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Ion-driven nanograin formation in early-stage
degradation of tri-cation perovskite films†
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Robert A. Dorey,b Ferry Kienberger,c Fernando A. Castro,a Martin Kaltenbrunner,f

Markus C. Scharber, e Georg Gramse c,d and Sebastian Wood *a

The operational stability of organic–inorganic halide perovskite based solar cells is a challenge for wide-

spread commercial adoption. The mobility of ionic species is a key contributor to perovskite instability

since ion migration can lead to unfavourable changes in the crystal lattice and ultimately destabilisation of

the perovskite phase. Here we study the nanoscale early-stage degradation of mixed-halide mixed-cation

perovskite films under operation-like conditions using electrical scanning probe microscopy to investigate

the formation of surface nanograin defects. We identify the nanograins as lead iodide and study their for-

mation in ambient and inert environments with various optical, thermal, and electrical stress conditions in

order to elucidate the different underlying degradation mechanisms. We find that the intrinsic instability is

related to the polycrystalline morphology, where electrical bias stress leads to the build-up of charge at

grain boundaries and lateral space charge gradients that destabilise the local perovskite lattice facilitating

escape of the organic cation. This mechanism is accelerated by enhanced ionic mobility under optical

excitation. Our findings highlight the importance of inhibiting the formation of local charge imbalance,

either through compositions preventing ionic redistribution or local grain boundary passivation, in order

to extend operational stability in perovskite photovoltaics.

Introduction

Organic–inorganic halide perovskites, with structural formula
ABX3, are attractive candidates for next generation photovoltaic
devices with power conversion efficiencies close to that of
single crystal Si solar cells1 and tandem device efficiencies
exceeding 29%.2 Despite the rapid increase in operational per-
formance, thermal and phase instabilities arising from effects
intrinsic to perovskites still hinder the progress towards device
optimization.3–6 The problems of ionic migration and halide
segregation have been successfully tackled through the syn-
thesis of mixed cation perovskites. Alloying methylammonium

(MA+) cations with formamidinium (FA+) and Cs+ ions in the
A-site has resulted in improved operational stability, while
maintaining high operational performance.7,8 Despite the sub-
stantial improvements achieved via A-site substitution in such
triple-cation perovskites, steady performance decreases are
still observed under operational stress in inert conditions.9

A key contributor to the loss of operational stability across a
range of timescales is ion migration promoted by the appli-
cation of external bias and illumination during operation.10

Low migration activation energies and a high density of
defects11 result in mobile ions migrating towards oppositely
charged electrodes to counteract built-in or externally applied
electric fields.12,13 In solar cell devices, ion driven degradation
effects under operational conditions can be reversible or
irreversible in nature,14–17 with the latter often induced by
electrochemical reactions at interfaces,15,17,18 elevated
temperatures19,20 or environmental agents.21 Interfacial ion
accumulation of MA+ cations has been widely demonstrated in
single-cation MAPbI3 compositions.13,22 Recently, cation
migration kinetics were shown to be greatly accelerated by
increasing substitution of MA+ with FA+ ions.23 In contrast,
triple-cation compositions are typically reported to show much
lower ion migration activity, which is partially attributed to
lower defect concentrations in conjunction with kinetic bar-
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riers to ion diffusion.24 Nonetheless, studies still demonstrate
large bias-induced organic A-site cation migration on a planar
lateral electrode geometry.25

Ionic transport in polycrystalline hybrid conductors is
strongly affected by the thin film morphology and is dominant
along grain boundaries (GB) demonstrated by the faster ionic
diffusion26,27 and lower activation energies for ion migration28

compared to grain centres. Consequently, GBs and crystal
defects have been widely shown to act as primary degradation
pathways.29–32 Electrical modes of scanning probe microscopy
(SPM) such as conductive atomic force microscopy (c-AFM)
have contributed greatly to relating local microstructure with
changes in functional properties. Studies have reported
reduced tip sample currents at GBs that expand over time
towards grain centres33 as well as other film degradation
phenomena27,34,35 including the formation of surface nano-
grain (NG) structures. Appearance of NGs has been reported as
an early-stage manifestation of film degradation under a
variety of stressors such as temperature,36,37 ambient
environment,38,39 as well as electron beam irradiation.40–42

While NG formation consistently exhibits a probe bias polarity
dependence for different perovskite compositions,27,34 the
origin of this effect, as well as the specific contributions of the
surface microstructure to local instability, are largely
unexplored.

