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A B S T R A C T   

Despite over a decade of research on metal halide perovskites (MHPs) in the context of photovoltaic applications, 
understanding the nature of electronic and ionic processes associated with current-voltage (I-V) hysteretic 
behavior has been limited. Here, we explore the hysteretic behavior in (FAPbI3)0.85(MAPbBr3)0.15 perovskite 
devices with lateral Cr electrodes by applying first order reversal curve (FORC) bias waveform in I-V, Kelvin 
probe force microscopy (KPFM) measurements, and in-situ chemical imaging by time-resolved time-of-flight 
secondary ion mass spectrometry (tr-ToF-SIMS). In dark, we reveal pronounced hysteretic behaviors of charge 
dynamics in the off-field by probing time-dependent current and contact potential difference (CPD). Under 
illumination, transient and hysteretic behaviors are significantly reduced. The tr-ToF-SIMS results reveal that the 
hysteretic behaviors are strongly associated with accumulation of Br- ions at the interfaces. In addition, the low 
mobility MA+ ions result in transient behavior and contribute to the hysteretic phenomena. It was shown that 
Pb2+ ions can be reduced at the interfaces due to electrochemical reactions with the electrode in the presence of 
charge injection and photogenerated charges. These hysteretic behaviors associated with charge dynamics, ion 
migration, and interfacial electrochemical reaction are critical to further improve the performance and stability 
of MHPs photovoltaics and optoelectronics.   

1. Introduction 

In recent years, the power conversion efficiency (PCE) of metal 
halide perovskite (MHP) solar cells have been rapidly improved with 
PCEs exceeding 25.5% for a single junction solar cell [1]. Beyond 
photovoltaic applications, the development of these materials for other 
applications such as light-emitting diode [2], photodetectors [3], 
ionizing radiation sensors [4] has been remarkable due to their inter
esting optoelectronic properties. Besides, these materials are now being 
explored for information technology applications such as memristors 
[5]. It was recognized that many intriguing properties of MHPs 
including giant dielectric polarization [6], phase segregation [7], lattice 
expansion [8], photovoltaic switching [9], anomalous photovoltaic ef
fect [10], and structural variations [11] are inherently linked to ionic 

behaviors. MHPs are mixed ionic and electronic conductors and the ion 
migration in these materials generally result from high mobility of ion 
species especially halides [12–15]. These ionic motions lead to the 
electrode polarization where the ions with opposite sign to the electrode 
polarity are accumulated at blocking electrodes [16], or result in elec
trochemical reactions and charge injections where ions of the same sign 
as the electrode polarity are generated and injected [11]. 

In addition to internal electrochemistry of MHPs, the biased elec
trodes in MHPs can participate in electrochemical processes and ion 
injections simultaneously [11,17]. Indeed, the metal migration-induced 
degradation is a critical issue in MHP devices [18]. The common metal 
electrodes in MHP devices such as Au and Ag can diffuse into the 
perovskite layer, and result in the escape of volatile species from pe
rovskites [19]. It was observed by us [17] and others [18,20] that not 
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only does the mobile halide ions diffuse into the transport layer, but also 
either Au or Ag from the electrodes diffuse into the perovskite layer. 
Besides, the electrochemical reaction between Au and perovskite can 
lead to degradation of MHP device beginning at the interface. It was 
shown that the diffused Au ions at the interface interact with halide ions 
forming gold halide complexes under illumination condition [17]. This 
is consistent with a recent article noting that MHP stability relies on the 
interfacial conditions [21,22]. To address this issue in MHP solar cells, 
several strategies have been proposed including designing barrier layers 
[19] such as Cr interlayer as diffusion barriers [18], modification of hole 
transport layer with Al2O3 nanoparticles [23], and device processing at 
elevated temperature [18]. It has been revealed that Cr layers can be 
used to stabilize the interface of perovskite solar cells [24,25] and 
reduce interfacial recombination [26]. The work function of Cr elec
trode is ~4.37 eV, which is similar to the work function of Ag, ~4.26 eV. 
Considering the conduction band and valance band energy of perov
skite, the work function of Cr allows for efficient carrier extractions. It 
should be note that ultimately, commercializing perovskite solar cells 
requires the use of cheap electrode materials such as Cr [24,27,28], Cu 
[28,29], and carbon [24]. Thus, a more insightful understanding of 
electron/hole and ion transport at electrode interface is critical to 
further improve the stability of photo-current and -voltage output of 
MHP-based devices. 

Necessity to understand the behavior of MHPs in the device setting 
has stimulated a broad number of studies targeting the time-dependent 
charge dynamics, preponderantly based on variants of Kelvin probe 
force microscopy (KPFM) [30–33]. Previous study via KPFM confirmed 
that the macroscopic current-voltage (I-V) hysteresis behavior could be 
associated with trapped charges and ion migration across perovskite 
layer [34]. High speed-KPFM offered mapping local changes in the 
open-circuit voltage (Voc), revealing nanoscale voltage domains with ~ 
16 s frame rate [32]. Recently, the development of G-mode KPFM [35, 
36] allowed us to identify contact potential difference (CPD) with μs 
time scale resolution, revealing the fast response dynamics in MHP film 
[31] and single crystal devices [37]. Further, ionic and electronic charge 
transports were mapped using time-resolved (tr)-KPFM technique [38] 
with ms time scale resolution in a lateral Au/CH3NH3(MA)PbI3/Au de
vice, resulting in different CPD distribution due to chemical gradient 
induced by application of external electric field [30]. In general, CPD 
changes in KPFM measurements can be associated to the surface pho
tovoltage, surface charging, and electronic/ionic charge transport be
haviors [39]. 

Recently, we used time-resolved time-of-flight secondary ion mass 
spectrometry (tr-ToF-SIMS) to demonstrate the time evolution of ion 
distribution in MAPbI3 films, revealing hysteretic behavior in MA+ and I- 

motions [40]. This result is correlated with a remanent current, espe
cially under illumination, which also contributed to the hysteretic 
behavior [40]. It was revealed that MA+ migration is more dominant 
than halide (I- or Br-) migration in MAPbX3 (X = I, Br) films using 
tr-ToF-SIMS [41]. Nonetheless, the nature of electronic and ionic pro
cesses remains fully understood yet. This is especially the case for 
double-cations and double-halides perovskites that have attracted much 
attention due to high efficiencies [42–44] and remarkable long-term 
stability of solar cells based on these compositions [45–47]. Due to the 
presence of multiple mobile cations and anions, these compositions are 
expected to demonstrate more complex interplay between electronic 
and ionic processes. Thus, a combination of multiple techniques with 
different strengths is necessitated to provide a better understanding of 
the electronic and ionic processes in double-cations and double-halides 
perovskites. 

