
     

PAPER • OPEN ACCESS

Investigating spatial macroscopic metastability of
perovskite solar cells with voltage dependent
photoluminescence imaging
To cite this article: George Koutsourakis et al 2023 J. Phys. Energy 5 025008

 

View the article online for updates and enhancements.

You may also like
Evaluation of physics-based numerical
modelling for diverse design architecture
of perovskite solar cells
A K Mishra, Jorge Catalan, Diana
Camacho et al.

-

Influence of p-type doping on perovskite
solar cells fabricated with dithiophene-
benzene copolymer as the hole-
transporting layer
Yoshihiko Nishihara, Nobuko Onozawa-
Komatsuzaki, Hiroaki Tachibana et al.

-

Life-cycle environmental impacts of single-
junction and tandem perovskite PVs: a
critical review and future perspectives
Enrica Leccisi and Vasilis Fthenakis

-

This content was downloaded from IP address 18.117.216.229 on 09/05/2024 at 14:12

https://doi.org/10.1088/2515-7655/acc892
https://iopscience.iop.org/article/10.1088/2053-1591/aa8184
https://iopscience.iop.org/article/10.1088/2053-1591/aa8184
https://iopscience.iop.org/article/10.1088/2053-1591/aa8184
https://iopscience.iop.org/article/10.7567/1347-4065/ab645d
https://iopscience.iop.org/article/10.7567/1347-4065/ab645d
https://iopscience.iop.org/article/10.7567/1347-4065/ab645d
https://iopscience.iop.org/article/10.7567/1347-4065/ab645d
https://iopscience.iop.org/article/10.1088/2516-1083/ab7e84
https://iopscience.iop.org/article/10.1088/2516-1083/ab7e84
https://iopscience.iop.org/article/10.1088/2516-1083/ab7e84


J. Phys. Energy 5 (2023) 025008 https://doi.org/10.1088/2515-7655/acc892

Journal of Physics: Energy

OPEN ACCESS

RECEIVED

12 December 2022

REVISED

1 March 2023

ACCEPTED FOR PUBLICATION

29 March 2023

PUBLISHED

11 April 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

Investigating spatial macroscopic metastability of perovskite solar
cells with voltage dependent photoluminescence imaging
George Koutsourakis1,∗, Carys Worsley2, Michael Spence2, James C Blakesley1, Trystan MWatson2,
Matt Carnie2 and Fernando A Castro1
1 National Physical Laboratory (NPL), Hampton Road, Teddington, Middlesex TW11 0LW, United Kingdom
2 SPECIFIC, Swansea University, Bay Campus, Swansea SA1 8EN, United Kingdom
∗ Author to whom any correspondence should be addressed.

E-mail: george.koutsourakis@npl.co.uk

Keywords: perovskite solar cells, measurements, photoluminescence imaging, metastability

Supplementary material for this article is available online

Abstract
Metastability is a characteristic feature of perovskite solar cell (PSC) devices that affects power
rating measurements and general electrical behaviour. In this work the metastability of different
types of PSC devices is investigated through current–voltage (I–V) testing and voltage dependent
photoluminescence (PL-V) imaging. We show that advanced I–V parameter acquisition methods
need to be applied for accurate PSC performance evaluation, and that misleading results can be
obtained when using simple fast I–V curves, which can lead to incorrect estimation of cell
efficiency. The method, as applied in this work, can also distinguish between metastability and
degradation, which is a crucial step towards reporting stabilised efficiencies of PSC devices. PL-V is
then used to investigate temporal and spatial PL response at different voltage steps. In addition to
the impact on current response, metastability effects are clearly observed in the spatial PL response
of different types of PSCs. The results imply that a high density of local defects and
non-uniformities leads to increased lateral metastability visible in PL-V measurements, which is
directly linked to electrical metastability. This work indicates that existing quantitative PL imaging
methods and point-based PL measurements of PSC devices may need to be revisited, as
assumptions such as the absence of lateral currents or uniform voltage bias across a cell area may
not be valid.

