes depending on the applied
potential difference across perovskite layer. Consequently, our investigations suggest major
principles enabling to understand and predict the PeLED operation dynamics, which is an
important step in their further development.



Conclusions.

EL intensity and current of MAPI PeLED show complex growth kinetics after application of
constant pump voltage. The initial EL intensity of pristine sample is very weak and grows hundreds
of times on time scales of milliseconds to tens of minutes. Subsequent application of voltage after
the device “rests” for tens of minutes or hours creates much stronger initial EL, which additionally
grows by tens of percent during seconds. We analysed the EL growth processes by using several
investigation techniques that enabled us to investigate changes of EL intensity, current, and EL
spectrum taking place during current stressing, relaxation after stressing, application of negative
voltage or light soaking. Additionally, we investigated stressing induced changes of the sample

photoluminescence, electroabsorption and capacitance.

Analysis of the experimental results together with mathematical modelling revealed that the
complex changes taking place on several very different time scales are caused by motion of ions
characterised by activation energies of about 175 meV. Our experimental results and literature data
suggest that negative iodine ions play a dominating role. Redistribution of the spatial distribution
of ions along the perovskite layer thickness changes shape of electric potential, barriers for carrier
injection and also causes of their recombination with iodine interstitials acting as nonradiative

recombination centres.

We believe that the obtained deeper understanding of the processes taking place in operating
PeLEDs will be important for their optimization directed to more efficient performance

particularly in dynamic regimes.

Experimental section

Device fabrication. Fabrication of the LEDs was described elsewhere.?°! Briefly, PolyTPD was
spin coated on the precleaned ITO substrates at 4000 rpm for 40 s and then anneal at 150 ~C for
20 min, followed by treating with O2 plasma for 6 s at a power of 100 W to improve surface
wettability. Afterwards, MAPDI3 with 20 mol% extra benzylammonium iodide was deposited on

PolyTPD in a N2 filled glove box, using an antisolvent method. Then, PCBM solution in



chlorobenzene was deposited at 3000 rpm, followed by depositing ZnMgO nanoparticles in
ethanol at 4000 rpm. The devices were finished by thermal evaporation of 100 nm Al. The device

area is defined by the shadow mask and was 0.125 cm? with dimensions of 2.5 mm x 5 mm.

Investigation techniques. EL and current dynamics under application of steady state voltage were
measured using Keithley 2604B dual channel SMUs. The sample was mounted in vacuum in a
JANIS vpf-100 liquid nitrogen cryostat, where the sample temperature was controlled using a
Lakeshore 335 temperature controller. A Silicon photodiode 818-SL from Newport was used to
monitor the EL signal. The sampling rate was set to 100 ms for both channels. The experiment
starts by applying a DC voltage to the PeLED, while the current and EL dynamics are
simultaneously monitored using the two SMUS.

Pulsed stressing measurements were performed according to protocol presented in Sl. Briefly the
sample was stressed by 100 mA/cm? current for variable time durations and subsequently EL
intensity, current and mean EL wavelength were measured by switching-of the stressing voltage
and applying train of short electrical probing pulses. The voltage was applied by using arbitrary
function generator Tektronix AFG3101 and current was measured with Agilent Technologies
DS05054A oscilloscope using 50 Q input. EL intensity and spectrum were measured with
AvaSpec-HS1024x58/122 fiber optic spectrometer (Avantes). The same procedure was used to
investigate the light soaking impact, only in this case 1 sun light intensity was applied instead of
stressing current. During investigations of the relaxation processes, the sample, between probing

pulses, was kept at zero voltage in dark.

Photoluminescence, electroabsorption and capacitance were investigated by using the same
stressing protocol, but measurements were performed at zero applied voltage. Capacitance
measurements were performed by using the same setup by applying sinusoidal voltage and
measuring alternative current passing through the device. The relative capacitance changes were

evaluated from the current amplitude and phase shift.

Electroabsorption measurements were performed as described in ref..[*Y] The electroabsorption
signal was measured by comparing absorption spectra at positive and negative 1V voltages. The
positive 1V voltage compensated the built-in voltage, thus the net potential difference across the
perovskite layer was close to zero. While at -1 V applied voltage the potential difference was of
about 2 V.