In this study, we explore the interfacial and bulk electrochemical 
dynamics in Cr/(FAPbI3)0.85(MAPbBr3)0.15/Cr lateral devices using the 
combination of time- and voltage-dependent I-V, KPFM, and tr-ToF- 
SIMS measurements. This integrated approach allows identification of 
both spatial localization and nature of the involved species, establishing 
the interplay of electronic and ionic dynamics in these systems. To study 

the time dynamics, we use a bias waveform referred as a first-order 
reversal curve (FORC) that allows separating bias-induced chemical 
effects. Originally, FORC method has been introduced for probing dis
tribution of switching fields in classical ferromagnetic [48] or ferro
electric materials [49]. Recently, FORC approach was extensively 
applied in the tip-based I-V measurements [50–53], piezoresponse force 
microscopy (PFM) [49,54,55] and electrochemical strain microscopy 
(ESM) [52,53,56]. Here, we extend this approach to I-V, KPFM, and 
ToF-SIMS measurements. A gradually increasing and decreasing pulsed 
bias is applied stepwise with on- and off-field waveform to the lateral 
Cr/(FAPbI3)0.85(MAPbBr3)0.15/Cr device to simultaneously inject and 
release electronic and ionic charge species. The FORC I-V measurement 
with on- and off-field pulses is performed to characterize the current 
behavior in dark and under illumination in the devices. The FORC 
waveform is also applied to the KPFM measurements to explore spatial- 
and time-resolved CPD distribution in the devices. Moreover, using an 
in-house tr-ToF-SIMS, the time-dependent ionic distribution is explored 
upon application of on- and off-field biases in dark and under illumi
nation. The distribution of negative (I-, Br-) and positive (MA+, FA+) ions 
in on- and off-field biases is analyzed using a non-negative matrix 
factorization (NMF) method to efficiently separate the information from 
multiple peaks at once. Our results clearly reveal the time- and 
voltage-dependent charge dynamics and nature of mobile ion species in 
double-cations and double-halides perovskite and elucidate the origin of 
hysteresis in the lateral devices. 

2. Results & discussions 

Lateral Cr electrodes with channel distance of around 70 µm and 50 
nm thickness were deposited by thermal evaporation on solution- 
processed 300 nm thick double-cations and double-halides perovskite 
(FAPbI3)0.85(MAPbBr3)0.15 thin films on glass substrates [30,40]. Details 
of fabrication procedure is described in the experimental section. X-ray 
diffraction was performed to confirm the structure of as-synthesized 
perovskite film (Fig. S1). The XRD patterns correspond to the planes 
of (FAPbI3)0.85(MAPbBr3)0.15 which is similar to previous studies [11, 
42,57]. 

First, to explore the ionic behavior in the (FAPbI3)0.85(MAPbBr3)0.15 
perovskite devices, we have systematically investigated the time- and 
voltage-dependent transport properties. Here, we utilize the time- 
delayed FORC method as shown in Fig. 1a, adapted from waveforms 
previously used in dynamic-PFM [49,54,55,58] and ESM [52,53,56]. 
Note that a series of bias pulses with a given magnitude followed by a 
zero-bias in each step are applied to the system and the evolution of 
current is measured as a function of time during both on- and off-fields. 
For the materials with purely resistive or non-linear behavior, the 
response will be a simple ohmic current independent of time. In the 
presence of linear capacitive phenomena, the current will be an expo
nential function of time with the time constant dependent on the RC 
time constant of the system. Finally, in the presence of the ionic and 
electrochemical phenomena, the time dependence of currents in the on- 
and off-field will be determined by the electrochemical phenomena at 
the interfaces. Importantly, the sign of the current allows clear differ
entiation of the electrode polarization from charge injection. 

Here, we investigate charge dynamics via time dependence of cur
rent behavior. Fig. 1a shows a schematic illustration of the experimental 
set-up for I-V and KPFM measurements induced by a FORC bias wave
form with on- and off-fields in dark and under illumination. All exper
iments are carried out under ambient and low humidity (< 20%) 
conditions. The KPFM results are consistent over several repetitive 
measurements under low humidity conditions. In fact, water penetration 
under high humidity (> 50%) conditions occurs at grain boundaries, 
which causes a significant increase of ion migration, accompanying to
pological changes [59]. During our experiment, we do not observe such 
changes on the film surface as shown in Fig. S2. Note that in the 
waveform the on-field is set when the bias is consecutively on from 0 to 
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+ 1, − 1, + 3, − 3, + 5, − 5, + 7, − 7, + 9 and − 9 V at a regular in
terval of 21.56 s with shape following a triangular envelope, and the 
off-field is set during bias-off steps after each bias-on pulse, resembling 
typical hysteresis loop measurements [60]. Detail explanation of FORC 
bias waveform can be found in Supplementary Note 1. During video 
recording of the device under an optical microscope, we do not observe 
the appearance of any color change due to degradationat the electrode 
or perovskite regions while applying bias waveforms. Fig. S3 displays 
the captured images of the device during FORC I-V measurements. Upon 
the application of electric biases, the device current gradually increases 
and decreases in the range between 0 to ± 1.0 nA as shown in the 
current-time (I-t) response in Fig. S4a. In each step, as soon as a voltage 
is applied, we observe a sharp increase in the current followed by a 
current decay (Fig. S4). Similar current transient behavior was previ
ously observed for lateral Au/MAPbI3/Au devices with a decay time in 
the range of tens to hundreds of ms until a stable state reached [40]. 
However, here the current decay shows an exponential decay reaching a 
stable state after hundred ms to a few seconds, suggesting the existence 
of a slower mechanism (Fig. S4c). In addition, the I-t response shows 
sharp current spikes with opposite directions during off-fields. This 
sharp current spikes possibly originate from the capacitive effect [61] 
which has a faster dynamics than ion migration under electric bias and 
illumination condition. The capacitive effect in Cr/(FAPbI3)0.85(
MAPbBr3)0.15/Cr device is much slower than our previous study using 
Au/MAPbI3/Au device possibly due to the slower ion dynamics in the 
double cations and double halides perovskite and the small difference 
between the dielectric constant of the materials. Similarly, we perform 
FORC-driven I-V measurements on a Au/(FAPbI3)0.85(MAPbBr3)0.15/Au 
device (see Fig. S5). We note that the current in the Au device is one 
order of magnitude lower than the Cr device especially at larger biases. 
By fitting the current decay at + 9 V, the decay is slightly faster in the 
lateral Au device. The small difference might be due to higher resistance 
of Cr electrode than Au, which can cause higher capacitive effect with 
slow decay. We note that the current cannot fully stabilizes during the 
off-field condition and such behavior becomes more significant at higher 