1. Introduction

Halide perovskite solar cells (PSCs) were introduced in 2009, with demonstrated efficiencies just below 4%
[1]. Since then, PSC efficiencies have grown rapidly, reaching over 25% for single junction cells [2], and over
30% for tandem perovskite-on-silicon devices [3, 4]. Scalability potential towards PSC modules has been
demonstrated, with pilot outdoor small scale photovoltaic (PV) systems already being made [5, 6]. Past
experience based on organic PV device stability testing protocols has accelerated the understanding of
degradation and stability towards more stable PSC devices [7, 8].

The path towards commercialisation of perovskite technology also relies on accurate and reliable power
rating of PSC devices. Relevant to power measurements, one of the characteristic features of PSCs is the
metastability that is observed when acquiring electrical measurements due to hysteretic behaviour and/or
light-soaking effects [9, 10]. Metastability profiles vary between different PSC architectures and materials
[11], making it challenging to distinguish between metastability and degradation when measuring the
performance of such devices. This presents challenges when applying measurements to accurately determine
the power and efficiency of PSC samples, where the choice of I–V measurement method may affect results
[12].
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Several methods have been proposed recently to handle metastability during measurements, and allow
accurate and repeatable electrical performance characterisation of PSCs. A dynamic I–V curve acquisition
approach has been reported, as a straightforward initial approach for more accurate I–V acquisition of PSC
devices [13, 14]. Asymptotic and maximum power point tracking methods have also been demonstrated as
routes towards accurately determining the maximum power (Pmax) and efficiency of PSCs devices [15], with
an asymptotic Pmax scan method presented for performance calibration of perovskite and other emerging PV
devices [16]. A protocol where the sweep direction and repeatability of the Pmax measurement are considered
has been proposed recently by the European Solar Test Installation, which makes it possible to distinguish
metastability from degradation [17]. Regarding standardised documentation, the IEC TR 63228:2019 serves
as a best practice document to provide some guidance for reliable measurements for PSC devices [18].

The hysteretic behaviour of PSC devices observed in I–V measurements has also been observed in
photoluminescence (PL) spectroscopy measurements during voltage changes, attributed to a combination of
the electrostatic screening effect and nonradiative recombination effect of ion migration under external
electric field [19]. Slow ion migration along with the interactions of these ions with interfaces in PSC devices
has been reported as the cause of hysteretic behaviour under applied electric fields [9, 20, 21]. Voltage
dependent PL (PL-V) measurements have shown that PL intensity mirrors the current–voltage (I–V)
measurements in the power-generating range, which allows the study of the correlation between radiative
and nonradiative recombination losses [22]. PL spectroscopy has also been demonstrated as a useful
technique for the analysis of various steps of PSC device fabrication process and for monitoring
crystallisation stages [23, 24]. In addition to bulk PL spectroscopy and PL micro-spectroscopy mapping of
PSCs, large area PL imaging has been demonstrated as a fast technique for characterisation of spatial
uniformity and stability of PSCs [25–27]. PL imaging presents the advantage of fast measurement speed and
the capability to image large areas, full cells and even mini-modules [28], and has been used to analyse the
spatially inhomogeneous progression of PSC device performance changes after light-soaking [29]. Routes
towards quantitative PL imaging of PSC devices have been demonstrated [30]. As an example, PL imaging at
different light or voltage bias levels for PSCs devices has been used to infer spatial charge collection
characteristics of transport layers in such devices [31].

In previous studies reported above, PL imaging has been used for spatial characterisation of PSCs,
however without taking into account spatial metastability variations of samples, while transient effects or
hysteresis have been studied either globally or at specific points of the sample though microscopy methods.
In this work, we present for the first time spatial macroscopic metastability effects of PSCs using PL-V
imaging. In addition, PL-V imaging is used to investigate spatial metastability effects that take place
specifically during maximum power (Pmax) and current–voltage (I–V) measurement protocols. This
provides a better understanding of what considerations need to be taken during PSC device electrical testing
towards standardised measurements. To demonstrate the broad applicability of the approach taken here,
measurements have been applied to different types of PSC devices, planar PIN and NIP devices, as well as
triple-mesoscopic-layer carbon PSCs. Especially the latter devices demonstrate a very slow response to
voltage changes, in the order of seconds, which makes accurate electrical characterisation challenging. I–V
parameters of such devices are measured, and PL-V imaging is used to monitor the temporal and spatially
local PL response of the samples during different voltage steps. Lateral variation of metastability of PSC
devices is demonstrated through PL-V measurements, showing that local non-uniformities and defects
influence local metastability in PSC devices. Such features can affect reliable I–V acquisition and also
challenge common assumptions used in quantitative PL imaging, such as voltage bias uniformity across a
sample or lack of lateral currents. The combination of imaging methods with measurement of electrical
characteristics offers more accurate electrical characterisation of PSC, and also provides insights into how
different local defects and non-uniformities impact ion kinetics and thus device metastability.

