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Photoluminescence Mapping over Laser Pulse Fluence and
Repetition Rate as a Fingerprint of Charge and Defect

Dynamics in Perovskites

Shraddha M. Rao, Alexander Kiligaridis, Aymen Yangui, Qingzhi An, Yana Vaynzof,

and lvan G. Scheblykin*

Defects in metal halide perovskites (MHP) are photosensitive, making the
observer effect unavoidable when laser spectroscopy methods are applied.
Photoluminescence (PL) bleaching and enhancement under light soaking and
recovery in dark are examples of the transient phenomena that are
consequent to the creation and healing of defects. Depending on the initial
sample composition, environment, and other factors, the defect nature and
evolution can strongly vary, making spectroscopic data analysis prone to
misinterpretations. Herein, the use of an automatically acquired dependence
of PL quantum yield (PLQY) on the laser pulse repetition rate and pulse
fluence as a unique fingerprint of both charge carrier dynamics and defect
evolution is demonstrated. A simple visual comparison of such fingerprints
allows for assessment of similarities and differences between MHP samples.
The study illustrates this by examining methylammonium lead triiodide
(MAPbDI;) films with altered stoichiometry that just after preparation showed
very pronounced defect dynamics at time scale from milliseconds to seconds,
clearly distorting the PLQY fingerprint. Upon weeks of storage, the sample
fingerprints evolve toward the standard stoichiometric MAPbI; in terms of
both charge carrier dynamics and defect stability. Automatic PLQY mapping
can be used as a universal method for assessment of perovskite sample

1. Introduction

Metal halide perovskites (MHPs) are an im-
portant class of semiconductors, that re-
ceived significant attention over the last
decade due to their excellent optoelectronic
properties and promising performance in
various optoelectronic devices.'3] Methy-
lammonium lead triiodide (MAPDbI; or
MAPI) has since proven to be an excel-
lent representative of the versatility of per-
ovskites and has emerged as a promis-
ing photovoltaic material. Understanding
charge carrier dynamics and defect physics
in these semiconductors is critically impor-
tant for advancing the progress in mak-
ing stable devices with reproducible proper-
ties for optoelectronic applications.[*?! De-
spite extensive studies, many contradict-
ing observations have been reported that
continue to puzzle researchers. The main
challenges of working with perovskites are:
i) poor sample storage stability, ii) poor

quality.
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reproducibility in sample fabrication,[*%1]
and iii) evolution of the material under
light irradiation, current flow, and electric
field™> "l and material self-healing.['%-%]
Most of these difficulties, as well as ad-
vantages like, e.g., self-healing originate
from low energy of defect formation, easiness of material
recrystallization,’! the ionic nature of the defect states and
their metastability?>2%] due to very efficient ion migration in
MHPS.[15'27'28]

Unreliable performance of MHPs correlates with the ex-
treme sensitivity on the specific details of the fabrication
process,[1%2932] one of them being stoichiometries of precursor
solutions.!**3*] Previous studies have shown how unintentional
and fractional discrepancies as low as 0.5-1% in precursor ratios
lead to samples with very different surface energetics and emis-
sion properties,[!!] even when their absorbance and film mor-
phology remain unchanged.

Photoluminescence (PL) spectroscopy is a very powerful and
popular tool to rationalize MHPs due to extreme sensitivity of
PL properties to defect states.’] Recently a unique 2D pho-
toluminescence quantum yield mapping technique (PLQY(f,P)
mapping, where f-pulse repetition rate and P-pulse fluence) to
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characterize charge carrier dynamics in polycrystalline MAPI
films was demonstrated.[**! This new technique provides ex-
tensive information to unravel the various photophysical pro-
cesses that occur with charge carriers in luminescence semi-
conductors like radiative recombination, trapping, trap-assisted
non-radiative recombination, Auger recombination. The amount
of data is sufficient for extracting the rate constants and trap
densities by applying appropriate theoretical models to fit the
PLQY map and PL decay kinetics. However, it was shown that
even for the classical, rather stable MAPI films it is not pos-
sible to fully explain the observed PLQY(f,P) maps and PL de-
cay kinetics measured from the same sample using an extended
Shockley-Read-Hall (SRH+) model of charge recombination, the
reason for this is not yet known. It was proposed that the
PLQY(f,P) map can be used as the sample fingerprint!!®3>] be-
cause it reflects the peculiarities of charge carrier dynamics at
very different excitation conditions in terms of charge carrier
concentration created by one laser pulse (pulse fluence ranges
over four orders of magnitude) and the time gap between laser
pulses (ranges over six orders of magnitude from 10 ns to
10 ms).

In this work we concentrate on a very important as-
pect of MHPs that is, although known for practicing laser
spectroscopists,®l usually not in focus of publications discussing
charge carrier dynamics extracted from laser spectroscopy exper-
iments. We talk about defect state instability under light and de-
fect state evolution over the sample age. This can lead to irre-
producibility of experimental data and so-called “observer effect”,
which means that the experiment itself changes the sample. The
latter also means that the apparent results of the experiment de-
pend on the particular experimental details which at first glance
should not matter, for example the order of measured data points,
waiting time between consecutive measurements and other fac-
tors. The importance of the observer effect should not be over-
looked because most probably it is present in all published data
on MHPs to one extent or another and can lead to the proposi-
tion of various theories and explanations which in fact might be
a consequence of measurement induced artefacts. Because the
PLQY(f,P) mapping is fully automated, it is ideal for compari-
son of samples possessing the observer effect, because the exper-
imental conditions can be kept absolutely identical for all sam-
ples.