biases (Fig. S4a). This behavior could be due to ion migration as ions are 
expected to actively migrate under larger biases [11,34]. To avoid 
capacitive effect in dark condition, the on- and off-field currents are 
extracted from nearly stabilized currents at each voltage, as can be seen 
in Fig. 1b,c for all bias steps. The extracted currents at each bias step in 
the on-field loops are shown in Fig. 1b and the inset demonstrates linear 
and sharp shaped current dynamics with small hysteretic behavior as a 
function of bias. This is due to the contributions from an electrostatic 
effect accompanying electronic charge injection at the electrodes and 
the hysteretic behavior might be induced by ion migration. In our pre
vious study, we directly mapped charge injection near the interface of 
lateral MAPbBr3 single crystal device in dark condition [11]. Mean
while, the off-field loops (Fig. 1c) show banana-shaped hysteretic 
behavior, potentially resulting from ion redistribution. These behaviors 
clearly reveal that hysteresis loop opening starts at relatively small 
biases (±1 V), indicating the onset of ion relaxation and redistribution at 
these minute voltages. To investigate the behavior of charge transport 
under illumination, FORC I-V measurements are carried out under a 
white LED source. Upon application of electric bias (on-field), the 
photocurrent gradually increases and decreases between 0 to ±20 nA. 
As can be seen in Fig. S6, the I-t response exhibits less transient behavior 
as compared to dark condition due to high density of photogenerated 
charges. We can also clearly see the photocurrent effect between on- and 
off-field conditions in Fig. 1d,e. We observe the electrostatically linear 
dynamics with small opening loops in the on-field currents in Fig. 1d. 
These behaviors are relatively similar to the dark condition with the 
exception of slightly non-linear I-V behavior. This dynamic can be 
associated with interfacial trap-filling [62] or interfacial resistance 
induced by Cr contacts [26] due to large density of photogenerated 
carriers. It is interesting to note that the off-field currents (Fig. 1e) are 
narrow with sharp-edged hysteresis loops. This behavior will be further 
explored using KPFM technique. We clearly note that the hysteretic I-V 
behaviors in the off-fields are particularly different between dark and 
under illumination conditions. 

To gain further insight into the spatial localization of the electronic 

Fig. 1. FORC bias with on- and off-field driven I-V characteristics of the lateral perovskite device in dark and under illumination. (a) Schematic illustration of the 
experimental set-up and the FORC bias waveform applied on the lateral device (top). The corresponding stepwise waveform evolves in 9 steps at each bias (bottom). 
(b) I-V characteristics when biases are applied (on-field) and (c) when the bias is turned off after the on-field (off-field) in dark and (d,e) under illumination. 
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and ionic charges, we use the same FORC bias waveform during KPFM 
measurements. The measurements are carried out between source to 
drain electrodes across perovskite channel regions. The details are 
described in the experimental section. Fig. 2a,b show the topography 
image and initial CPD spatial map before applying any bias, clearly 
identifying the source, perovskite, and drain regions with different 
surface potential maps. Using KPFM, we can typically map the local 
surface potentials caused by ions, static and dynamic electric potentials, 
electric fields, and charge carrier distribution [11,39,63]. Once a voltage 
is applied to the source electrode, the KPFM results in different CPD 
distribution at each region corresponding to the bias profile as a function 
of time. The CPD maps at different regions of device in dark condition 
are shown in Fig. S7a–c. The CPD is dependent on varying biases as 
expected. The CPD spatial maps of device under illumination are dis
played in Fig. S8a–c. Note that the KPFM images under illumination are 
taken on the same topography used in dark condition with 40 min 
relaxation time after the measurements in dark to ensure the device 
returns to the initial CPD. This also confirms no visible degradation in 
the topography after the measurement in dark condition. Similarly, the 
CPD under illumination is dependent on the applied bias. Notably, no 
degradation was observed even after the measurement under 
illumination. 

The on-field CPD distribution extracted from CPD maps in dark is 
plotted in Fig. S9a scanning from source to drain regions where poten
tials correspond to the applied bias. During biasing, the detected surface 
potential in dark condition was found to increase and decrease relatively 
linearly in the perovskite region while potential drops are observed at 
both electrode interfaces (Fig. S9a). The potential drop at the interface 
between source and perovskite indicates an accumulation of negatively 
or positively charged species, suggesting all injected charges are from 
the source electrode. Besides, the on-field CPD distribution between 
forward- and reverse-biased device is relatively symmetric. The change 
in CPD in the on-field condition agrees with our previous study [11] 

when applying positive and negative biases to the lateral Au/MAPb
Br3/Au single crystal device results in a symmetric surface potential 
change. However, in the off-field conditions as shown in Fig. S9b, the 
CPD line profiles from the source to drain electrodes significantly change 
as a function of bias. We speculate that the either electronic charges or 
ions do not immediately return to the initial state within 22 s scan time, 
corresponding to the off-field I-V characteristic in Fig. 1c. This is because 
gradually increasing electrical biases cause longer time for charge car
riers to relax and ions to redistribute and hence this induces a remnant 
field after bias removal. Consequently, the density of accumulated 
charges at the interface slightly changes depending on the bias step. 
Under illumination, CPD distributions between source and drain elec
trodes at all on-field steps are shown in Fig. S10a. The result reveals that 
CPD linearly increases and decreases as a function of bias across source 
to drain electrodes with similar potential drops at each interface. Note 
that there are higher potential drops at source-perovskite interface 
under illumination compared to the dark condition. Interestingly, we 
observe potential drops at both interfaces from CPD distribution in 
off-field condition (Fig. S10b). The observed potential drops are signif
icant at larger biases (above ±5 V) than smaller biases (below ±3 V). 
Particularly, higher potential drops are observed at source-perovskite 
interface at positive biases, + 5, + 7, + 9 V while higher potential 
drops occur at drain-perovskite interface at negative biases − 5, − 7, 
− 9 V. This indicates more accumulated charge carriers near these in
terfaces compare to the dark condition. Basically, the accumulation of 
charge carriers at the interface is due to the drift of both electronic and 
ionic charges to the opposite electrodes, which can influence on the 
hysteresis phenomenon. It takes longer time for the accumulated 
charges at the interface in the off-field condition to relax. 