In the present work, we elucidate the relationships between
different stressors and the characteristics of resulting NG fea-
tures. The nanoscale resolved local electrical response of a
Cs0.05(FA0.83MA0.17)0.95PbI3−xBrx (CsFAMAPbBrI) polycrystalline
film was investigated under conditions relevant to full solar
cell operation. Charge redistribution induced by applied elec-
tric fields and light exposure is linked to NG formation. The
proposed degradation mechanism is a result of inhomo-
geneous charge accumulation between grain centres and GBs,
closely linking formation of NGs with ion migration pathways
in the film structure. A synoptic model is proposed to accom-
modate different stress conditions, associating NG formation
with the stress induced local charge environment. The pro-
posed intrinsic instability in CsFAMAPbBrI is driven by hetero-
geneous charge accumulation and hence can be overcome by
inhibiting facile ion migration, which is closely linked to the
presence of MA+. Replacing MA+ with more stable cation
species and applying different grain and surface passivation
techniques could inhibit the ion migration and hence degra-
dation of the perovskite components.

Results and discussion
Nanoscale charge environment under operational conditions

Given the typical dimensions of the CsFAMAPbBrI film micro-
structure, the emergence of early degradation signs due to the
interplay of local charge redistribution effects with the poly-
crystalline morphology was studied using the high spatial
resolution capabilities of electrical SPM. Here, photoconduc-
tive AFM (pc-AFM) was used as a tool to simulate conditions

experienced by a perovskite solar cell active layer under oper-
ation by locally applying electrical bias via the probe in
addition to external illumination (wavelength: 532 nm).
Scanning Kelvin probe microscopy (SKPM) was applied to
probe local charge redistribution effects as a result of simu-
lated operational conditions via pc-AFM. Measurements were
performed before poling (using SKPM), during poling (pc-
AFM) and after poling (SKPM). Forward biasing was achieved
by applying a −0.5 V voltage on the probe (with respect to the
conductive ITO substrate) in contact with the CsFAMAPbBrI/
ITO structure during photoconductive AFM (pc-AFM) measure-
ments, such that the probe was acting as the negative elec-
trode. More details on the application of different SPM modes
for poling purposes can be found in the Experimental
methods section. The measurement setup during pc-AFM is
illustrated in Fig. 1(a), depicting also the side-coupled colli-
mated beam illuminating the measurement area.

The topography and the contact potential difference (CPD)
before poling (Fig. 1(b) and (c)) represent the polycrystalline
structure of the perovskite, where GBs exhibit lower CPD com-
pared to the grains.27,43 In pc-AFM operation low electrical cur-
rents, in the range of tens of pA, were recorded from the grain
structures during charge injection as shown in Fig. 1(d). The
current collected at the GBs is reduced on average by a factor of
6 (see Fig. S1†), which could be due to locally higher charge
extraction barriers. Under illumination, shown in Fig. 1(f), an
average surface potential increase of close to 340 mV was
obtained with respect to the SKPM map measured in dark con-
ditions. The positive change in the CPD can be attributed to
band bending effects at the surface, indicating an intrinsically
p-type behaviour and a net negative surface charge under illumi-
nation.44 This allows us to construct the energetic landscape
across the film thickness (Fig. S2†) when further considering
the contact at the back interface with ITO. Interestingly, after
the pc-AFM imaging, the subsequent CPD map under dark con-
ditions, shown in Fig. 1(g), records a drop, indicating only a
slight decrease of negative surface charge compared to the CPD
map obtained during illumination. These changes resulting
from the mixed response of electronic and ionic charge carriers
are the focus of a number of studies.23,25,43 Further analysis and
separation of the effects related to charge carriers of different
origin are shown in the discussion following Fig. 3–5.

Importantly, the topography of the scanned region before
and after pc-AFM imaging exhibits a significant difference as
shown in Fig. 1(b) and (f), respectively. The morphology and
location of individual grains within the polycrystalline perovs-
kite film are preserved, indicating that no major structural
changes were induced by the measurement. However, we note
the appearance of additional granular features on the surface,
exhibiting diameters in the range of tens of nanometres. In
the following we refer to these features as NGs. Some of the
NGs formed during this pc-AFM probing are highlighted by
white circles in Fig. 1(f ). The NG features formed, shown in
Fig. 1(f ) exhibit distinctly higher CPDs. Although the CPD
difference between adjacent perovskite surfaces and NG fea-
tures is hard to quantify from these data, the observed contrast
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of the spatially localised features indicates a difference in
chemical composition. These compositional changes must
originate from an initiation of chemical degradation within
the perovskite film, as mass transfer from the AFM tip gold
coating would lead to tip blunting and a subsequent loss in
spatial resolution between Fig. 1(b) and (f ), which is not
observed. In addition, similar structures are induced in
absence of a mechanical tip–sample contact in this work.