We measured the PLQY(f,P) maps of MAPDI; films pre-
pared with fractional variations in the precursor stoichiometry.
We focus on exploring overstoichiometric films (iodide fraction
higher than three) as those were shown to result in a superior
photovoltaic performance.l'!l The PLQY maps reveal sensitive
changes in the sample PL and stability over time. We found the
presence of reversible light-induced fast dynamics in the non-
stoichiometric MAPI pointing to the dependence of the defect
state concentration on the history of light exposure of the sam-
ples. These fast defect kinetics at times scales of seconds are eas-
ily hidden from conventional spectroscopic investigations. We
also observe maturing/healing of the samples over their shelf
storage time over weeks leading to a more stable PL response and
PLQY maps close to that of the standard MAPI;. The advantage
of the PLQY mapping is such that all these features are easily
detected by simple visual comparison of the PLQY maps mak-
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ing this technique highly useful for monitoring of the perovskite
sample quality.

2. Experimental Section

The samples were synthesized using a previously reported
method, where the precursor stoichiometry was carefully con-
trolled by varying the ratio between MAI and Pb(OAc), to
yield MAPI films with fractionally varying stoichiometries: sto-
ichiometrically balanced MAPbDI,, slightly over-stoichiometric
MA, (,Pbl;, and significantly over-stoichiometric MA, ; Pbl;,
(See Note S1, Supporting Information, for details). They were
stored in a nitrogen environment, isolated from light exposure
before and between measurements. The PL of the samples was
excited and imaged using a home-built wide-field photolumines-
cence microscope based on Olympus IX71 and an EMCCD Cam-
era (ProEM, Princeton Instruments). The samples were excited
using a 485 nm diode laser (PicoQuant), controlled by a multi-
channel laser driver (SEPIA LD828, PicoQuant).

The PLQY mapping entails exciting the sample with a
pulsed laser at repetition rate f [s7!] and pulse fluence P
[photons/cm? /pulse] that were controlled by the laser driver and
a neutral density filter wheel, respectively. For each combination
of fand P and PL intensity (PL image for the setup) of the sam-
ple was measured. Because the entire system was calibrated, this
data was later converted to the external PLQY (see Note S2, Sup-
porting Information). To obtain the PLQY(f,P) map, PL was mea-
sured for a laser excitation spanning five orders of magnitude
(from ca. 108 to 10'2 photons/cm? /pulse) in five steps with power
fluences P1, P2, P3, P4, and P5 (each step changes the fluence ap-
proximately ten times) and almost seven orders of magnitude in
pulse repetition rate, i.e., from 100 Hz to 80 MHz with the repeti-
tion rate changed by ~2-3 times each step. For each pulse fluence
P, the repetition rate, f, was scanned across the entire range. The
final PLQY(f,P) map was plotted as PLQY versus the time aver-
aged power density, W, which is defined as W= photon energy-f-P
with units W cm™2. In total the map consists of ~80 data points,
see Note S3 (Supporting Information) for details.

Data acquisition was designed so that all data points for the
entire PLQY(f,P) map were acquired automatically (Figure 1a).
All components of the setup were controlled by a LabVIEW pro-
gram that executes the experiment according to a pre-loaded table
of parameters of the data acquisition (f, P, shutter timing, ac-
quisition time of the camera, filters, etc.). To avoid unnecessary
sample exposure, the shutter was synchronized with camera to
allow the laser beam reaching the sample during the PL acquisi-
tion only. The program automatically saved the PL images, which
were later processed using another program to yield the PLQY
map. This ensured that the data acquisition conditions were ab-
solutely reproducible meaning that the same experiment could
be repeated with another sample. Automation also excludes hu-
man errors that are unavoidable when such long series of data
at varied conditions are measured. The entire measurement took
from 1 to 3 h, where the longest time took to acquire data for low
P and low fvalues since exposure times as long as several min-
utes per data point were often required. In our particular case the
total exposure of the sample was ~19 ] cm~2 that, however, was
spread over ~1 h of the experiment.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85UB0|7 SUOWIWIOD BAIEa.D 3[cealdde au) Ag pauienob ae Ssppie YO ‘8sN JO s3I 10} A%iq 1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SLLBY/LID" A3 1M Ae1q |BU UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[7202/70/yT] U0 AreiqiauliUO A8]1M “SUI0!QIGSUO TeWLIOJU | 8Y3SIUYIe | A 96600£202 WOPR/Z00T OT/I0P/LLI00"AB | 1M AeIq Ul |uo//:Sdny Woiy papeojumod ‘g ‘v20z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a)

f=100Hz to PL

MSO MHz

Shutter
v

ND Ay
LASER Y]
fiters (LS AR

Microscope
P1-P5

www.advopticalmat.de

Automation
using
LabVIEW Camera
(c)
100 E o o g )
MALOIPb|3.01
4
>10'F o P
9 %0go °oo°°° °°°¢ 4 °¢ 0°°
o 000 o < o
£10?¢ % 00°
2 ©0 000 00° o P5
2 o 5 o P4
< 3Lk %pg 522380 P3
o & o P2
- o P1
4 i A A I
10
108 16+ 1072 10° 102