To explore time-dependence of CPD variation at individual regions in 
dark, e.g., source-perovskite interface, perovskite, and perovskite-drain 
interface, CPD-t curves were extracted from each region of CPD maps 
(shown in Fig. S11). As expected, the CPD at source-perovskite interface 

Fig. 2. FORC bias with on- and off-field driven KPFM measurements in the lateral perovskite device in dark and under illumination conditions. (a) Topography image 
of lateral perovskite device over an area of 90 µm2 in dark. (b) CPD spatial map, indicating source, perovskite and drain regions. (c) Average CPD plot at the interface 
between source electrode and perovskite extracted from each bias step during on-field and (d) off-field in dark condition and (e,f) under illumination. 
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(Fig. S11a) varies significantly while the change at the perovskite-drain 
region is negligible (Fig. S11c). The changes in CPD at the perovskite 
region can be seen in Fig. S11b. Interestingly, we notice negative CPDs 
in the off-field conditions for positive biases and vice versa in all three 
regions associated with charge relaxation (see the enlarged CPD in 
Fig. S11d–f). To discern this phenomenon, we separated the CPD dis
tributions in on- and off-fields. Fig. 2c,d shows average CPD at each bias 
step in on-field conditions at the source-perovskite interface. The 
average CPD plots in other regions, e.g., perovskite region, and 
perovskite-drain interface are shown in Fig. S12. Similar to the I-V 
characteristics, the CPD variations in on-field (Fig. 2c and Fig. S12a, c) 
show linear behavior with small open loops at all regions. These open 
loops are related to accumulation of electronic and ionic charge species, 
especially at higher biases where ions are likely to drift faster. However, 
in the off-field conditions (Fig. 2d and Fig. S12b, d), nonlinear potential 
variations are observed, and more hysteretic behaviors can be seen at 
the interfaces compared to the bulk perovskite region. The range of 
changes in CPD is around 300 and 200 mV at ±9 V at the source- 
perovskite interface and the perovskite-drain interface, respectively. 
However, the CPD variation is smaller at the perovskite region (around 
150 mV at ±9 V). The significant potential variation at the interface 
indicates higher density of accumulated charge carriers and ions. We 
note that the accumulation of negatively or positively charged species at 
each interface under forward- and reverse-biases can lead to hysteresis 
in the potential variations during off-field conditions. 

We further investigate the evolution of time-dependent potential 
variations in the vicinity of the interfaces of source-perovskite, perov
skite-drain electrodes, and bulk perovskite under illumination. As can be 
seen in Fig. S13, both transient effect during on-fields and CPD variation 
in the off-field conditions are significantly decreased as compared to the 
CPD-t curves in dark condition (Fig. S11). Here, we study the individual 
potential responses in the on- and off-fields at the source-perovskite 
interface as shown in Fig. 2e,f. During the on-field condition (Fig. 2e), 
the CPD variations are generally linear except for a visible loop at ±1 V 
which is due to photogenerated charge carriers. However, in the off- 
field, the hysteresis loops are significant in all biases (Fig. 2f). Such 
loops are similar to the hysteretic loops in the I-V curves (Fig. 1e). The 
average CPD plots at the perovskite region and perovskite-drain inter
face in the on- and off-fields are displayed in Fig. S14. Clearly, the 
hysteresis behavior in CPD during the off-field conditions is significantly 
reduced at perovskite region and perovskite-drain interface than in 
perovskite-source interface. Compared to dark condition, the reduced 
transient behavior under illumination originates from faster charge 
dynamics (ms to μs time scale) due to higher density of photogenerated 
charge carriers. Previous studies showed that light induces fast charge 
dynamics in MHPs using electrochemical impedance spectroscopy 
[64–66,102]. The fast and slow dynamics in MHPs have a common 
origin associated with a charge distribution. Consequently, the extent of 
hysteretic and transient behaviors in the I-V and KPFM results clarify 
that a fast charge dynamic is dominant under illumination. 

It has been theoretically demonstrated that the charge traps that act 
as recombination sites strongly interact with ions as well as electronic 
charge carriers [67]. The extent of the trapping charge carriers is 
dependent on bias-induced ion distribution [67]. Further, it was 
computed using a numerical device modeling that ion accumulation 
derives from both interfacial recombination and injected charge carriers 
from the source electrode [68]. Thus, the role of ion migration is critical 
due to higher non-radiative recombination rate at the interface as it can 
potentially lead to higher hysteretic behavior at the interface. The 
application of bias to the lateral electrode device, may initiate several 
processes such as spontaneous polarization, electrochemical polariza
tion at the interface owing to surface charge motions, and electronic and 
ionic charge injection from biased electrodes [69]. Typically, the 
applied biases to the electrodes cause charge injection, resulting in 
positive and negative surface potentials in the KPFM maps as the 
injected electronic or ionic charge carriers can move to the opposite 

electrodes. Likewise, our KPFM results show positive or negative surface 
potentials when a bias is applied to the electrodes. Besides, the CPD 
difference between the detected surface potentials in the perovskite bulk 
and at the interface with electrodes is larger as the bias increases. This 
potential difference is directly related to the density of charge injection 
from the biased electrodes. Herein, the charge carriers near interfaces 
include electronic charge carriers injected from external circuit and the 
ionic charge carriers induced from electrochemical reaction between the 
perovskite and electrodes. This manifests laterally applied electric field 
between the electrodes does not lead to spontaneous polarization but to 
the injection and relaxation or redistribution of charges. Here, we study 
the polarization effect of electronic and ionic charge carriers on the 
double-cations and double-halides perovskite surface using time- and 
bias-dependent KPFM. FORC driven KPFM measurements in the time 
domain provide an insight to the mechanisms of charge nature, injec
tion, relaxation and their motions via the temporal evolution of the 
electric potentials and CPD variations. 