The results shown in Fig. 1 indicate that when illuminated
under forward bias conditions, the formation of the NG struc-
tures occurs along with a change of local electronic properties.
Such formation of NGs with local compositional differences in
the active layer could directly compromise the overall opto-
electronic device performance. To understand the chemical
composition of the NG structures, a deeper investigation of the
formation conditions was required. For this purpose, energy
dispersive X-ray spectroscopy (EDX) was conducted on a film
surface before and after operational degradation. The resulting
spectra are shown in Fig. S3.† Whilst a small decrease in I and

Br halides was recorded after poling, a large decrease (40% to
50%, see Fig. S3†) in C and N peaks was measured indicating
a loss of MA+ and FA+ organic cations from the system. These
results are consistent with recent reports on triple-cation per-
ovskite phase decomposition pathways. Whilst MA-rich perovs-
kite phases are known to decompose into precursor lead-
halide salts, FA-rich perovskite converts into a hexagonal
δ-phase.45 For triple-cation perovskites, despite being FA-rich,
direct decomposition into PbI2 is widely reported,

37,46,47 which
is explained by the initial phase decomposition dynamics
being dominated by the more volatile MA+ cation.46,47 The
increased presence of lead-halide products at previously
degraded areas is supported by Raman spectroscopy experi-
ments in Fig. S4.†

The impact on the optoelectronic quality of the perovskite
due to NG formation was assessed by using photo-
luminescence (PL) spectroscopy to map areas that were pre-
viously exposed to electrical poling. The spatially averaged PL
spectra and PL maps are shown in Fig. S5.† The results indi-

Fig. 1 Experimental setup and perovskite sample surface before and after charge injection with metal-coated AFM probe. (a) Schematic of the
experimental setup used for photoconductive AFM, where current between the metalised AFM probe and the ITO substrate is recorded. Illustration
of morphological evolution across the experiments. (b) AFM topography before poling; (c) SKPM map before poling (dark); (d) pc-AFM measurement
at −0.5 V bias and illumination using a 532 nm laser diode at 80 mW cm−2; (e) SKPM under illumination before tip–sample poling; (f ) AFM topogra-
phy after pc-AFM measurement (g) SKPM after poling (dark). Circles in (f ) highlight formation of grain-like features after pc-AFM.
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cate a drop in PL intensity after AFM probe-based charge
extraction. Loss in PL intensity is primarily related to an
increase in the non-radiative recombination rate for photo-
generated charges. Previous work reported laser-induced per-
ovskite decomposition into PbI2 to have a detrimental effect
on PL signal.48 The gradual decrease of PL intensity after
contact poling is thus consistent with the EDX results
suggesting that NGs are composed of lead–halide compounds.

Separation of stressors promoting surface defect formation

In Fig. 1 NG formation was demonstrated under simultaneous
illumination and electrical bias. To distinguish the role of
each stressor in NG formation, the perovskite films were separ-
ately studied after exposure to dark contact poling (AFM probe-
based charge extraction) and illumination conditions. Control
samples were exposed to ambient conditions to compare the
effect of illumination and bias stressors with ambient atmos-
pheric exposure. The results of exposure to different stressors
are depicted in Fig. 2, with a representation of the measure-
ment conditions shown in the top row. Topography scans after
exposure under all investigated degradation conditions
revealed the formation of NG features. However, stressor-
dependent differences are apparent. Under contact poling and
illumination conditions depicted in Fig. 2(a) and (b) respect-
ively, NG structures are evenly distributed across individual
perovskite grains. Light-induced NG formation depicted in
Fig. 2(b) was driven by a focused beam of 633 nm illumination
at approximately 3.36 kW cm−2 on a 4 µm2 area irradiated for
60 s The high intensity was used to maximise the number of
light-induced NGs. Nonetheless, to further support the rele-
vance of the NG formation under realistic solar cell operation
conditions, the growth of NG features is demonstrated after
tens of hours at illumination intensities of approximately 1

sun equivalent (80 mW cm−2) at 532 nm, as depicted in
Fig. S6.† A common feature of degradation under bias load
and illumination conditions is the absence of a preferred for-
mation site of NGs against the film microstructure.
Conversely, degradation due to ambient exposure in Fig. 2(c)
shows NG formation primarily at the GBs of the polycrystalline
film structure. The consistency and reproducibility of selective
NG formation at GBs during degradation in ambient environ-
mental conditions is further supported by AFM topography
and scanning electron microscopy maps on different films as
depicted in Fig. S7.† Similar NG feature distributions have
been achieved through simultaneous thermal and humidity
induced degradation by placing a CsFAMAPbBrI sample on a
hotplate and identified as PbI2 via X-ray diffraction
experiments.37