2. Measurement methods and samples

2.1. I–V curve acquisition
I–V parameters were acquired using fast I–V sweeps (forward and reverse in one sweep) with a total time of
20 ms for the whole sweep. Additionally, a variation of the methodology proposed by Bardizza et al was used
to acquire stabilised I–V parameters [17]. During this process, the maximum power point power (Pmax),
short circuit current (ISC) and open circuit voltage (VOC) were tracked until the measured current (or
voltage for VOC) was stabilised based on a stopping stabilisation criterion, with the sequence Pmax, ISC, Pmax,
VOC, Pmax. This approach allows Pmax to be recorded towards both forward and reverse bias directions (after
ISC tracking and VOC tracking), as well as to monitor if there are stability issues for the sample, while
mitigating for metastability [17]. In addition, by recording stabilised values of ISC and VOC a fill factor value
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Figure 1. On the left, a schematic of the PL imaging system used in this work. On the right, an image of the PL imaging system
under operation.

can be obtained. In our variation of this method, no other stabilised points on the I–V curve are recorded
apart from Pmax, ISC, and VOC (not considering the tracked points during stabilisation). This helps reduce
measurement time significantly for metastable samples. Nevertheless, even the acquisition of these three I–V
parameters with the above sequence can last more than 30 min for some samples as will be shown below. The
stabilisation criterion selected here to record an I–V parameter point is when current variation during 2 s of
continuous sampling is smaller than 0.05% of the mean current value. This is a compromise between total
measurement time, avoiding sample degradation, and ensuring repeatability of measurements. Slower
metastability effects can take place, which makes the choice of stabilisation criterion dependent on the
sample and the user’s knowledge about the sample.

All I–V parameter acquisitions were done at standard testing conditions (STCs) for PV devices using a Xe
lamp solar simulator (Oriel AAA). A Keithley 2401 sourcemeter was used for acquiring I–V measurements,
with an in-house developed LabVIEW program used to control the I–V acquisition, either when applying fast
sweeps or when tracking I–V parameters [32]. A temperature controlled chuck with additional temperature
feedback from the sample itself was used, although for such long measurement durations the temperature of
the active material within the cells might differ from the feedback measured at the glass surface of the sample
[33]. A mask of 1 cm× 1 cm was used for all samples, having the same area as the cell active area. A
calibrated KG5-filtered silicon reference cell was used to set the irradiance levels. Preconditioning at STCs for
3 min was applied to all samples before the fast I–V sweep, followed by the I–V parameter tracking.

2.2. PL-V imaging
A multispectral excitation, large area PL imaging system has been developed at NPL and was used for this
work. The PL imaging system consists of 16 multispectral LED boards; each board includes LEDs of 4
different excitation wavelengths, 380 nm, 450 nm, 625 nm, and 850 nm, with the capability to individually
control groups of LEDs of the same wavelength. This allows high irradiance excitation of a range of samples,
from semiconductor wafers and single cells of various technologies to tandem samples. The irradiance
uniformity at the sample is better than 5% for a 200 mm× 200 mm area. A Hamamatsu ORCA Flash4.0
CMOS camera is used for capturing images, with a combination of filtering and close-up lenses based on the
samples under study. A KG5 calibrated reference cell is used to ensure stable and repeatable irradiance
intensity at the sample between measurements of different samples. The system is inside a light-tight
enclosure. A schematic and a picture of the system with the blue (450 nm) and red (625 nm) LEDs on are
presented in figure 1.