Although many mixed perovskite devices suffer from phase segre
gation, this phenomenon occurs severely in compositions with higher Br 
[70] concentration, especially above 25%. This was attributed to the 
strain activated light-induced phase segregation in mixed perovskites 
with higher Br concentration [70]. It was recently reported that type and 
concentration of organic cations can be also responsible for phase 
segregation in mixed perovskites [71]. We previously studied the phase 
segregation in the (FAPbI3)0.85(MAPbBr3)0.15 composition using photo
luminescence (PL) spectroscopy, revealing no peak splitting over time 
under illumination [11]. This result suggests that phase segregation does 
not occur in this composition under similar experimental conditions. As 
mentioned, the phase segregation in mixed perovskite is strongly related 
to the concentration of halide ions, especially Br concentration. 
Although several studies [71–75] show the light-induced halide segre
gation in the mixed perovskites, these studies are performed on com
positions with higher Br concentration, e.g., 30% or 50%. In fact, the 
solar cells using (FAPbI3)0.85(MAPbBr3)0.15 composition showed highly 
efficient and stable performance [11,34,76,77]. Further, it has been 
recently demonstrated that light-induced halide segregation is absent in 
MAPb(I0.85Br0.15) perovskite due to suppression of local strains while 
the phase segregation from localized strains occurs as Br concentration 
increases [70]. It should be noted that we also use a very weak light with 
an intensity between 0.1 and 0.3 mW cm−2 in our measurements, and 
therefore we do not expect serious phase segregation during 
illumination. 

It is commonly believed that a higher ion migration could be strongly 
associated with defect densities in MHP films [78–80]. To confirm this, 
we explore morphological defects in different compositions of MHPs 
using KPFM measurements (Fig. S15). As can be seen in Fig. S15, the 
dark regions with small CPD in the films are composition dependent. 
Using local PL imaging integrated with SEM microscopy, it was shown 
that the dark regions have greater nonradiative recombination loss [81]. 
Recently, dark regions with small CPD are explored by Stranks et al. 
[82], revealing nanoscale trap clusters due to local excess of halide ions 
in the mixed perovskites. As can be seen in Fig. S15b,c, these clustered 
traps significantly increases when MAPbBr3 concentrations is above 
30% while the (FAPbI3)0.85(MAPbBr3)0.15 composition has the lowest 
concentrations of defects. This result suggests that the composition of 
mixed perovskites can affect the hysteretic behaviors. 

To explore the evolution of ionic distribution and electrochemical 
dynamics on the lateral device, time-dependent ion dynamics are 
measured using an in-house custom built tr-ToF-SIMS technique 
(Fig. 3a). In these measurements, a similar bias waveform was applied 
during the measurements with 9 s time steps, and the ToF-SIMS results 
was acquired across the electrodes. Our results reveal the dependence of 
ions distribution to the applied electric biases and time. This measure
ment allows us to directly observe the temporal evolution of ions mass 
transfer, ions relaxation and redistribution during on- and off-field 
conditions. Fig. 3b shows the average mass spectra of negative ions 
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accompanied with the time- and voltage-dependent map of all negative 
ion distribution. Particularly, halide ions, e.g. I- and Br-, are highly 
concentrated in this spectrum. Note that the top and bottom areas refer 
to the source and drain electrodes, respectively. 

To map the time- and voltage-dependent ionic dynamics in the 
multidimensional ToF-SIMS data sets (Fig. 3b), we utilize an unsuper
vised machine learning analysis method, non-negative matrix factor
ization (NMF) to reduce the dimensionality of the data sets allowing for 
natural and physical constraints present in the system. This method al
lows us to analyze unmixing components and find sparse features from a 
total ion signal. NMF is chosen as the simplest method that yields non- 
negative components. More details of this analysis method can be 
found in Supplementary Note 2 and our previous study [17]. The 
ToF-SIMS data is represented as a linear combination of non-negative 

components in the equation below: 

Xi =
∑

j
vivj + Ni 

In NMF, ions distribution profile Xi is unmixed on weigh coefficients 
via linear combination of endmembers vj (Ni, noise) subject to vi ≥ 0. 
Using NMF, the total response of negative ions mass spectra (Fig. 3b) is 
decomposed into 4 components that are optimized to elucidate the 
spatial distribution of different ions. The 1st NMF component (Fig. 3c) 
shows time-and bias-dependence of negative ions distribution (I- and 
Br-). As can be seen, a relatively higher intensity of I- ions mass is 
counted as compare to the Br- ions due to the higher concentration of I- 

in (FAPbI3)0.85(MAPbBr3)0.15 stoichiometry. Other 3 NMF components 
are displayed in Fig. S16. The 2nd NMF component (Fig. S16a) also 

Fig. 3. The temporal evolution of negative ions in operando measured by tr-ToF-SIMS in the lateral perovskite device in dark condition. (a) A schematic illustration 
of tr-ToF-SIMS driven with FORC bias waveform during on- and off-fields. (b) The total mass spectra of negative ions (top) and the corresponding tr-ToF-SIMS map as 
a function of time and bias waveform (bottom). (c) The 1st NMF decomposition of tr-ToF-SIMS results (top) and the corresponding loading map as a function of time 
and bias (bottom). (d) The 1st, (e) 2nd, (f) 3rd, and (g) 4th NMF components of tr-ToF-SIMS maps in the on-field condition, and the (h) 1st, (i) 2nd, (j) 3rd, and (k) 4th 
NMF components in the off-field for negative ions in dark condition. 
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shows relatively higher intensity of I- ions in addition to small concen
tration of organic molecules such as CH-, CN-, etc. particularly at the 
electrode regions. The presence of these organic molecules possibly re
sults from bias-induced dissociation of MA+ in the perovskites. Mean
while, the 3rd NMF component shows the accumulation of Br- and I- ions 
at the source and drain interfaces and center regions (Fig. S16b). We 
speculate that the detected ions at the center region could be possibly 
due to attraction of Na+ ions placed at central area (This will be dis
cussed in next section). Comparably, Br- ions are more dominant at the 
drain interface. This result elucidates that the Br- ions are more mobile 
and especially accumulated at the perovskite-drain interface during the 
application of bias waveform. Most recently, a distinct depletion of Br- 

ions at one interface and irreversible accumulation of them at the 
opposite interface were experimentally shown after operating under 
light and bias in a triple cation (Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3 
perovskite device. It was explained that the depletion and accumulation 
of Br- ions at the interface creates barriers for charge transport and in
creases nonradiative recombination. The observed accumulation of Br- 

ions in our result is in good agreement with the aforementioned study. 
These accumulated ions at the interface could be associated with the 
observed potential drops in the CPD distribution. Here, interfacial ion 
accumulation is mostly associated with Br- ions. Understanding the ionic 
behavior at the interface is critically important as this phenomenon 
plays a crucial role in determining the device stability and performance 
such as modulation of carrier transport barriers, built-in electric field, 
charge accumulation and extraction. Finally, the 4th NMF component, 
shown in Fig. S16c contains hydrocarbons on the Cr electrode surface, 
similar hydrocarbons were previously observed on the Au electrode in 
lateral MAPbBr3 single crystal devices possibly due to the formation of 
organic impurities, byproducts and volatile species during synthesis and 
characterization. 