Power Density (W/cmz)

f=
(b)
100 ey
66
1| P4 000000
> 10 F
g
& P3
L1072}
é on oo_?o Single Pulse : PS5
el o Regime P4
<403k P P3|
Quasi CW o p2
Regime o P1
0.4 o wl l L
10°® 107 1072 10° 102
Power Density (W/cmz)
(d)
100 T T ' ]
MA, o4Pbl; o,
0o
gL o o 4
5 10 000 504°° °°0000888
T \ 009% ¥
%0 o Q
£ 102 -\°°o 0000 © y
= (-} o P5
5]
S [0
< 403t 898 P31
o P2
o P1
-4 A ul L "
10
10°® 1074 1072 10° 102

Power Density (W/cmz)

Figure 1. a) A schematic representation of the setup for acquisition of PLQY (f,P) maps. PLQY maps of b) MAPbl;, c) MA, o,Pbl; o4, and d) MA; ;Pbl; ;
films. The map is formed by plotting together a family of 5 curves of PLQY versus Power Density. Each curve is obtained for its own pulse fluence, Pn.
P1 is the lowest and P5 is the highest pulse fluence (in photons/cm?/pulse). The scanning of the laser repetition rate fis illustrated in (b) for pulse
fluence P5. See the text for details. The grey dash lines show the square root dependence between the excitation power density and PLQY, which aids to
compare the slopes of the quasi-CW-regime of the samples. Different excitation regimes are marked in (b).

3. Results and Discussion

3.1. PLQY Map of the Standard MAPbI, and Explanation of the
Excitation Regimes

First, let us consider the PLQY(f,P) maps of the fresh samples,
as shown in Figure 1. A family of PLQY versus excitation power
density curves, one for each pulse fluence (P1, P2, etc) are plotted
together to give the final PLQY (f,P) map. The map of the stoichio-
metric MAPI film is quite close to the one previously reported.[3’!
The over stoichiometric samples show very differently looking
maps: PLQY is lower at all conditions and the shape of the fea-
tures of the map is unusual. Already here the visual comparison
of the PLQY maps reveals that these samples are very different in
terms of their PL and response to light irradiation in comparison
to the stoichiometric MAPI.

The PLQY map of the standard MAPI is used here to recall the
signatures of the different excitation regimes and charge recom-
bination channels in semiconductors.!**] The data points on the
PLQY map can be distinguished as belonging to two excitation
regimes: i) the single pulse regime that is marked in yellow on
Figure 1a, where the PLQY data points for fixed P follow a straight
horizontal line when f is changed; ii) the Quasi-CW regime that
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is marked in orange on Figure 1a, where we observe merging
of the individual lines measured at fixed P into one common
dependence where PLQY depends the averaged power density
W = photon energy-fP only. In the single pulse regime, the PL
excited by one laser pulse is free from the memory of the excited
state dynamics produced by the previous pulse. In the quasi-CW
regime, to the contrary, the PL excited by the first pulse affects the
evolution of the PL induced by the next pulse because the time in-
terval between two consecutive pulses is too short to ensure com-
plete relaxation of all transient species (free and trapped charge
carriers) created by the previous pulse. The existence of these two
regimes is rather obvious and discussed in detail elsewhere.[*]

The PLQY map of our reference sample, plotted in the manner
as shown in Figure 1a, with some imagination resembles a “horse
neck with mane”, where the “neck” corresponds to the quasi-CW
regime, and the “mane” is formed by the separate strands of sin-
gle pulse regime data points collected for fixed values of P (P1,
P2,..., P5).1%%] These features of the PLQY maps will be referred
to in the following sections of the article to explain, analyze and
compare the MAPI film samples.

The dotted grey line shows a square root dependence of
PLQY on the average excitation power density (slope 0.5 in the
log-log plot) expected for the quasi-CW regime in the case of
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photodoping (SRH model without trap saturation). The line is
used as a reference for the slopes of the quasi-CW regime.
The map of the stoichiometric MAPI film shows a quasi-
CW slope of ~0.77 that was previously explained by a partial
trap saturation,®! and the single pulse regime forming well-
separated, almost horizontal lines for different pulse fluences.
This PLQY map can be reasonably well explained by an extended
SRH charge recombination model.l*!

3.2. PLQY Maps of the Overstoichiometric MAPI and Evidence of
the Observer Effect

As seen in Figure 1c,d, the PLQY maps of overstoichiometric
MAPI samples differ substantially from the standard map. First,
the maps are shifted down in comparison with the reference, in-
dicating a lower absolute PLQY at all excitation regimes. Second,
the slope of the quasi-CW regime is reduced to 0.5 for the slightly
over-stoichiometric MAPI (Figure 1c) and to <0.5 for the signif-
icantly over-stoichiometric MAPI sample (Figure 1d). Third, for
both these samples the single-pulse regimes show an uncharac-
teristic initial reduction of PLQY as fincreases (marked by three
grey arrows in Figure 1d) and then a recovery to join the quasi-
CW “horse neck”. Changes of PLQY in the single pulse regime
are not consistent with any charge recombination model where
the defect concentration and trapping rates are static. Note that
these maps were highly reproducible when measured multiple
times for each different sample, at nine different locations within
the samples. So, we must investigate the possibility that the data
acquisition itself changes the charge recombination dynamics, or
in order words, we need to examine the presence of the observer
effect.