For the PL imaging experiments of this work, a combination of 450 nm and 625 nm wavelength
excitation light was used, with its intensity set to induce a 1 sun equivalent current on the KG5 reference cell.
A 700 nm longpass filter was used on the camera for all measurements presented in this work, for filtering the
LED light and allowing PL emission to be captured. All cells were masked during measurements, with only
their active area (1 cm× 1 cm) exposed. A Keithley 2401 sourcemeter was used for setting the voltage steps
and measuring the current response of devices. The schematic of the PL imaging system and a picture of the
sample and reference platform under illumination are presented in figure 1. PL images were captured at a 3.3
images s−1 rate, while the current was measured during each image acquisition, for the set voltage level.
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Figure 2. The types of samples used in this work: (left) a carbon mesoscopic structure PSC, (centre) a planar NIP structure PSC,
and (right) a planar PIN structure PSC. Images are not drawn to scale.

2.3. Samples
Two different types of PSC devices were tested in this work, mesoscopic carbon-based samples and planar
(NIP and PIN) samples. A schematic summary of all structures is presented in figure 2. The carbon based
mesoscopic PSC samples were based on screen printed layers of mesoporous TiO2, ZrO2, and carbon, with
thicknesses of 0.8 µm, 2 µm and 12–15 µm, respectively [34]. Before the layer printing, a compact TiO2

blocking layer (∼50 nm) was deposited on fluorine-doped tin oxide glass at 300 ◦C by spray pyrolysis of
ti(II)-bis-acetylacetonate in isopropyl alcohol (7.5%). The layers were infiltrated with the methylammonium
lead iodide (MAPbI3) perovskite precursor solution. Carbon based samples were infiltrated using a mixture
of valerolactone and methanol, and the perovskite precursor solution. The perovskite solution also contained
5-aminovaleric acid at 3% (molar) [35].

Planar perovskite cells were all fabricated on indium tin oxide (ITO) coated glass (13 Ω/□). For PIN cells
nickel(II) acetate tetrahydrate (52 mg ml−1 in 2-methoxyethanol) was spin coated on the glass at 6000 rpm
for 30 s before annealing on a hotplate at 300 ◦C for 30 min in air. A 1.25 MMAPbI3 solution was deposited
by spin coating at 4000 rpm for 30 s and an ethyl acetate anti-solvent was dropped onto the spinning
substrate after 6 s, after which the substrates were annealed for 10 min at 100 ◦C on a hotplate.
Phenyl-C61-butyric acid methyl ester (PC61BM) (20 mg ml−1 in chlorobenzene) followed by bathocuproine
(0.5 mg ml−1) were deposited by spin coating at 4000 rpm for 20 s. Finally, silver contacts were deposited by
thermal evaporation. For NIP cells SnO2 nanoparticles (5% colloidal dispersion in H2O) were spin coated at
4000 rpm for 30 s before annealing at 140 ◦C for 30 min in air. The perovskite film was produced in the same
way as for the PIN architecture. A tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene
(spiro-OMeTAD) solution was prepared following the method of Saliba et al [36] and dynamically spin
coated at 4000 rpm for 20 s to form the hole transport layer. Gold contacts were then deposited by thermal
evaporation. To improve stability during characterisation, cells were encapsulated following the method
described in Cacovich et al [37].

Regarding the samples used in this work: PSC1 is the carbon mesoscopic PSC device, PSC2 the planar
PIN PSC device and PSC3 the planar NIP PSC device. Results from a reference GaAs sample are available in
the supplementary material, in order to demonstrate the applicability of the methods for a high-performance
(closer to an ideal I–V response) inorganic cell. Results from additional carbon and planar PSC samples are
also included.