To further explore the chemical changes during the on- and off-field 
conditions, we separate the maps of on-field and off-fields components 
of NMF analysis carried out on the full dataset (Fig. 3d–k). Interestingly, 
transient behaviors are observed in all NMF components during the on- 
field condition (Fig. 3d–g). Particularly, in the 3rd NMF component 
during on-field (Fig. 3f), halide ions are higher concentration at the 
source interface when applied positive biases. This directly indicates 
that halide ions migrate towards the source interface at positive bias and 
they migrate to the drain interface at negative bias during on-field. This 
migration is also observed in central region. In the 4th NMF component 
during on-field (Fig. 3g), we observe significant migration of small 
molecular ions (see Fig. S16c) at the interface. This result implies that 
the ions with lighter masses, e.g., organic molecules are interacted with 
the electrodes during on-field condition. Further, during off-field con
ditions, halide ions are relaxed in the bulk region (Fig. 3h–k), while the 
accumulation of halide ions is still observed at the interface regions in 
the off-field condition (Fig. 3j). This demonstrates that halide ions 
almost relax in off-fields which takes 9 s. It is worth to note that the 
accumulation of halide ions at the interface in the 3rd NMF component 
in the off- field (Fig. 3j) is a direct evidence of the effect of ions on the 
charge transport. The hysteresis behavior in the I-V and CPD-V during 
off-fields can be attributed to the accumulation of halides at the 
interface. 

The ions distribution is further explored via tr-ToF-SIMS where a 
built-in white LED placed inside the chamber for illumination. The 
temporal evolution of ions upon application of electric bias is shown in 
negative mode (Fig. S17a). Likewise, the total mass spectra are 
decomposed into the 4 NMF components (Fig. S17b–e). Here, the NMF 
loading maps reveal less transient behavior in the ion distribution 
compared to the dark condition. This less transient behavior was also 
observed in the I-V and CPD results. Under illumination, the less tran
sient behavior, and especially higher conductivity in the I-V curve are 
associated with light-induced ultrafast ion migration [83,84], as well as 
higher concentration of fast photogenerated charges. The separated 
NMF maps in the on- and off-fields are also shown in Fig. S18. Similar to 

the dark condition, accumulation of halide ions, especially higher con
centration of Br- ions at the interface is observed in the 3rd NMF 
component of mass spectra under illumination. The accumulated Br- 

ions at the interface can have both detrimental effect on charge transport 
[85] and beneficial effect as increased concentration of Br- ions at the 
interface between perovskite and transport layer has shown to enhance 
electron extraction [86]. This was attributed to the fact that the accu
mulated Br- ions play a critical role in passivating defect states at grain 
boundaries and interfaces in MHPs [86]. Thus, controversy remains 
regarding the effect of the accumulated Br- ions at the interface. None
theless, our result provides direct visualization of the accumulated Br- 

ions at the interface of (FAPbI3)0.85(MAPbBr3)0.15 as a function of 
electric bias both in dark and under illumination. 

To compare ion dynamics and interfacial effect, we also perform tr- 
ToF-SIMs on Au/(FAPbI3)0.85(MAPbBr3)0.15/Au device. We observe the 
traces of Au ions diffused at the interface and over the perovskite region 
especially under illumination (Fig. S19d,e). We further analyze the 
spatial distribution of mass spectra in distinct regions including the Au 
electrode, interface, and perovskite, as shown in Fig. S19a–c. The 
spectrum of Au ions mass is clearly observed at the interface and 
perovskite regions. Besides, the traces of I- ions are observed in the Au 
electrode region both in dark and under illumination (Fig. S19f,g) dur
ing the application of FORC bias. We also detect I- ions in the Au elec
trode region in the mass spectra (Fig. S19a) while no Br- ions can be 
detected in the electrode region from the ToF-SIMS chemical maps 
(Fig. S19h,i). This result suggests that I- ions can migrate to the Au 
electrodes during operation conditions. However, Br- ions accumulate at 
the interface area (Fig. S19h,i). The mass spectrum in Fig. S19b confirms 
high concentration of Br- ions at interface than in the Au electrode 
(Fig. S19a). The diffused Au ions at the interface and further into the 
perovskite regions, and formation of gold halide complexes can ulti
mately lead to the degradation of MHP-based devices. 

To explore the changes in positive ions behavior in operando, the 
mass spectrometry is performed in positive mode. Fig. 4a shows the 
average mass spectra of positive ions and the corresponding chemical 
map as a function of time and bias waveform across the electrodes. 
Likewise, using NMF analysis, the total response of positive mass spectra 
in operando was decomposed into the 4 NMF components. The 1st NMF 
component in Fig. 4b shows the presence of positive ions such as FA+, 
MA+, Pb2+, Cr+ and Na+ ions where Na+ ions are possibly migrated from 
the glass substrate [87]. The other NMF component maps are exhibited 
in Fig. S20. Interestingly, we found that there is a central line at the bulk 
region in the 2nd NMF map in Fig. S20a and the corresponding mass 
spectra show the contribution from Na+ and FA+ ions. This line can be 
also seen as a depleted region in Fig. 4b. Na+ ions can already diffuse 
into the perovskite layer during thermal annealing of perovskite films 
and its storage in a N2-filled glove box [87]. To investigate the migration 
of Na+ ions, we prepared perovskite films on a different glass substrate 
with lower quality (AmScope, BS-72P) and performed ToF-SIMS on the 
device. As shown in Fig. S21a, a higher concentration of Na+ ions were 
detected at the bulk region between the electrodes. The results further 
show that after forward- and reverse-biasing the electrode, the observed 
Na+ ions migrate towards both biased electrodes as shown in Fig. S21b. 
It was previously shown that a large density of Na+ ions can move from 
the glass substrate along the perovskite grain boundaries and passivate 
defects [87]. The coupling between Na+ ions and defect sites in MHPs is 
also reported [88]. The Na+ ions can move to the interstitial sites or fill 
the MA vacancies, resulting in improvement of structural stability in 
perovskites [88]. Similarly, Na migration was observed in encapsulated 
polycrystalline silicon modules leading to potential degradation in these 
modules due to generating shunted areas [89]. The Na ion migration 
from a soda lime glass could lead to either beneficial or detrimental 
effects and become a general phenomenon in photovoltaic devices. 