The possibility that the underlying degradation mechanism
in these measurements arises from a pure temperature-driven
phase instability due to local heating through electrical resis-
tance or optical absorption was considered through a study of
temperature effects in inert conditions. These results are pro-
vided in Fig. S8† which compares changes in surface topogra-
phy resulting from subsequent hot plate heating cycles of the
perovskite film. The procedure is further detailed alongside
the resulting topography maps in Fig. S8.† The changes of the
film morphology indicate a recrystallisation of the mixed per-
ovskite phase, in clear contrast to the appearance of NG-like
structures driven by surface decomposition effects.37,47 The
absence of NG structures resulting from applying thermal
stress under inert conditions suggests that the presence of
water and the subsequent deprotonation of the hydrophilic
organic cation is required to obtain the recorded local NG for-
mation under thermal stress.46,49 It remains feasible that NG
formation under operational conditions is facilitated by local

Fig. 2 CsFAMAPbBrI degradation under different stress tensors. (a) Localised perovskite stressing in contact poling conditions and topography
maps taken before and after. (b) Localised perovskite stressing in open conditions and topography maps taken before and after. (c) Perovskite degra-
dation under ambient conditions and topography maps afterwards.
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temperature increase during measurements, but it does not
appear to be the dominant driver.

A key observation in Fig. 2 is the variation in preferred
location of NG formation, suggesting different underlying
degradation mechanisms between operational (light, bias
load) and ambient stressors. Such contrasting NG nucleation
and variability of the NG morphology and dimensions with
different stressors was previously observed by comparing elec-
tron beam induced surface degradation to ambient degraded
MAPbI3 films.42 In the referenced study, different PbI2 poly-
morphs were identified to form, with the kinetically favored
6H-PbI2 growing on grain surfaces under electron beam radi-
ation, while the thermodynamically favored 2H-PbI2 was pro-
moted by the catalytic deprotonation effect of water molecules
at the polar organic cation bond.42 This is highlighted by great
similarities between degradation products formed under elec-
trical poling and illumination conditions in the present work
and electron beam induced degradation in the work reported
before.42 These similarities further hold for degradation mor-
phologies after ambient degradation in both cases. Not only
does this support the different underlying degradation mecha-
nisms between operational and ambient stressors, but also the
promotion of charge redistribution by the light and current
stressors may be critical in the resulting degradation mecha-
nism. Since increasing the density of electronic and ionic
charges in organic–inorganic halide perovskites plays a major
role in accelerating degradation processes,50 separating the
contribution of the charged species can provide further insight
into the driving force for NG formation.

Interplay between charge environment and phase stability

Perovskites exhibit hybrid conduction so charge redistribution
effects encompass both electronic and ionic charges. In order
to separate out the effects of ionic charges, probe-based poling
was performed in contact and non-contact modes. The
absence of a tip–sample contact in non-contact mode poling
prevents the injection of electronic charges provided that the
voltages are maintained below the breakdown field of the sur-
rounding medium. Similar approaches have been achieved by
the application of insulating contacts for the investigation of
ionic migration.51 In the absence of electronic charge carrier
injection, charge redistribution is predominantly of ionic
nature. First, in Fig. 3 we show results of SKPM imaging after
sequential contact electric poling of both polarities. Poling was
applied from 0 V to ±2 V and raw datasets containing inter-
mediate voltages are shown in Fig. S9.†

After contact poling with the probe at positive bias, two
effects can be noted. Firstly, the macroscopic shift of the rela-
tive average surface potential in Fig. 3(c) follows a monotonic
increase. Secondly, on the nanoscale, this effect is
accompanied by a clear loss of CPD contrast between grains
and GBs as seen in Fig. 3(a). The former is likely due to a com-
bination of increased densities of trapped electronic charge
carriers and slow ionic charge diffusion. The latter is evi-
denced by the reduced width of the CPD distribution histo-
grams. In the absence of poling, a wide histogram distribution
of spatially resolved data is observed, due to the lower surface
potential at GBs compared to grain centres. Subsequent poling

Fig. 3 Alternating probe-based contact poling and SKPM measurements. (a) Evolution of spatially resolved SKPM maps centred at 0 V CPD after
application of different poling voltages. The mean CPD of each SKPM map was subtracted to facilitate the comparison of the effect of different
poling voltages on the relative CPD distribution. (b) Associated relative histogram distributions. Here, all CPD values are subtracted by the mean CPD
at 0 V bias of the respective polarity. (c) CPD shift and (d) variance evolution under different poling voltages relative to respective 0 V bias maps.
Scale bars represent 400 nm.
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experiments result in a homogenisation of surface potential
reflected by the narrowing of the histograms in Fig. 3(b) and
quantified by the variance decrease in Fig. 3(d). Additionally,
comparison of the SKPM scans after poling at 1 V and 2 V indi-
cates that the global homogenisation is followed by an inver-
sion of the contrast between grain-boundaries and the grain-
interior. While after 1 V bias the CPD at GBs is consistently
lower than at the grain interior, the opposite is observed after
2 V bias. As such, the narrowing of the surface potential distri-
bution only shows a snapshot of the relative inversion in CPD
contrast between GBs and grain-interior. The intermediate vol-
tages shown in Fig. S9† further resolve the CPD contrast inver-
sion. The surface potential response to poling at negative
contact poling voltages shows strikingly different behaviour.
The overall film CPD monotonically decreases as a response to
increasingly negative voltages. Nanoscale contrast grows with
negative bias voltages as seen in Fig. 3(a) and reflected by the
broadening of histogram distributions in Fig. 3(b). In addition
to the changes in local CPD, Fig. 3(a) also reveals formation of
NG features. As a result of the NG formation, although the
CPD of the GBs becomes more negative between 0 V and −1 V,
the histogram broadening reflects the growth of NG features
showing more positive CPD values. The competition between
an initial decrease of GB surface potential compared to grain-
centres and the increasing CPD contribution of NG features is
highlighted in Fig. 3(d). The relative CPD variance follows a
consistent increase between 0 V and −1 V resulting from a
greater GB to grain-centre contrast. An increase in the variance
reflects the build-up of a lateral polarisation of the grain-GB
structure. With the appearance of NGs starting from −1 V, the