3. Results and discussion

Initially fast I–V sweeps of all samples were acquired, with a total sweep time of 20 ms, including forward
and reverse I–V curve. Then the I–V parameters Pmax (×3), ISC, and VOC were tracked until stabilised, as
described in the previous section. I–V curves including fast sweeps and tracked parameters are presented in
figure 3. The recorded I–V parameters are presented in table 1. The fast I–V sweep for sample PSC1 exhibits
barely any metastability (figure 3(a)). However, when the I–V parameters are tracked, it is revealed that the
device is metastable, and the initial fast I–V parameters would give an inaccurate representation of efficiency
since the stabilised Pmax is∼30% lower than the Pmax from the fast I–V. The device provides a stable Pmax

value as is presented in table 1, after it is tracked three times, with ISC and VOC tracking in-between. PSC2
exhibits both metastability and degradation. Metastability is shown by strong hysteresis in the fast I–V sweep
and from the tracked stabilised data points being very different from the fast I–V points. Degradation of the
sample during the measurements is observed during the I–V tracking, where the first two Pmax tracked
values (before and after tracking ISC) coincide but the last Pmax tracking step produces a much lower Pmax

value. As it will be observed below, the device also degrades during the corresponding sequence of PL
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Figure 3. Fast I–V curves (blue points), tracked (green) and stabilised recorded (orange) I–V parameters for the three PSC
samples measured in this work. (a) Carbon mesoscopic device PSC1, (b) planar NIP device PSC2, (c) planar PIN device PSC3.
Larger versions of the above images are included in the supplementary material.

Table 1. I–V data for all samples, both for the tracked I–V parameters and for the fast I–V sweeps.

Recorded (I–V parameter tracking) Fast

Sample

Pmax (mW)

ISC (mA) VOC (V) Pmax (mW) ISC (mA) VOC (V)1 2 3

PSC1 6.84 6.85 6.92 15.7 0.901 8.92 19.3 0.914
PSC2 5.71 5.72 3.41 12.8 0.926 8.8 15.7 0.965
PSC3 6.64 6.74 6.76 11.9 1.038 6.77 12.5 1.052

imaging measurements. PSC3 presents some metastability in the fast I–V curve sweep hysteresis and at ISC,
whereas Pmax tracking produces repeatable and stable results that are consistent with the fast I–V sweep.
Based on the measurements presented here, we find that this measurement approach can provide stabilised
Pmax measurements for metastable perovskite samples whilst also distinguishing between degradation and
metastability.

The aim of the above measurements was to study the stability and metastability of the three sample types
and (if possible) investigate the stabilised I–V parameters of the samples before PL-V imaging. In order to
observe spatial variations of metastability, PL images of the samples were measured at the same voltage steps
sequence as the recorded values by the I–V parameter acquisition above. During these experiments, one
image was acquired every 300 ms for each sample, with 1000 images in total, which means multiple images
were acquired at each voltage step, in parallel with the current measurement. The different voltage bias steps
were applied at specific timing intervals, not necessarily when the measured current of a device was
stabilised. The measured current and the total PL emission recorded (integration of the whole image) are
presented on the left of figures 4–6 for each sample. As expected, PL emission closely correlates with
measured current for all three samples, at different voltage levels. This means that metastability also affects
PL emission. On the right of the figures, PL images at specific points in time as marked on the curves are
presented, to demonstrate the different temporal variations of PL emission at different areas of each sample,
whilst kept at the same voltage level.

For PSC1, the changes in global PL emission are slower for each voltage step than for PSC2 and PSC3,
with the device not yet stabilised when the voltage value moves to the next step, as can be observed by the
current and PL emission curves (compare figure 4(a), with figures 5(a), and 6(a)). The darker areas at the
edges of the sample are the result of shading due to the applied mask on the sample during PL
measurements, and its thick front glass. The PL images 1, 2 and 3 in figure 4(b) are all captured at 0.52 V
bias, but all demonstrate different spatial behaviour, especially around specific defects. This implies that local
defects can affect lateral ion distribution, contributing to metastability. It can also be observed that prior
voltage bias conditions have an effect on the behaviour of the device, as can be specifically observed for PL
images 2 and 3 in figure 4, which are both at 0.52 V. PL images 4, 5 and 6 are all captured at 0.9 V, and an
even more pronounced temporal variation of the spatial PL emission profile can be observed, especially
around specific large scale defects in the sample. Such spatial changes affect global PL emission, and
consequently induced current, as is also confirmed by the current measurements during PL imaging.
Subtraction images between some of these points can be found in the supplementary material, highlighting
the differences in spatial profile.