Although the observed central line in the ion distribution map is 
mainly contributed by Na+ ions, there is a minor effect by FA+ ions 
(Fig. S20a). Next, the 3rd NMF component (Fig. S20b) indicates the Cr 
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electrode regions. The MA+ and Pb+ ions are observed in the 4th NMF 
component (Fig. S20c), revealing a transient behavior, especially at the 
interface regions. Clearly, these identified ions can also contribute to the 
transient behavior in the I-V and CPD results, with dominant role of MA+

ions in this phenomenon. This result is consistent with our previous 
study [40] on crucial role of mobile ions such as MA+ and I- ion in the I-V 
hysteresis in MAPbI3 film. It was observed that both MA+ and I- ions 
have a similar effect under electric field in dark while MA+ ions have a 
dominant effect than I- ions under illumination [40]. Interestingly, a 
reduction of Pb2+ ions at the interface causes the depletion of Pb2+ at the 
bulk region due to the electrochemical reactions between Pb ions and Cr 
electrode. Again similar behavior was observed in lateral single crystal 
device [17]. Similar to the negative ToF-SIMS mode, the on- and off-field 
chemical maps are separately plotted in Fig. 4c–j. It is clearly seen that 
the ion migration occurs during the on-field condition (Fig. 4c–f) while 
the migrated ions are relaxed during the off-field condition (Fig. 4g–j). 
This is similar to the negative ion behavior. Particularly, positive ions 
including Na+ ions during on-field migrate towards negatively charged 
electrodes. Overall, the result implies that positive ions such as FA+, 
MA+, Pb2+, and Cr+ migrate slower than negative ions in response to the 
electric waveform. Computational studies and experimental I-V mea
surements [90–92] suggested the slower migration of positive ions, here 
our result provides a direct visualization of slower migration of positive 
ions than halides. 

The preponderant accumulation of Na+ ions at the center region 
represents a highly unexpected finding in this work. We speculate that 
based on the preparation pathway and available data, the formation of 
this feature proceeded after the electrode deposition, and can be 

attributed to the surface transport away from the deposited electrodes 
with subsequently partial incorporation into MHP structure. This 
behavior is clearly suggested by the field response of the Na+ ion feature 
that can be displaced by electric field but then relaxes to original posi
tion with time. Further studies will be done in the future to find this out. 

Under illumination, positive ions are further explored, and the re
sults are exhibited in Fig. S22. By comparing to the dark condition, less 
transient behavior is observed in the 1st, 2nd and 3rd NMF components 
which are almost similar. However, the 4th NMF component is relatively 
different, especially we see a significant reduction in the concentration 
of Pb2+ ions at the interfaces. The massive reduction of Pb2+ ions in the 
bulk region results from electrochemical reactions between Pb+ ions and 
the injected charge carriers from the source electrode or the photo
generated charge carriers from perovskites in the vicinity of the elec
trode. We also separated the temporal changes of positive ions in the on- 
and off-field conditions under illumination (Fig. S23). We found that the 
migration of positive ions is also faster under illumination than dark 
condition and they are relaxed immediately in the off-fields. It is inter
esting to note that Cr+ ions are stable in the 3rd NMF components 
(Fig. S23) which means that Cr+ electrodes are not directly reacted with 
the perovskite layer especially at the interface under illumination and 
electric bias . However, it will be interesting to explore the long-term 
stability of perovskite in the vicinity of Cr electrode in the future studies. 

Several studies suggested that I-V hysteresis in MHP devices is 
associated with various interfacial phenomena such as space charge 
layers, resulting from ion migration [93,94], interfacial charge accu
mulation and recombination [95], and charge trapping and de-trapping 
at the interface [96]. Particularly, ion migration has a critical role in the 

Fig. 4. The temporal evolution of positive ions in operando measured by tr-ToF-SIMS in the lateral perovskite device in dark condition. (a) The total mass spectra of 
positive ions (top) and the corresponding tr-ToF-SIMS map as a function of time and bias waveform (bottom). (b) The 1st NMF decomposition of tr-ToF-SIMS results 
(top) and the corresponding loading map as a function of time and bias (bottom). (c) The 1st, (d) 2nd, (e) 3rd, and (f) 4th NMF components of tr-ToF-SIMS maps in 
the on-field condition, and (g) the 1st, (h) 2nd, (i) 3rd, and (j) 4th NMF components in the off-field for positive ions in dark condition. 
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hysteresis and transient phenomena in MHPs devices [9,90,96–101]. 
Ions are initially in the thermodynamically favored lattice sites but they 
can be migrated and redistributed under illumination and/or electric 
field. Using tr-ToF-SIMS technique, we analyzed the temporal evolution 
of ion dynamics and its role in the I-V and CPD hysteresis behavior. The 
results suggest that ion migration cannot significantly influence on the 
current and potential drop during the on-field condition except at the 
interfaces. Although ion migration across the device is directly observed 
in ToF-SIMS maps during the on-field conditions, the changes in I-V and 
CPD characteristics are relatively linear as a function of bias steps. 
However, it is important to note that ion migration results in accumu
lation of ions at the interface which has an impact on charge transport, 
interfacial defect passivation and even device stability. We found that 
the hysteresis behavior in the off-fields in both I-V and CPD measure
ments are due to the accumulation of charges at the interface. Using in 
operando ToF-SIMS measurements, we could further confirm the role of 
ions in the hysteresis phenomenon. Here, by combination of several 
techniques, we revealed the critical role of ion migration at the in
terfaces in transient behavior and hysteretic I-V and potential drop at the 
interfaces in MHP devices. We further demonstrated the role of charge 
injection and relaxation in the performance of mixed perovskite device 
in dark and under illumination. The time dependent ToF-SIMS charac
terization reveals that the most dominant mobile ions are halide ions 
such as I- and Br- in (FAPbI3)0.85(MAPbBr3)0.15 systems and particularly 
Br- ions are accumulated at the interfaces. Nonetheless, the migration of 
organic cations cannot be ignored especially the MA+ ions can be easily 
migrated between the biased electrodes. Besides, we found that Pb2+

ions can be reduced at the interfaces due to electrochemical reactions 
with the electrode in the presence of charge injection and photo
generated charge carriers. Our results clearly show the important role of 
interfacial phenomena and highlight that appropriate interface engi
neering will be an important key for highly efficient charge transport 
and stability in MHPs-based devices. 