variance shows deviation at subsequent voltages, reflecting NG
growth competing with the decreasing GB-grain centre CPD
contrast. The spatially averaged CPD equally contains a contri-
bution from the NG formation. While a strong downward
trend is observed at lower negative poling voltages for the blue
line in Fig. 3(c), the progressive attenuation of the average CPD
decrease rate contains larger contributions of the NG CPD.
Despite the clear difference observed in CPD behaviour after
positive and negative short-circuit poling, the interpretation of
the measured effects remains challenging. Nonetheless, the
results indicate that NG formation is induced by negative
contact poling, while this is not observed at positive voltages
of the same magnitude.

To gain insight into the contribution of predominantly
ionic species on the CPD response, the same experiments were
repeated under non-contact poling conditions as shown in
Fig. 4. For consistency, the measurements were performed
identically to the contact poling case in Fig. 3. Hence, Fig. 4(a)
shows the spatially resolved local CPD evolution and the CPD
maps relative to the 0 V poling are depicted as histograms in
Fig. 4(b). Poling-induced relative CPD drift and variance are
plotted in Fig. 4(c) and (d) respectively.

The effect of the non-contact poling at positive voltage
depicted in Fig. 4 follows the same trends as the previous
contact poling equivalent. An overall homogenisation of CPD
is confirmed, which, in the absence of charge injection, can be
directly attributed to the accumulation of negatively charged
ions at the surface. Although narrowing of the distributions is
observed for increasing bias voltage in Fig. 4(d), an inversion
of GB CPD contrast is not reached. This can be explained by

Fig. 4 Alternating probe-based non-contact poling and SKPM measurements. (a) Evolution of spatially resolved SKPM maps centred at 0 V CPD
after application of different poling voltages and (b) their associated relative histogram distributions. (c) CPD shift and (d) variance evolution under
different poling voltages relative to respective 0 V bias maps. A plane flattening was applied to +2 V map in (a) to eliminate background drift due to
charge relaxation and better highlight loss in spatial contrast. Scale bars represent 400 nm.
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the overall smaller magnitude of CPD shifts, which is shown
in Fig. 4(c) and is observed in the smaller relative narrowing of
the histogram distribution in Fig. 4(b). The trend of the CPD
at GBs to invert against the grain interior CPD at non-contact
poling voltages is demonstrated in Fig. S10,† where the overall
poling range was extended up to 5 V. The GB CPD inversion
indicates that negatively charged ions, likely in the form of
halide ions, accumulate preferentially at GBs rather than grain
interiors under the described conditions. At negative non-
contact poling voltages, the trends observed at contact poling
conditions are similarly confirmed. A consistent decrease of
CPD according to Fig. 4(c), albeit smaller in magnitude than
after contact poling, confirms the accumulation of positively
charged ions at the film surface. The absence of NG formation
in this non-contact poling measurement means that the local
effects due to poling are revealed with greater clarity. As shown
in Fig. 4(b), histogram distributions of spatially resolved data
broaden after poling with negative bias, which is more clearly
shown by the variance increase in Fig. 4(d). The observed
trends shown here are corroborated by measurements where
poling was extended to −5 V, shown in Fig. S10(b).† Another
significant result from these measurements is the observation
of NG formation after non-contact poling with −5 V, which
demonstrates that charge redistribution of primarily ionic
species can lead to formation of NG structures at high bias.