Another highly unusual feature clearly visible in the PLQY
maps of MA,,,Pbl,,, and somewhat less pronounced for
MA, ;Pbl;, sample, is an apparent “discontinuity” in the single-
pulse regime (“horse mane”) for the highest pulse fluence P5,
as marked by yellow ovals highlighted with double-sided ar-
rows. This feature was reproduceable, irrespectively in the par-
ticular sample or the excitation spatial location. Even multi-
ple measurements at the same region yielded the same pe-
culiar jumps in the PLQY values by a factor of two with-
out any obvious reason. As we will show below, this feature
has the same origin as the previously discussed “curved single
pulse regime”: it is the observer effect, related to photosensitiv-
ity of the material and the exact details of sample light expo-
sure controlled by a shutter and the time window over which
the PL photons are acquired by the camera at the sub-second
timescale.

3.3. PL Response on Switching the Laser, Reversible Bleaching

Before we explain the reasons for these unexpected observations,
let us discuss the time-resolved response of the PL intensity on
switching the laser excitation on (Figure 2). During this experi-
ment the PL signal from MA, ,,PbI, ,, sample was recorded con-
stantly with 0.03 s time resolution while the shutter blocking the
laser beam was opened and closed multiple times. The PL in-
tensity is high at the start of each excitation period, but quickly
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Figure 2. Evolution of PL of MA; ¢4Pbl; ¢4 sample under interrupted laser
irradiation (pulse repetition rate 10 MHz, pulse fluence P5). PL is bleach-
ing at the time scale of seconds, however, after a short rest in dark, the PL
intensity fully recovers.

declines by approximately a factor of two, reaching a steady state
value. Remarkably, after a few seconds in dark, the sample shows
exactly the same PL response when excited again, meaning that
the observed PL bleaching (or decline) under illumination is fully
reversible. This reversible PL dynamics at timescale from mil-
liseconds to tens of seconds (depending on the excitation power
density) must affect the PL intensity measurements for PLQY
mapping.

An important point to note is that for measuring of a PLQY
map the data acquisition is programmed for a minimum, but suf-
ficient acquisition time. For a low power density excitation, the
PLQY is very low and the acquisition times as long as 10-300 s
are needed, whereas for high excitation power densities, acqui-
sition times from 0.07 to 1 s are sufficient. Considering the fast
bleaching noted above, we expect the PL intensity to change dur-
ing the acquisition time of the data points of the PLQY/(f,P) map.

3.4. Quantitative Assessment of the Effect of Temporal PL
Bleaching on the PLQY Map

3.4.1. The Curvature in the Single Pulse Regime

To consider this, we modified the acquisition scheme in such
a way that instead of one long acquisition time per data point,
a movie of the same length consisting of several images was
recorded. This allows us to monitor the PL intensity evolution
during the data acquisition of selected datapoints of the PLQY
map.

Figure 3a shows a part of the PLQY map with the peculiar “dip”
in the single pulse regime for the MA, ;Pbl;; sample (green
circles). The same figure also shows the data for the reference
MAPI that is horizontal as is to be expected (black diamonds).
The other panels of the figure show the time-resolved PL kinetics
during the single acquisition of 6 selected data points where the
“dip” is observed (f varies from 400 Hz to 50 kHz). The green
coloration shows the integrated signal that is actually measured
and plotted at the PLQY map. The pink coloration shows the
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Figure 3. a) Dependence of PLQY on repetition rate f for the pulse fluence P4 for the significantly overstoichiomeric MA; 1Pbls ; (green circles) and for
the stoichiometric MAPbI; (black diamonds). For frequencies <50 kHz we expect to have single pulse excitation regime implying constant PLQY as the
MAPbI; sample shows. The dependence for the overstoichiomeric sample, however, shows unusual bending down with the lowest value at 2 kHz. This
unusual region is highlighted by yellow, see also Figure 1d. The reason for that is PL kinetics at the time scale of the signal acquisition illustrated in
(b—g). The time range for each plot is equal to the signal acquisition time for the corresponding datapoints shown in (a). PL signal evolution is shown in
green. The integrals under these curves (green coloration) are proportional to the measured PLQY ((a), green circles). The pink rectangular areas show
the “true” PL signal as it would be if the sample was stable. The red line in (a) shows these “true” values which, as expected, form a horizontal line in
the given repetition rate range. So, the anomaly in PLQY shown in (a) is due to the PL bleaching at the time scale of seconds shown in (b—g).

expected signal in the case PL did not decrease during the acqui-
sition time. These expected PLQY values are illustrated by the
pink line. This data demonstrates that it is the PL dynamics just
after switching on the excitation laser that is responsible for the
data points being lower than expected at the certain regions of
the PLQY map. The behavior of the “corrected” PLQY (pink line)
is close to the constant PLQY as expected from the single pulse
regime.

Because the acquisition time and power density are different
for different data points, and the PL bleaching kinetic does not
scale in the same way as the sample exposure time needed for PL
collection, the influence of the PL bleaching is different for dif-
ferent regions of the PLQY map. It not only results in the down-
ward shift in the PLQY map (PL bleaching means lower PLQY),
but also impacts on its shape that can be immediately detected by
visually analyzing the maps. Obviously, the experiment is heavily
influenced by the observer effect, i.e., when the excitation light
required to induce PL also leads to a change in the material, thus
resulting in the change of the observable parameter (PL in our
case).