3. Conclusions 

In summary, we have shown the role of ion migration in the lateral 
Cr/(FAPbI3)0.85(MAPbBr3)0.15/Cr devices using a FORC bias waveform 
where the current, potential drop, and chemical changes can be char
acterized simultaneously in the on- and off-field conditions in dark and 
under illumination. The I-V characteristics of devices demonstrate a 
significant hysteretic behavior in the off-fields both in dark and under 
illumination while a transient behavior is more prominent in dark. The 
KPFM results reveal that the charge injection and relaxation with po
tential drops are significant at both interfaces than the bulk perovskite 
during on- and off-fields. Such dynamics are significantly reduced under 
illumination. From the analysis of chemical changes using tr-ToF-SIMS, 
the charge dynamics in I-V and CPD can be directly correlated with the 
ion migration and their interplay with electronic charges. Negative ions 
such as I- and Br- ions migrate in the on-fields and the migrated ions are 
relaxed in the off-fields in dark condition. We found that the migration 
of negative ions is faster under illumination. Particularly, Br- ions highly 
accumulate at the interface between (FAPbI3)0.85(MAPbBr3)0.15 perov
skite and drain electrode in both on- and off-fields, leading to hysteretic 
behaviors in the I-V and KPFM results. Positive ions such as FA+ and 
MA+ ions migrate and relax relatively slowly than negative ions both in 
dark and under illumination. Interestingly, MA+ ions play an important 
role in transient behaviors due to their slow mobility. We found that 
under illumination Pb2+ ions are highly reduced at the interface due to 
electrochemical reactions with the electrode in the presence of charge 
injection and photogenerated charge carriers. While the ion migration 
can be fully or partially reversible, the electrochemical reaction at the 
interface can result in non-reversible phenomenon and induce perma
nent damage to the device performance and stability. Overall, the results 
reveal minor transient behavior and hysteresis in I-V and CPD distri
butions under illumination due to fast dynamics of photogenerated 

charges and ion migration. These results clearly show the significant role 
of interfacial phenomena and highlight that appropriate interface en
gineering is critical for highly efficient and stable MHPs-based devices. 
In addition, our study suggests that the MHPs-based devices with lower 
concentration of Br- and MA+ ions can have less hysteretic behaviors in 
mixed perovskites. Finally, this study provides insightful information 
regarding ion migration, electrochemical reaction, and associated 
charge dynamics in MHPs devices. This understanding is necessary to 
improving the stability of MHP devices and further inspire studies for 
investigation and control of hysteresis in these materials for application 
in memristors and energy storage devices. 

4. Experimental section 

Perovskite film synthesis: All the chemicals used here are purchased 
from Sigma-Aldrich and used without any further purifications. The 
(FAPbI3)0.85(MAPbBr3)0.15 precursor solution was prepared by dissolv
ing 1.38 M of FAI and PbI2, and 1.38 M of MABr and PbBr3 in 0.8 ml N, 
N-dimethyl formamide (DMF, 99.9%) and 0.2 ml dimethyl sulfoxide 
(DMSO, 99.7%). The prepared FAPbI3 and MAPbBr3 precursor solutions 
are stirred at 60 ℃ for 1 h and then are mixed in proper ratio to form the 
(FAPbI3)0.85(MAPbBr3)0.15 precursor solution. The (FAPbI3)0.85(
MAPbBr3)0.15 films were deposited on glass substrates 
(15 × 15 × 1 mm3). The glass substrates (MSE Pro™) were precleaned 
using deionized water, acetone, and isopropanol in an ultrasonic bath 
for 15 min, respectively. After initial cleaning, the glass substrates were 
treated under UV ozone for 15 min. Then, the substrates are transferred 
into N2-filled glove box. About 60 μL of the solution was dispersed onto 
the glass substrate and spin coated at 2000 rpm for 15 s following by 
6000 rpm for 20 s where 150 μL of chlorobenzene was dropped during 
this stage. Finally, the samples were annealed at 100 ℃ for 10 min. 

Fabrication of the devices: The 50 nm thick Cr electrodes were 
deposited by thermal evaporation using a shadow mask with a channel 
distance of around 70 µm between the lateral electrodes. 

First order reversal curve (FORC) biases with on- and off-field on the 
lateral device: The FORC waveform electrical biases with on- and off- 
fields were applied to the lateral devices during I-V and KPFM mea
surements. The electrical biases were supplied by a Keithley 2450 source 
meter controlled by a test script builder. After applying biases in the 
dark, and then relaxation for 40 min in dark, photoelectric properties (e. 
g., photocurrent, photo-induced potential drop, and ion distribution) 
were measured under illumination with a white LED. 

4.1. Characterizations and data analysis 

Kelvin probe force microscopy (KPFM) measurements: KPFM measure
ments were carried out using an AFM (MFP-3D, Asylum Research) in a 
KPFM mode under ambient condition. The samples were measured 
immediately after they were transferred out of N2-filled glove box. 
Consistent results have been achieved from repetitive measurements 
over 2 h in dark. KPFM measurements were performed using a Pt/Ir 
coated Si cantilever (ElectriMulti75-G, Budget Sensors) with lift height 
of 50 nm. During KPFM scans, FORC waveform was applied by an 
external function generator (Tektronix, Keithley 2450). A built-in white 
LED light source was used to illuminate the sample with a maximum 
intensity. In all KPFM measurements, the scan rate and size are 0.7 Hz 
on 512 × 512 pixels. The scan directions start from bottom to top, top to 
bottom, and bottom to top again during full FORC biases. 

Time-resolved time-of-flight-secondary ion mass spectrometry (tr-ToF- 
SIMS) measurements: ToF-SIMS measurements were performed using 
ToF.SIMS5NCS instrument (IONTOF GmbH, Germany). Experiments 
were carried out in both negative and positive ion modes with spectra 
calibrated using the I-, Br-, CN-, CH-, Na+, MA+, FA+, Cr+, 
CH3(CH2)5

+, CH3(CH2)7CH3+, H3N(CH2)10NH3
+, and Pb+ peaks. A 

built-in LED white light in ToF-SIMS chamber is used for illumination. 
The FORC biases were applied externally using a Tektronix AFG1022 
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arbitrary function generator (Tektronix, Beaverton, OR) and Lab View 
software. 

Non-negative matrix factorization (NMF) analysis: NMF is a classical 
form of the unsupervised unmixing machine learning approach. This is 
an algorithm in multivariate analysis. An input data is factorized into 
desired endmember-abundance pairs with the property that all end
members have no negative components. Particularly, this approach is 
suitable for analyzing ToF-SIMS data where all counting data is inher
ently non-negative due to calculating molecular mass. NMF data anal
ysis was performed on google Colab using Python 3.6 and scikit-learn 
0.19.2 library. 
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