Results in Fig. 3, 4 and Fig. S10† indicate that formation of
NGs can be achieved by both contact and non-contact poling,
or in other words with inclusion or exclusion of direct elec-
tronic charge injection. Interestingly, nucleation of NGs was
only observed under negative bias polling, which additionally
resulted in amplification of the initial grain interior-GB CPD
contrast. While the observed polarity dependence of NG for-
mation is consistent with findings of previous studies, our
results suggest that the NG growth is strongly linked to the lat-
erally induced polarisation between grain interior and
GB.43,47,52 If the polarisation drives the NG formation one
would expect that positive poling should also cause such film
degradation, albeit at higher intensities to compensate the
band bending at the bottom interface and/or differences in
ionic mobilities. To test this hypothesis, pc-AFM at both
polarities applied to the AFM probe was performed. During
simultaneous illumination and tip bias in pc-AFM based
poling, the combination of both stressors leads to a loss in
polarity dependence of NG formation as it is observed for both
polarities in the presence of 532 nm illumination with inten-
sity equivalent to 1 sun, as shown in Fig. S11.† Furthermore,
NGs are also formed under purely open-circuit poling in the
presence of illumination and voltage bias as depicted in
Fig. S12.† This reflects a significant increase in ionic mobility
under illumination. Strong increases in ionic conductivity by
photoactivation have been shown for perovskite structures.53

Increased ion mobility will facilitate charge redistribution and
thus accelerate the space charge buildup that drives the NG
formation.

Chemical identification via EDX and degradation within a
single AFM scan suggests that NG formation is driven by

degradation associated with volatility of the bound MA cations
promoted by operational stresses. Thus, decomposition into
NG structures observed in the present work has origins dis-
tinct from previously reported thermal activation. Under oper-
ational stimuli, such as bias and illumination, dependence of
the lead halide NG formation on electric field distribution can
be rationalised as follows; charge redistribution led by electric
field build-up between the grain interior and GBs leads to a
local reduction of thermodynamic stability of the perovskite
phase, facilitating its decomposition through the loss of the
volatile organic cations, typically led by bound MA.46,54 It is
important to note, that lateral variation of the A-site cation
and halide ratios was previously reported for compositions
similar to the films of the current study.55,56 While such com-
positional variation could impact the local stability of the per-
ovskite phase, no direct relation between NG formation sites
and CPD distributions prior to the application of operational
stressors was found.

For mixed-cation perovskites, as in the present case, the
emergence of a vertical ionic space charge may contribute to
the aforementioned effect. In this picture, A-site cations
migrate to the surface during negative poling and fill nega-
tively charged cation vacancies, which migrate to the bottom
(perovskite-ITO) interface. In a mixed cation composition, the
methylammonium is the most mobile cation species and thus
fills more of vacancies at the film surface compared to its equi-
librium distribution in the film bulk. As a result, an A-site
cation stoichiometry gradient across the film thickness is
formed, with a higher MA+ ion concentration near the negative
electrode interface. If the most mobile cation species were
equally the most volatile to dissociate under the space charge
build up, this would further amplify the resulting imbalance
in NG formation for different polarities. An intrinsic cation
compositional gradient has been reported before via mass
spectroscopy techniques.57 Moreover, redistribution of cations
has been observed in triple cation perovskite upon application
of external bias,25 with higher concentration of MA+ and FA+

cations accumulating at the negative electrode interface.

Synoptic model of nanograin formation

Having identified and described the nature of the observed
NGs, the relation between different stress conditions and NG
formation is summarised in Fig. 5. The perovskite film in the
equilibrium state under dark conditions and inert atmosphere
is represented in Fig. 5(a). Upon deposition of the perovskite
film onto ITO a net positive charge at the perovskite bottom
interface is formed. In addition, defects, dangling bonds and
strain gradients at GBs act as trap sites. GBs exhibit a high
defect density and so act as the primary site for moisture pene-
tration;30 and their chemical stability is compromised by their
incomplete crystal structure.58 Under exposure to ambient con-
ditions as illustrated in Fig. 5(b), environmental gases promote
bond breaking and subsequent escape of organic cations at
these sites resulting in the formation of NG structures prefer-
entially at the GBs.
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Under illuminated open-circuit poling, as depicted in
Fig. 5(c), there is an overall increase in surface potential due to
an increasingly negative surface charge. This is partially con-
tributed by photoexcited electrons migrating towards the
surface to counteract the built-in field at the free surface as
illustrated in Fig. S2,† leading to a CPD increase under illumi-
nation. In addition, a slow transient can further increase the
CPD over time as shown by SKPM time trace experiments
under exposure to light pulses in Fig. S13.† Such a transient
due to the ionic contribution was previously discussed in Toth
et al.43 Consistent with CPD increases under positive electrical
poling experiments with positive biases applied to the tip, it is
ionic species of negative charge accumulating at film surface
during illumination. The resulting photoinduced spatial
imbalance in charge accumulation leads to the formation of a
lateral space charge from grain interiors to the surrounding
boundaries, which in turn results in lowering the local struc-
tural stability thus leading to lead-halide NG growth.