Adv. Optical Mater. 2024, 12, 2300996 2300996 (5 of 9)

3.4.2. Jump-Like Artefacts, Effect of Synchronization between the
Shutter and the Camera

Let us consider the region of the map where the average excita-
tion power is quite large and PLQY is also large. In this region
the acquisition time needed for obtaining a good signal is very
short. Due to the limitation of the shutter installed at the laser
beam, the minimum irradiation time of the sample is 70 ms.
As one can see in Figure 3, the PL bleaching at high excitation
power is very fast with a characteristic time of the order of
100 ms. Importantly, there are two time-intervals that need to be
synchronized throughout the experiment: the opening and clos-
ing of the shutter blocking the laser (light irradiation interval)
and the starting and stopping of the data collection by the CCD
camera (data acquisition interval). For a stable sample, the PL
signal is just proportional to the overlapping time between these
two intervals. However, when the sample is not stable during
the measurement, particular details of the timing between the
shutter and CCD start to become crucially important (Figure 4).
Note that these considerations are not limited to PL intensity
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Figure 4. A schematic representation of the critical importance of synchronization between the laser irradiation interval and the signal acquisition
window. The evolution of PL intensity after opening the laser shutter is shown by the red line. a) Data acquisition in the “fast shutter mode”, where the
effective data acquisition time is equal to the laser irradiation time as both are determined by the laser shutter. b) Data acquisition in the “slow shutter
mode”, where there is a delay between the start of the laser illumination and the start of PL acquisition. This delay is 600 ms in our experiments. The
acquisition time is 100 ms in both cases, however, the signal detected in (b) is several times smaller than in (a) due to the PL bleaching over the first

600 ms after opening the laser shutter.

measurements, they are valid for any optical experiments and
careful experimentalists must consider them.

The jump-like artefacts observed for non-stoichiometric sam-
ples at several positions on their PLQY maps originate from the
issue mentioned above. The reason for the drastic jumps of the
PLQY from one data point to another observed in some regions
of the PLQY map is that they originate from the two different
regimes of the data acquisition in terms of the synchronization
between the laser irradiation and PL acquisition time intervals.

Figure 4 illustrates these two different modes used in the mea-
surements. The reason for having these two different modes
in the setup was purely historical, as it is common in any
setup/measurement routine that is constantly under develop-
ment in a research lab. The two modes being: a) the “fast shut-
ter” mode, where the sample irradiation and PL collection inter-
vals are identical (perfect synchronization, was used for irradia-
tions times <100 ms), and b) the “slow shutter” mode where the
sample irradiation time is longer than the PL acquisition time
(delayed synchronization, was used when the irradiation time
>100 ms). It is obvious that if PL is bleaching at the time scale
comparable with the synchronization delay (600 ms), the PL in-
tensity measured with the “slow shutter” should be smaller than
that measured with the “fast shutter” for the same PL acquisition
time, as represented in Figure 4c. However, when the acquisi-
tion time is >1 s, there should be no difference between these
two modes.

The easily observed reproducible artefacts visible in the PLQY
maps are therefore due to sensitivity of the overstoichiometric
samples to light. In fact, we do not see any real possibility to
eliminate these artefacts. The observer effect is always there. We
can only conclude that by applying automatic measurement rou-
tines, for example, PLQY(f,P) mapping, it is possible to identify
and classify samples by their photosensitivity.

Adv. Optical Mater. 2024, 12, 2300996 2300996 (6 of 9)

3.5. Time Evolution of the PLQY Maps during Long-Term Storage

Having identified the reasons for the artefacts in the PLQY maps,
we examine how these maps change upon storage of the sam-
ples. We always used the same data acquisition routine, that is
why the maps of different samples and the same samples mea-
sured after different storage time can be directly compared. We
find that the artefacts due to the defect dynamics in overstoichio-
metric samples decrease with the age of the films (Figure 5).
The most drastic changes are for MA, (,Pbl; . As the PLQY
maps show, PLQY increases with age and the jumps due to fast
dynamics at high excitation power also decrease. Although the
PLQY map for the 6 weeks old sample still shows artefacts like
non-constant PLQY for the single pulse regime, it has become
much closer to the reference stoichiometric MAPI (compare with
Figure 1b). This dramatic change in the PL response signifies
healing of the sample. We hypothesize that the excessive iodide
in the crystal structure (I” interstitials inherent to overstoichio-
metric samples), first diffuse to the surface of the grains and then
leave the surface over time upon exposure to oxygen and light il-
lumination, see also the discussion in ref. [16] where healing of
an overstoichiometric MAPI film was observed after deliberate
photo-oxidation.

Evolution of the PLQY maps for the significantly over-
stoichiometric MA,,Pbl,,, is shown in the bottom row, in
Figure 5d-f. Although the PLQY value also slightly goes up
as the sample ages, the artefacts due to fast light-induced de-
fect dynamics remain the same. It means that when the de-
gree of overstoichiometry is over a certain limit, the sample
cannot spontaneously transform to its normal state. Even after
long storage time it retains the charge carrier and defect dynam-
ics significantly different from that of the stoichiometric MAPI
film.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. A series of PLQY(f,P) maps demonstrating the evolution of the response of the non-stoichiometric MAPI films as a function of the storage
time after synthesis. Top raw—the slightly over-stoichiometric MA, ¢,Pbl; o4, bottom raw—the significantly over-stoichiometric MA, ;Pbl; ; films. Red
horizontal dash line shows PLQY = 10%, the tilted green dash line is the square root dependence (slope 0.5 in log-log scale) expected for the quasi-CW
regime for the case of photodoping without trap saturation. These lines aid comparison of the plots between each other. The “sun” marks the excitation

power density of 0.1 W cm™2.