PSC2 is clearly still degrading during PL imaging measurements, as the absolute values of measured
current and PL emission are both decreasing throughout all voltage steps, as can be observed in figure 5(a).
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Figure 4. (a) I–V (blue lines) and PL-V (orange lines) response for the carbon mesoscopic device PSC1; the voltages of each step
are also included in the graph. The numbered points represent the captured PL images on the right. (b) Captured images at
different points of the PL-V measurements, as indicated by the numbered points on the left (images 1, 2 and 3 captured at 0.52 V
bias; images 4, 5 and 6 captured at 0.9 V bias). All images are presented in the same PL intensity scale.

Figure 5. (a) I–V (blue lines) and PL-V (orange lines) response for the planar device PSC2; the voltages of each step are also
included in the graph. The numbered points represent the captured PL images on the right. (b) Captured images at different
points of the PL-V measurements, as indicated by the numbered points on the left (images 1, 2, 3 and 6 captured at 0.6 V bias;
images 4 and 5 captured at 0.9 V bias). The red arrows indicate an area around a defect where local PL emission varies. All images
are presented in the same scale.

Despite the degradation behaviour, the device still responds to voltage changes. The results for this device are
consistent with the I–V parameter tracking, during which the device started degrading during
measurements. Images 1, 2, 3 and 6 in figure 5(b) are all captured at 0.6 V, and some local temporal
differences in PL emission can be observed. Apart from the apparent differences across large areas in the
central and top left parts of image 2, differences around local defects can still be observed in the case of this
sample, similar to PSC1. A red arrow in figure 5(b) (images 1 and 3) is used to highlight one local defect,
while closer observation can reveal more such local differences in PL emission for the same voltages. There is
no observed spatial difference between images 3 and 6, apart from a minor overall reduction in PL emission
for the whole sample, as it degrades during measurements. Local differences can also be observed between
images 4 and 5, both of which have been captured at 0.9 V. The local differences between the two images are
similar to the differences between images 2 and 3, implying that the voltage step direction (lower to higher
voltage) has a major effect on metastability, which indicates that it could be related to ionic movement.

PSC3 is also consistent with its I–V parameter tracking results, as it demonstrates less pronounced
metastability, except for the 1 V bias level, where the current seems to converge rapidly to a stabilised value,
but the PL emission still varies through the duration of the voltage step. This is mainly due to the continuous
decrease of the PL signal around the defected areas on the right of the sample and at the darker area on the
left of the sample (as can be observed in the differential images within the supplementary material). This
could be the effect of metastability or degradation, which results in radiative recombination reducing and
non-radiative increasing. Since the voltage and current values are stable, charge carrier collection for the
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Figure 6. (a) I–V (blue lines) and PL-V (orange lines) response for the planar device PSC3; the voltages of each step are also
included in the graph. The numbered points represent the captured PL images on the right. (b) Captured images at different
points of the PL-V measurements, as indicated by the numbered points on the left. The red arrows indicate an area around a
defect where local PL emission varies. Each row of images is presented in a different scale.

whole device remains stable, which means the change in PL indicates changes in recombination processes.
The sample responds at much faster timescales than the previous two samples, especially compared to the
stable PSC1 sample. As can be observed in figure 6(a), the current during the last voltage step of 0.65 V
demonstrates an overall minor decrease (in absolute value) compared to the first 0.65 V step (initial 60 s),
with an equivalent reduction of total PL emission. This implies a metastability effect is taking place for the
whole device, with the short monitoring window not being enough to determine if the initial current will be
recovered eventually or if there is degradation also taking place. PL images of the PSC3 device demonstrate
general non-uniformities, but metastability effects for this sample are more global than local, or they occur
in timescales much shorter than the temporal resolution applied in these measurements.