Contact poling is illustrated in Fig. 5(d) and (e) for positive
and negative probe bias respectively. Ions of opposite charge
accumulate at the film surface, resulting in positive and nega-
tive CPD shift respectively. Location-selective charge redistribu-
tion on the surface shows different behaviours depending on
the polarity. At positive tip bias, a charge polarisation between
grain centres and GBs is reached under the application of a
sufficiently high voltage magnitude, however, in a direction
that opposes the natural polarisation found in an un-poled
film. Thus, the reversal from a naturally more positive surface
charge at the GBs to a more negative surface charge (with
respect to grain centres) opposes the build-up of local space
charge. As a result, NG formation is largely suppressed at
voltage biases relevant to operational conditions (up to 5 V
considered in the present work). At negative bias the pre-exist-
ing CPD heterogeneity is monotonically enhanced with greater

voltage magnitude. As such, a greater local polarisation is
reached, which ultimately promotes the organic cation dis-
sociation. Importantly, the resulting nucleation of NGs
happens indiscriminately at GBs and the grain interior.

The correlation between formation of spatially unselective
NGs with an increase of a grain interior-GB surface potential
for both light and voltage bias stresses supports the hypothesis
that a lateral space charge facilitates the dissociation of
organic cations. These results demonstrate that a degradation
pathway tied to the polycrystalline film morphology arises
under operational conditions. Locally, a lack of intrinsic stabi-
lity is widely associated with the presence of MA minority
cations in the A-site,59 which are likely to be responsible for
the effects observed in the present work. In full device struc-
tures, further interface specific interactions would compete
with the reported active layer specific effect, resulting in a drop
of the device performance as has been reported under heating
and operational conditions.9,38

Conclusions

In the present work, an underlying degradation mechanism of
organic–inorganic halide perovskites is investigated by expos-
ing the film to different stress conditions. A combination of
scanning probe microscopy methods was employed to study
the formation of nanograin structures at the film surface. The
observed structures were shown to emerge under light- or
voltage-based poling in inert atmosphere. Different degra-
dation stressors were shown to lead to significant differences
in the spatial distribution of NGs relative to the local film mor-
phology. Under light and voltage-based poling, NGs form
without selectivity towards the polycrystalline film structure. In
contrast, degradation under dark conditions in ambient atmo-

Fig. 5 Schematic explanation of charge redistribution and NG formation in the perovskite under different stress tensors. (a) Initially, the GBs of the
perovskite accommodate trap sites, while due to band-bending positive ions are present at the bottom interface. (b) Under no external stress, the
trap sites at the GBs facilitate a lower activation energy for ion migration and nanograin formation. (c) Under illumination GBs are charged with nega-
tive ionic charges. The lateral polarisation of the grain-GB structure lowers the activation energy for nanograin formation. (d) Positive bias applied to
the tip results in charging of GBs by negative ionic charges, opposing the initial lateral electric field landscape of the film. (e) Negative bias applied to
the tip results in charging of GBs by positive ionic charges, amplifying the initial lateral electric field landscape, resulting in large extent of nanograin
formation.
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sphere showed NG formation predominantly at grain bound-
aries. EDX analysis on a degraded region identifies the NGs as
lead-halide crystals.

The loss of locally preferred NG formation sites is related to
the local charge environment. Under dark ambient conditions,
GBs with lower activation energies due to extended defects and
traps act as primary sites for the decomposition of organic
cations. In contrast, under the presence of mobile electronic
or ionic charges, the local charge distribution on the scale of
the perovskite grain structure is changed. A lateral polarisation
between grain centres and their boundaries is formed, ulti-
mately leading to nanoscopic NG crystallites that emerge at
the surface. The proposed mechanism is further corroborated
by the polarity dependence of the lateral polarisation magni-
tude. Therefore, the NG formation mechanism is rationalised
as a reduction of local phase stability driven by the lateral
charge gradient. The results presented in this work provide an
insight to the local formation mechanisms of degradation pro-
ducts with spatial information down to individual perovskite
grains. These findings extend our understanding of the phase
instability in triple-cation mixed halide perovskites in terms of
the local polycrystalline morphology and operational con-
ditions. This can be used for targeted design of perovskite
structures with an aim of reducing photoinduced ionic redis-
tribution. Specifically, obstructing NG formation could be
achieved by passivating grain boundary defects to minimise
local charge build-up and to delay or reduce the formation of
NGs. As such, the sensitivity of the perovskite phase towards
its nanoscale local electric environment is emphasised.
Further work will be required to assess the direct impact of NG
formation in initiating and accelerating operational degra-
dation in full device structures. In addition, methodologies
employed in the present work to probe local charge build–up
could be of great relevance for assessing the efficacy of passiva-
tion methods targeted at inhibiting charge accumulation at
GBs and the resulting degradation.