3.6. Possible Mechanisms and Origin of Defect Photosensitivity
and Sample Maturing

To date there is no complete understanding about which partic-
ular defects are responsible for the apparent photosensitivity of
MAPI exemplified in Figure 2. Note that we were not able to
find any publication where PL evolution of MHPs on the sub-
second time scale has been demonstrated. Our results as well as
the literature datal'®2%263¢] indicate that iodide interstitials inher-
ently present at high concentrations in overstoichiometric sam-
ples is at least one of the factors. The corresponding excess of
MA* counter ions also exist in the overstoichiometric samples;
however, they are believed to be much less important for non-
radiative recombination processes.*”]

Here we would like to make a connection to the mixed halide
perovskites (e.g., Br/I mixtures®®*]) where the steady state of
the material in terms of its bandgap and many other proper-
ties depends on the light (intensity, repetition rate for pulsed
excitation(“*#1]) the sample is irradiated by. Although it is easy
to study phase segregation in these systems experimentally, even
for the model MAPDI, Br,_, perovskite the full physical picture of
the processes is not yet established.*®! In general, steady state of
any photosensitive material with reversible photo-induced reac-
tions (mixed halides MHPs as a very clear case and, as we propose
here, MHPs in general) is determined by kinetic equilibrium be-
tween several processes involving various reactants/products and
photons (or electronic excitations). Changing of light irradiation

Adv. Optical Mater. 2024, 12, 2300996 2300996 (7 of 9)

condition inevitably changes the resulting equilibrated state. We
speculate that in MAPI films initially containing lots of defects
(I" and MA™ interstitials) irradiation by light intensifies the de-
fect migration. This migration leads to spatial redistribution of
ions and may lead to local segregation of the material in terms of
defect concentration/local composition that results in enhanced
non-radiative charge recombination in overstoichiometric sam-
ples. This material state exists in a dynamic equilibrium between
light-driven segregation and gradient driven diffusion in analogy
to mixed halide perovskites. In this model, the degree of segrega-
tion depends on the light intensity and so does the equilibrated
value of PL.

3.7. The Observer Effect as a Problem for Understanding
Perovskites

The reversible fast PL bleaching process discussed in this work
can be easily overlooked because it happens on time scale of sec-
onds while in most of experiments steady state values of parame-
ters (in terms of the data acquisition time) are measured. Indeed,
commonly the sample is considered unstable and not suitable
for measurements only if the experimentally measured param-
eter in the second experiment is different (e.g., PL intensity is
lower) from that measured in the first and so on. However, this
simple test is not enough for photosensitive perovskites. Due to
self-healing the measured parameters in the second experiment

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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most probably will not be different from the first one. It means
that the sample appears as “stable” as soon as the same experi-
mental routine is applied again and again.

Indeed, the temporal bleaching we discuss here is not re-
lated to permanent degradation, but to the equilibrium state of
the material under light irradiation. We observe that PL inten-
sity changes when the material transfers to a new equilibrium
when the irradiation conditions are changed (e.g., the laser was
switched on, or the intensity of the laser is changed). As soon
as the new equilibrium is reached, the PL (and therefore, the de-
fect concentration) stabilizes. Whether or not the experimentalist
has a chance to notice this instability depends on the interplay of
multiple experimental conditions such as the sample relaxation
time, data acquisition time, gaps between measurements, type of
irradiation (constant, interrupted) and many other experimental
details.

The problem with these steady-state data is that the quasi-
stable equilibrium condition of the sample depends on the light
intensity, which means that obtained steady-state parameters
cannot be compared with the same parameters measured at dif-
ferent light irradiation conditions. In other words, changing the
irradiation conditions is equivalent to changing the sample. This
problem undermines the commonly applied method of varying
photogenerated charge carrier concentration as the universal ap-
proach for understanding charge carrier dynamics.

Thanks to the automated experimental routine and the unique
mapping in very large fand P space, we can immediately iden-
tify that some samples exhibit unusual behavior and should be
not even tried to be analyzed without serious consideration of
their photosensitivity. Strictly speaking, for materials with pho-
tosensitive defect concentration standard types of spectroscopic
methods and theoretical models might not be fully applicable.

4. Conclusion

Automatically recorded PLQY(f,P) maps serve as easily readable
fingerprints of sample electronic properties. Such a fingerprint
depends on charge carrier recombination pathways which to a
large extent are controlled by defect state properties and their
concentration that can be strongly photosensitive. Photosensi-
tivity of defect concentration is very pronounced in overstoichio-
metric films having excess of MA* and I~ in their composition.
This was revealed in the PLQY(f,P) maps as clear artifacts beyond
any sensible explanation in the framework of standard charge re-
combination models. These films show a strong observer effect,
meaning that by performing an optical experiment one changes
the sample and thus the results reflect properties of the material
convoluted with the details of the experimental routine used in
the particular laboratory. The reason behind these artifacts is that
PL intensity reversibly declines under light exposure with charac-
teristics timescale from hundreds of milliseconds to tens of sec-
onds depending on light excitation conditions. Following these
artifacts over the storage time of the film over weeks, we find that
slightly overstoichiometric films change their properties toward
being more stable, having a higher PLQY and PLQY(f,P) maps
closer to the one for the standard MAPI. This phenomenon is
one more example of the self-healing ability of metal halide per-
ovskite semiconductors enabled by efficient ion diffusion in the
crystal. The observer effect and self-healing must be considered
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in any optical and electronic measurement of metal halide per-
ovskites.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The work was supported by the Swedish Research Council (2020-03530).
Q.A. and Y.V. thank the center for advancing electronics Dresden (cfaed)
for generous funding in the framework of the postdoc program and the
Deutsche Forschungsgemeinschaft (DFG) for funding the “PERFECT PVs”
project (Grant No. 424216076) via the Special Priority Program 2196. Y.V.
has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme
(ERC grant agreement number 714067, ENERGYMAPS).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

defects, photoluminescence, photosensitivity, PLQY, semiconductors

Received: April 27, 2023
Revised: June 24, 2023
Published online: August 31, 2023