Time-resolved PL measurements were performed by the Edinburgh Instruments Time Correlated
Single Photon Counting (TCSPC) spectrometer. Picosecond pulsed diode laser EPL-470 emitting
72 ps pulses at 470 nm with the repetition rate of 500 kHz (interval 2 ps) was used for the sample
excitation.
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1. Experimental
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Figure S1. (a) J-V-R and (b) EQE-J characteristics for a stressed PeLED.
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Figure S2. Protocol of pulsed measurements.

The sample was stressed for variable time duration and subsequently EL intensity, current and
mean EL wavelength, were measured by applying train of short electrical pulses.
Photoluminescence, electroabsorption and capacitance were investigated by using the same

stressing protocol, but measurements were performed at zero applied voltage.

2. Experimental results.
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Figure S3. Pl kinetics of the pristine PeLED at different applied voltages.
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Figure S4. Current-voltage dependence of the PeLED operating as solar cell under artificial solar

illumination.
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Figure S5. EL intensity changes induced by positive and negative stressing voltages. Red points
correspond to stressing by positive voltage, blue points - to application of negative voltage and
black points - to relaxation at zero voltage.
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Figure S6. Light soaking of pristine sample. EL (a) and current (b) kinetics induced by sample
soaking by 1 Sun light. EL intensity units were identical as in Figure 2, thus EL intensity created
by light soaking was about 10 times lower than obtained by current stressing. (c) PL kinetics

before and after light soaking.

3. Numerical calculations

The model used to numerically calculate ion and charge carrier dynamics is based on a number
of parameters. These parameters are introduced in the Section 3 of the Main text as well as the
model description below, while their numerical values are listed in Table S1.

Intrinsic electric field

As a result of the applied external voltage, some ions that are weakly bound to their lattice
position start to diffuse through the perovskite material. If the total density of such “mobile” ions
(and that of accumulated charge carriers, when the external voltage is supplied) is not extremely
low, their produced electric field might introduce significant changes to the net electric field in
the perovskite, which, in turn, will affect the ion and charge carrier dynamics therein.

We assume that the thickness of the perovskite layer, L, is much smaller than its lateral
dimensions (i. e.L < VS , here S is the cross-section of the perovskite layer) and neglect any
variations in the density of ions and charge carrier across the perovskite layer. Therefore, the
electric field has only a single component along the x axis (0 < x < L). If we denote the spatial
density of free electrons and holes as n(x) and p(x), the density of positive and negative ions



(or their vacancies)—as N, (x) andN,(x), respectively, and assume that both types of ions are
univalent, the resulting ion charge density distribution we be

p(x) = e (Np(x) = No(x) + p(x) = n(x)), (s1)

here e is the elementary charge. By applying the Gauss law, one can easily find that the electric
field at some point x, produced by this charge distributionp(x), is

X L
p(x)dx' — f p(x')dx'], (2)
0 X

herecg, is the electric permittivity of the perovskite medium. By integrating this expression over
the coordinate, one can obtain the distribution of the electrostatic potential (with respect to the
point x = 0) within the perovskite due to inhomogeneous charge distribution:

X
(pcharge(x) = _f Echarge(x’)dx’
0

Echarge (x) = 2

1 (S3)
Zseo l f p(x")dx" + j p(x'")dx l
By changing order of integration, the later expression can be simplified into
X L X
®charge(X) = > —x | p(x")dx" + xj p(x")dx" + 2f x'p(x") dx’l. (S4)
0 x 0

If there is some constant external voltage V. .applied to the perovskite layer in addition to
the (negative) built-in voltage Vy; (so that@exi (L) = Vext + Vi = V), it produces homogeneous
electric field

<pcharge (L) -V

Eext = I ) (S5)
so that the net electric field and electrostatic potential within the perovskite are
E(x) = Eext + Echarge(x) (S6)
And
V = @charge(L)
o(x) = —E "X+ <pcharge(x)- (S7)