Experimental methods
Perovskite film fabrication

The measurements presented in this study were performed on
a Glass/ITO/Perovskite (Cs0.05(FA0.83MA0.17)0.95PbI3−xBrx) struc-
ture. Detailed description of sample preparation can be found
in ref. 43 and 60. Standard film characterisation techniques
such as PL, time-resolved PL and X-ray diffraction of the per-
ovskite compositions equivalent to the ones studies in the
present work, as well as photovoltaic performance parameters
in a full p–i–n solar cell structure can be found in ref. 60.

Scanning probe microscopy

SPM measurements were performed on an AIST-NT
Combiscope 1000 AFM system. The microscope was enclosed
in a glovebox (Jacomex) and kept under dry nitrogen atmo-
sphere (∼10 ppm O2; 1 ppm H2O). Au-coated 240AC-GG Opus
probes from MicroMasch, with nominal resonance frequency

at 70 kHz and 2 N m−1 force constant, were used for all experi-
ments. The tip-at-the-front geometry allowed a lateral a
633 nm HeNe laser beam to be coupled in laterally for optical
excitation without tip-shadowing and ensured that the
scanned area corresponded with the position of the optical
excitation spot. The lateral coupling angle was fixed at approxi-
mately 30° from the sample plane.

(Photo-)Current injection based contact poling experi-
ments were based on contact-mode scanning of a desired
area on the perovskite surface. In contact mode the probe is
maintained at the repulsive tip sample force regime using the
vertical photodetector difference as feedback input. The
contact force was set to ensure a continuous electrical contact
throughout the scan without inducing any unnecessary
damage to the probe Au coating or the perovskite surface.
Scanning speed was between approximately 1.5 s and 2.5 s
per line with trace and retrace probing, with a scan resolution
of 256 lines.

Voltage-based open-circuit poling was performed in a single
pass, applying a fixed bias voltage to the tip during non-
contact topography scanning. The current preamplifier is kept
‘on’ to ensure that the applied voltages do not lead to an elec-
tric breakdown current of the tip–sample dielectric.
Considering the typical tip–sample distances during non-
contact topography scanning, breakdown currents could be
expected for certain applied voltages. Their absence may be
explained by the presence of residual airborne contaminants
at the film surface which increase the effective dielectric con-
stant in the tip–sample nanogap.

Scanning Kelvin probe microscopy (SKPM) measurements
were performed in a two-pass method. On the first pass, the
topography was traced in intermittent mode. Subsequently,
in a second pass, the previously measured topography trace
was followed with the probe lifted by an additional 10 nm
from the sample surface. An AC voltage was applied between
the tip and sample, with the resulting probe oscillation mini-
mised by adjusting an additional DC component equal to the
contact potential difference (CPD). When SKPM is operated
with the compensating bias applied to the sample contact,
the direction of the CPD change directly reflects the work
function shift, therefore the observed contrast indicates shal-
lower work function of the GBs. In the amplitude modulation
approach employed here, the applied CPD voltage was
adjusted by an additional feedback loop in order to nullify
the oscillation amplitude of the probe. Electrical signals were
applied to the sample while the probe was connected to the
electrical ground. It is important to highlight that when the
probe is brought into contact with the sample during contact
based poling, contaminants and morphological changes due
to wear could impact the surface potential of the probe and
thus influence the CPD.61 Although a contribution of this
effect cannot be discarded, the consistency of the CPD evol-
ution with the voltage poling polarity, in both contact and
non-contact, suggests that work function changes by con-
taminant pick-up are minimal compared with the effects
under study.
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Thermally induced morphology change

The involvement of thermal effects in the formation of NGs
was probed by alternately measuring the topography of a
CsFAMAPbBrI film inside the glovebox and heating the film in
a sealed chamber (Linkam HFS600E) under constant N2 flow
for durations of approximately 20 minutes (to mimic the dur-
ation of an AFM scan). Changes in the film morphology were
only observed after heating above 175 °C. The complete recrys-
tallisation of the polycrystalline structure was reached at
200 °C.

Photoluminescence

Photoluminescence spectra were recorded by coupling a
532 nm laser diode to the AFM setup. The beam was focused
with a 50× magnification and 0.42 NA objective in a top illumi-
nation configuration to minimise spot size as opposed to
lateral illumination. Low optical exposure at approximately
30 µJ per point was used to prevent photoinduced phase redis-
tribution. The backscattered signal was collected, coupled to a
Raman spectrometer (Labram HR Evolution, HORIBA) and dis-
persed with a 300 lines per mm grating.

EDX measurements

A JEOL JSM-6360 LV scanning electron microscope was used to
measure the EDX spectra of perovskite films before and after
laser exposure at the accelerating voltage of an electron beam
of 12 kV. The EDX spectra were scanned on the same area of
the sample before and after illumination under a 532 nm laser
with intensity equivalent to 10 suns over 60 s.
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