[1] L. Schmidt-Mende, V. Dyakonov, S. Olthof, F. Unlii, K. M. T. Lé, S.
Mathur, A. D. Karabanov, D. C. Lupascu, L. M. Herz, A. Hinderhofer,
F. Schreiber, A. Chernikov, D. A. Egger, O. Shargaieva, C. Cocchi, E.
Unger, M. Saliba, M. M. Byranvand, M. Kroll, F. Nehm, K. Leo, A.
Redinger, |. Hocker, T. Kirchartz, ). Warby, E. Gutierrez-Partida, D.
Neher, M. Stolterfoht, U. Wiirfel, M. Unmissig, et al., APL Mater.
2021, 9, 109202.

[2] A.K.Jena, A. Kulkarni, T. Miyasaka, Chem. Rev. 2019, 119, 3036.

[3] H. Dong, C. Zhang, X. Liu, J. Yao, Y. S. Zhao, Chem. Soc. Rev. 2020,
49,951.

[4] ). M. Ball, A. Petrozza, Nat. Energy 2016, 1, 1.

[5] D. Cahen, L. Kronik, G. Hodes, ACS Energy Lett. 2021, 6, 4108.

[6] S.G. Motti, D. Meggiolaro, S. Martani, R. Sorrentino, A. |. Barker, F.
De Angelis, A. Petrozza, Adv. Mater. 2019, 37, 1901183.

[7] S. Singh, Laxmi, D. Kabra, J. Phys. D: Appl. Phys. 2020, 53, 503003.

[8] K.P.Goetz, A. D. Taylor, F. Paulus, Y. Vaynzof, Adv. Funct. Mater. 2020,
30, 1910004.

[9] S. Kosar, A. . Winchester, T. A. S. Doherty, S. Macpherson, C. E.
Petoukhoff, K. Frohna, M. Anaya, N. S. Chan, |. Madéo, M. K. L. Man,
S. D. Stranks, K. M. Dani, Energy Environ. Sci. 2021, 14, 6320.

[10] K. P. Goetz, Y. Vaynzof, ACS Energy Lett. 2022, 7, 1750.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85UB0|7 SUOWIWIOD BAIEa.D 3[cealdde au) Ag pauienob ae Ssppie YO ‘8sN JO s3I 10} A%iq 1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SLLBY/LID" A3 1M Ae1q |BU UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[7202/70/yT] U0 AreiqiauliUO A8]1M “SUI0!QIGSUO TeWLIOJU | 8Y3SIUYIe | A 96600£202 WOPR/Z00T OT/I0P/LLI00"AB | 1M AeIq Ul |uo//:Sdny Woiy papeojumod ‘g ‘v20z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(1]

(12]

(13]

(14]
[15]

[16]

(17]

(18]

[19]

20]
(21]
(22]
(23]

(24]

Adv. Optical Mater. 2024, 12, 2300996

ADVANCED
OPTICAL
MATERIALS

P. Fassl, V. Lami, A. Bausch, Z. Wang, M. T. Klug, H. J. Snaith, Y.
Vaynzof, Energy Environ. Sci. 2018, 11, 3380.

Y. Tian, M. Peter, E. Unger, M. Abdellah, K. Zheng, T. Pullerits, A.
Yartsev, V. Sundstrém, |. G. Scheblykin, Phys. Chem. Chem. Phys.
2015, 17, 24978.

Y. Tian, A. Merdasa, E. Unger, M. Abdellah, K. Zheng, S. McKibbin,
A. Mikkelsen, T. Pullerits, A. Yartsev, V. Sundstrém, I. G. Scheblykin,
J. Phys. Chem. Lett. 2015, 6, 4171.

L. Lin, L. Yang, G. Du, X. Li, Y. Li, J. Deng, K. Wei, J. Zhang, ACS Appl.
Energy Mater. 2023, https://doi.org/10.1021/acsaem.2c04120.

J. Liu, M. Hu, Z. Dai, W. Que, N. P. Padture, Y. Zhou, ACS Energy Lett.
2021, 6, 1003.

K. P. Goetz, F. T. F. Thome, Q. An, Y. J. Hofstetter, T. Schramm, A.
Yangui, A. Kiligaridis, M. Loeffler, A. D. Taylor, I. G. Scheblykin, Y.
Vaynzof, J. Mater. Chem. C 2023, 11, 8007.

N. Phung, A. Mattoni, J. A. Smith, D. Skroblin, H. Kébler, L. Choubrac,
J. Breternitz, J. Li, T. Unold, S. Schorr, C. Gollwitzer, I. G. Scheblykin,
E. L. Unger, M. Saliba, S. Meloni, A. Abate, A. Merdasa, Joule 2022,
6, 2152.

D. W.deQuilettes, W. Zhang, V. M. Burlakov, D. J. Graham, T. Leijtens,
A. Osherov, V. Bulovi¢, H. J. Snaith, D. S. Ginger, S. D. Stranks, Nat.
Commun. 2016, 7, 11683.