L

Charge carrier dynamics

Dynamics of the electrons and holes in the perovskite layer on the time scale of microseconds is described
by the system of coupled Einstein—Smquchovsky reaction—diffusion equations:

—v,n+D,— ny,
p+D —] —ynp,
at ~ ox [ Pax| VP
here v, (x,t) = —upE(x,t) and v,(x,t) = u,E(x,t) are the drift velocities of electrons and holes,

respectively; D,, = u,kgT/e and D, = p,kgT/e are their diffusion coefficients; p,, and p,, are their
mobilities; y is electron—hole recombination rate; kg denotes the Boltzmann constant; T stands for the
absolute temperature; and E (x, t) is the strength of the electric field at the time moment t at the spatial



point x, calculated according to Eq. S6 from the instantaneous densities of ions, their vacancies, and
charge carriers. One should also note that due to the intrinsic electric field produced by the ions and
charge carriers themselves, not only the net field E(x) becomes inhomogeneous, but also the diffusion
equationsS8 are spatially non-local.

The interface with the PCBM electron transport layer at x = 0 is assumed to be the ideal source of
electrons with the constant contact density n.qnt; at the interface with the PolyTPD layer (x = L), we

assume some leakage of the electrons with the rate constant k,(lleak). The latter interface is also assumed
to be the source of holes with the constant contact density p.qnt; however, the injection of holes into the
perovskite is inhibited by the activation barrier AE,; originating form the difference of the valence band
energy in PolyTPD and the perovskite (see Fig. 1). Therefore, the density of holes p(L) in the perovskite is
assumed to be somewhat smaller, in accordance to the thermodynamic equilibrium with p.opnt. In our
calculations, we additionally assumed that holes can partially tunnel through this barrier for the distance
of 6x, meaning that rapid gradient of electrostatic potential ¢(x) at x = L results in higher contact hole
density p(L) (this effect can be noted in Figs7. d and f: we can see in panel (f) slightly larger gradient of
electron energy at x =40 nm and t = 20 s compared to the initial time t = 0; accordingly, the hole
density shown in panel (d) at x = 40 nm and t = 20 sis larger than at the initial time t = 0). Finally, some

leakage of the holes with the rate constant kSeak) at the interface with PCBM (x = 0) is also assumed. All
these effects can be expressed as the following boundary conditions of the Egs. S8:

n(x = 0) = neonts

fulre = L) = ky*™ - n(L);

f,(x = 0) = —k{° . p(0), (S9)
AEact - [V - (P(L - Sx)]
p(x = L) = pcont€Xp | — )
kgT
here f,,(x) and f,,(x) are the fluxes of electrons and holes, respectively:
on ap
faG) = van =Dpoy fp(2) = vpp = Dp o (S10)

Equations S8 were solved numerically using finite difference method (we used fixed spatial
discretization of Ax = L /160 while integration time steps were chosen adaptively) on the time scale of
us until the steady-state regime is reached. Since ions move on a much slower timescale of seconds, they
were assumed to be “frozen” while calculating charge carrier dynamics. The resulting steady-state
electron and hole densities, corresponding to the three distributions of ion densities shown in Fig. 7c
(“snapshots” at t = 0, 20 s, and 60s), are presented in Fig. 7d, while the corresponding spatial variations
in the electron energy, —e@(x), are shown in Fig. 7f. The electric current density corresponding to these
steady-state electron and holes distributions,

j=elf,®) - fu(x)], (511)

does not depend on x, as follows from the charge conservation law.

lon diffusion

As already mentioned, ion diffusion occurs on much longer time scale (compared to the charge carrier
dynamics) of tens of seconds. In our calculations, we assumed that the density of mobile negative iodine
ions (if they were uniformly distributed across the perovskite) is Njons; their charge is partially



compensated by the immobile positive iodine ions vacancies, distributed uniformly with the density Ny,
(i.e. Np = Nyyc = const). lodine ion diffusion in the electric field E(x) is described by the Einstein—
Smoluchovsky equation
0N, dN,

ot °n ox I
here vion (%, t) = —UionE (X, t)and Djon, = WionkgT/eare the drift velocity and the diffusion coefficient of
the iodine ions, respectively; pjo, stands for the ion mobility; and E(x, t) is the strength of the electric
field, calculated according to Eq. S6 from the instantaneous densities of ions, their vacancies, and charge
carriers. Eq. S12 is supplemented with the natural zero-flux boundary conditions at the interfaces x = 0
andx = L:

0
= |~ vionn + 1, (512)

fion(o) = fion(L) =0, (513)
where ion flux is defined as
fon(®) = DionNy — Dyon o
on(X) = vy —Digy —.
i0on mont'n 0on ax
Due to these boundary conditions the total number of iodine ions does not change in time:
L
Jo Nu(x, )dx = NigngL.
To calculate current and electroluminescence dynamics on the time scale of tens of seconds, we
started from the initial ion distribution

(S14)

ex (IVbile L—x)
[Viile p kgT L

" ol oxp (L2) 1
kgT
corresponding to the steady-state solution of Eq. S12, when ions move in the homogeneous electric field
produced by the built-in voltage V},; (intrinsic electric field produced by ions themselves and vacancies is
assumed to be screened-out by some free charge carriers). Such distribution might be not entirely correct,
but that is fixed soon after application of the external voltage, when diffusion of ions and charge carriers
is implicitly considered. We then applied external positive voltage V.4 and calculate the charge carrier
dynamics according to Egs. S8. The obtained results are the quantities shown in Fig. 7 that are denoted as
corresponding to the time moment ¢t = 0. In particular, we calculated the net electric field E(x,t = 0)
that is created by the external voltage, built-in voltage, this initial distribution of ions and vacancies as
well as the steady-state distribution. We then propagated Eqg. S12 in time for the short time interval of
At = 1s. Since during this short period neither ion density nor charge carrier densities changed
significantly, for simplicity we also assumed that during this whole time period the electric field remained
the same as it was at t = 0. Next, we again calculated charge carrier dynamics, now corresponding to the
ion distribution at time t = At, and obtained the new total electric field E(x,t = At). We then
propagated Eqg. S12 in time for another period of At. The whole procedure was repeated until the ion

N, (x,t =0) =N, (S15)

distribution reached its steady-state regime (corresponding to the homogeneous zero-flux, fion(x) = 0,
for any x), thus obtaining the kinetics presented in Fig. 7a.

Table S1. Model parameters used to calculate kinetics and distributions shown in Fig. 7 of the main text.



Model parameter Notation Numerical value
Built-in voltage Vi -1V

Applied external direct voltage Vext 0.6V

Relative permittivity of the perovskite layer £ 20

lodine ions density Nions 5.7-10" cm™
lodine ion vacancies density Nyac 10% of Njgns
lon mobility Uion 1072 cm?/(V-s)
Electron mobility at 300, 240, and 200 K Un, 0.1,0.017, and 0.005 cm?/(V-s)
Hole mobility Uy 0.1 cm?/(V-s)
Electron—hole recombination rate y 1500 pm?3/s
Electron leakage through the contact rate kr(lleak) 0.001 cm/s
Hole leakage through the contact rate kSeak) 0.01 cm/s
Electron contact density in the PCBM layer Neont 26 - 10 cm™
Hole contact density in the PolyTPD layer Pcont 1100 - 10** cm™
,:S’lc;\;_a;:)og\t/);rrler for hole injection from the AE, 0.2 eV

Maximal tunneling distance for the injected

holes Ox 1nm

Current stressing rate (jax is the maximal ke 0.01 57/ jrnay

(saturated) current density)
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Figure S6 Sensitivity of the calculated current and EL kinetics to the variations in model parameters: charge
carrier mobility y, = w, = u (top), density of the mobile ions Nj,,s (middle) and applied external voltage
Vext (bottom). Left panels correspond to the current and electron—hole recombination kinetics (as in Fig.
7a of the Main text) and right panels present current and EL kinetics (similarly to Fig. 7b). Solid lines
represent the same kinetics as in Fig. 7a and b, dashed lines—the result of the reduced parameter, dotted
lines—the effect of the increased parameter. For better comparison of the relative amplitudes of the
calculated kinetics, some of them were rescaled (the scaling factor is shown in the figure panels).