The mesoscopic PSC1 consists of much thicker active layers than the planar PSC2 and PSC3, and its
structure inevitably leads to a much higher defect density than the planar samples. This leads to a slower
response in most cases, due to more pronounced metastability effects, observed in the I–V parameter
acquisition and PL-V measurements. This also allows temporal lateral metastability to be observed using the
PL-V method above, which is less effective for observation of such effects on planar devices. Lateral
metastability effects are still visible for planar devices and can be more pronounced in the presence of local
defects, however they take place on faster timescales than in mesoscopic samples. These results also imply
that improvement of sample quality and reduction of local defects in perovskite devices can reduce lateral
and, as a result, global metastability effects. Non-uniformities in the observed PL images of this work can be
a result of various reasons, from local differences in microstructure, local defects of various layers, or even
thickness non-uniformities of the various layers of the devices. Although it is unclear whether the
metastability effects observed are due to either the perovskite layer itself, or the different transport layers, we
note that all perovskite samples measured in this work demonstrated either metastabilities or degradation
effects, or both, during measurements.

Another feature visible in all samples is that even at ISC conditions, there is still some PL signal, indicating
that not all carriers are collected, as one would expect for an ideal solar cell. Therefore PL-V measurements
can help identify optimised high efficiency samples that demonstrate low metastability and close to ideal
behaviour, similar to the behaviour of the reference GaAs sample in the supplementary material. Recent
work at a nano- to micro-scale level has demonstrated that photoinduced spatial imbalance in charge
accumulation leads to the formation of a lateral space charge distribution and, in some cases, induces
degradation [38]. Currently, we cannot be certain if this contributes to the larger-scale lateral variation in
metastability observed here. A dedicated future work would be required to understand the physics behind
the local defects and why they impact lateral metastability, which is out of the scope of this paper.

An additional implication of these results is that the route towards accurate power rating methods for
PSC devices should include control over the operating history of a device before measurement. This is
indicated by the temporal PL-V results, where it is apparent that voltage history affects metastability and as a
result the Pmax measurements. As shown in this work, methods similar to the steps used here can produce
repeatable measurement results for metastable devices while reliably distinguishing between degradation and
metastability effects of PSCs. Local metastability effects should also be considered when quantitative PL
imaging is applied. Laterally-resolved metastability effects can be observed in this work, which means that
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assumptions applied for quantitative PL imaging methods, such as uniformity of voltage bias or lateral
current values, may not be valid in the case of different lateral ion distributions during PL measurement
acquisition for a given voltage bias. Similarly, global and lateral metastability effects should be considered
when applying other spatial characterisation methods, such us photocurrent mapping or
electroluminescence imaging.

4. Conclusions

Metastability is a characteristic feature of PSC devices that affects power rating measurements and general
electrical behaviour. In this work the metastability of different types of PSC devices has been investigated
through I–V testing and PL imaging. It has been shown that appropriate I–V parameter acquisition methods
need to be applied for accurate PSC performance evaluation, and different results are obtained when using
simple fast I–V curves, which can lead to incorrect estimation of cell efficiency. In addition, advanced I–V
parameter acquisition methods, as applied in this work, can distinguish between metastability and
degradation, which is a crucial step towards reporting stabilised efficiencies of PSC devices.

PL-V imaging has been used to investigate the spatial metastability effects observed during the I–V
parameter measurements used in this work, which essentially correspond with the voltage steps between
Pmax, ISC and VOC. It can be observed that macroscopic, laterally resolved metastability effects take place
during electrical bias, with the lateral variation observed mainly around local defects and non-uniform areas
of samples. The carbon-based mesoscopic PSC sample demonstrates the most intense metastability effects,
which implies that thicker samples with higher defect density demonstrate stronger metastability. The results
also indicate that improving fabrication techniques towards higher quality PSC devices will reduce lateral
metastability effects, reducing overall global metastability of a sample. Finally, the results presented show that
accurate power rating methods for PSC devices need to consider sample bias history for accurate results,
especially for distinguishing between metastability and degradation. Laterally varying metastability effects
demonstrated here indicate that existing quantitative PL imaging methods and point-based PL
measurements of PSC devices should be revisited, as assumptions such as the absence of lateral currents or
uniform voltage bias across a cell area may not be valid.
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