K. Domanski, B. Roose, T. Matsui, M. Saliba, S.-H. Turren-Cruz, |.-
P. Correa-Baena, C. R. Carmona, G. Richardson, |. M. Foster, F. De
Angelis, |. M. Ball, A. Petrozza, N. Mine, M. K. Nazeeruddin, W. Tress,
M. Gritzel, U. Steiner, A. Hagfeldt, Energy Environ. Sci. 2017, 10, 604.
D. Cahen, I. Lubomirsky, Acc. Chem. Res. 2017, 50, 573.

D. R. Ceratti, R. Tenne, A. Bartezzaghi, L. Cremonesi, L. Segev, V.
Kalchenko, D. Oron, M. A. C. Potenza, G. Hodes, D. Cahen, Adv.
Mater. 2022, 34, 2110239.

M. H. J. J. Galle, ). Li, P. A. Frantsuzov, T. Basché, I. G. Scheblykin,
Adv. Sci. 2023, 10, 2204393.

S. Seth, E. A. Podshivaylov, ). Li, M. Gerhard, A. Kiligaridis, P. A.
Frantsuzov, I. G. Scheblykin, Adv. Energy Mater. 2021, 11, 2102449.
A. Merdasa, Y. Tian, R. Camacho, A. Dobrovolsky, E. Debroye, E. L.
Unger, ). Hofkens, V. Sundstrém, I. G. Scheblykin, ACS Nano 2017,
11,5391.

2300996 (9 of 9)

(23]

(26]
(27)
(28]

(29]

(30]
(31]

(32]

(33]

B4]
B5]
6]
B7]
B3]
B9]
[40]

[41]

www.advopticalmat.de

S. G. Motti, D. Meggiolaro, A. J. Barker, E. Mosconi, C. A. R. Perini,
J. M. Ball, M. Gandini, M. Kim, F. De Angelis, A. Petrozza, Nat. Pho-
tonics 2019, 13, 532.

S. G. Motti, D. Meggiolaro, S. Martani, R. Sorrentino, A. ). Barker, F.
De Angelis, A. Petrozza, Adv. Mater. 2019, 37, 1901183.

P. V. Kamat, M. Kuno, Acc. Chem. Res. 2021, 54, 520.

C. Li, A. Guerrero, Y. Zhong, A. Griser, C. A. M. Luna, ).
Koéhler, ). Bisquert, R. Hildner, S. Huettner, Small 2017, 13,
1701711.

A. D. Taylor, Q. Sun, K. P. Goetz, Q. An, T. Schramm, Y.
Hofstetter, M. Litterst, F. Paulus, Y. Vaynzof, Nat. Commun. 2021, 12,
1878.

C. Odabagi, R. Yildirim, Energy Technol. 2020, 8, 1901449.

M. S. Jamal, M. S. Bashar, A. K. M. Hasan, Z. A. Almutairi, H. F.
Alharbi, N. H. Alharthi, M. R. Karim, H. Misran, N. Amin, K. B.
Sopian, M. Akhtaruzzaman, Renewable Sustainable Energy Rev. 2018,
98, 469.

Z. Chen, P. He, D. Wu, C. Chen, M. Mujahid, Y. Li, Y. Duan, Front.
Mater. 2021, 8, 723169.

W. S. Yang, B. W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U. Lee,
S. S. Shin, J. Seo, E. K. Kim, J. H. Noh, S. I.| Seok, Science 2017, 356,
1376.

Q. Chen, H. Zhou, T.-B. Song, S. Luo, Z. Hong, H.-S. Duan, L. Dou,
Y. Liu, Y. Yang, Nano Lett. 2014, 14, 4158.

A. Kiligaridis, P. A. Frantsuzov, A. Yangui, S. Seth, J. Li, Q. An, Y.
Vaynzof, I. G. Scheblykin, Nat. Commun. 2021, 12, 3329.

P. Fassl, Y. Zakharko, L. M. Falk, K. P. Goetz, F. Paulus, A. D. Taylor, J.
Zaumseil, Y. Vaynzof, J. Mater. Chem. C 2019, 7, 5285.

S. Reichert, Q. An, Y.-W. W. Woo, A. Walsh, Y. Vaynzof, C. Deibel, Nat.
Commun. 2020, 11, 6098.

K. Suchan, . Just, P. Beblo, C. Rehermann, A. Merdasa, R. Mainz, .
G. Scheblykin, E. Unger, Adv. Funct. Mater. 2023, 33, 2206047.

M. C. Brennan, S. Draguta, P. V. Kamat, M. Kuno, ACS Energy Lett.
2018, 3, 204.

X.Yang, X. Yan, W. Wang, X. Zhu, H. Li, W. Ma, C. Sheng, Org. Electron.
2016, 34, 79.

A. J. Knight, L. M. Herz, Energy Environ. Sci. 2020, 13, 2024.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85UB0|7 SUOWIWIOD BAIEa.D 3[cealdde au) Ag pauienob ae Ssppie YO ‘8sN JO s3I 10} A%iq 1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SLLBY/LID" A3 1M Ae1q |BU UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[7202/70/yT] U0 AreiqiauliUO A8]1M “SUI0!QIGSUO TeWLIOJU | 8Y3SIUYIe | A 96600£202 WOPR/Z00T OT/I0P/LLI00"AB | 1M AeIq Ul |uo//:Sdny Woiy papeojumod ‘g ‘v20z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://doi.org/10.1021/acsaem.2c04120

