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ABSTRACT

Understanding the surface properties of hybrid perovskite materials is a key aspect to improve not
only the interface properties in photovoltaic cells but also the stability against moisture
degradation. In this work, we study the local electronic properties of two series of CH;NH;Pbl;
perovskite films by Atomic Force Microscopy-based methods. We correlate nanoscale features
such as the local surface potential (as measured by Kelvin Probe Force Microscopy) to the current
response (as measured by Conductive Atomic Force Microscopy). CH;NH;Pbl; perovskites made
using lead acetate as a precursor lead to films with high purity and crystallinity, but also to
heterogeneous local electrical properties, attributed to variations of the density of surface states.
In contrast, when using lead iodide as a precursor, the perovskite surface exhibits a uniform
distribution of surface states. This work also aims to understand the early stages of water-induced
degradation at the surface of those films. Through high-precision exposure to small amounts of
water vapour, we observe a higher stability for surfaces prepared with lead iodide precursors. More
importantly, each precursor-based fabrication route is associated to either n or p-type behaviour of
the films. These characteristics are determined by the type of surface states which also and
eventually preside over stability. This work should help to discriminate between perovskite

synthesis routes and to improve their stability in photovoltaic cell applications.
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Organic-inorganic hybrid perovskites have been capturing much interest in the field of
photovoltaics (PV) as the power conversion efficiencies (PCEs) of corresponding devices have
been strongly improved, from 3.8% in 2009 to more than 23% recently.!? This prodigious increase
in just a decade is the result of intense research and fundamental understanding of crucial intrinsic
properties of the perovskites; in particular, their electronic and charge transport properties feature
remarkably long diffusion lengths and carrier lifetimes (refs 3-8).>® However the device stability
and the mechanisms responsible for this low stability are still under debate.”!° In addition to the
bulk properties, the surface properties at the nanoscale, which depend on the crystallographic
facets and the possible presence of defects, are also of prime importance as their impact on the
electronic and transport properties at grain boundaries or other interfaces is significant, hence
affecting the performances of the devices.!!'-18

Several methods are proposed for reducing these detrimental effects for photovoltaic
performances, involving, among others, tuning of the perovskite composition and interfacial
engineering.'”2! For instance, reducing the recombination at the interface can be achieved by
introducing a chemical linker between the perovskite and the electron transport layer.??
Recombination sites were also reduced after passivation of grain boundaries using either an excess
of methylammonium iodide (MAI) during the synthesis or a post-fabrication surface treatment.?>*

Yet, to face such a major issue, the electronic properties of the surface of perovskite thin films
ought to be further investigated where variations can be observed, i.e. at the nanoscale. In this
regard, Scanning Probe Microscopy (SPM) provides several characterization methods to locally
map the electronic properties of materials with nanometer resolution.?=! Kim et al. recently used
Kelvin probe force microscopy (KPFM) and bias-dependent atomic force microscopy (AFM) to

show that the properties of the (112) surface of a perovskite crystal can be affected upon external



bias while the (100) surface remains unchanged.>? KPFM has also been used by many other groups
to study the surface potential of perovskite thin films: Bergmann ef al. used cross-section KPFM
on a MAPDbI; based solar cell to show the unbalanced charge-carrier extraction between electrons
and holes.”” Harwell et al. exposed the MAPbI; perovskite repeatedly to light and found that the
Fermi level eventually returns with time to its initial value with slow decay, this effect being
attributed to trapped or slow charges within the device.?* Stecker et al. used SPM to identify
vacancy-assisted transport and, combined with density functional theory (DFT) calculations, they
predicted an increase of the work function when increasing the number of vacancies in MAPbBr;.3
Gallet et al. found electronic heterogeneities at the MAPbI; perovskite surface and attributed them
to differences in surface terminations.

From these works, it has been mostly agreed that among the surface features ruling the electronic
properties of the perovskite, defects or traps are those responsible for the electronic heterogeneities
observed at the local scale. Traps can be classified as shallow or deep, depending on the energy
position in the gap. Calculations on the activation energies of all the possible point defects as
determined from those studies revealed that usually shallow trap states are more likely to form
than deep traps, and they can be an explanation for the long electron-hole diffusion lengths
observed in these materials.’ Yet, Du et al. identified iodine interstitials, with specifically low
activation energies that could generate significant deep trap states.’” And all these studies are also
pointing out how the type and density of traps at the surface of the perovskite are depending on
the growth conditions of the materials along with the anisotropy of the surface
properties. ENREF 42

In spite of different types of defect evidenced at the surface, their corresponding impact onto the

film stability are still under debate. To enhance perovskite stability, it is therefore crucial to



understand how these defects specifically affect the surface properties and how they interact with
water molecules, especially at the early stage of degradation.

In this work, frequency modulated KPFM (FM-KPFM) and Conductive Atomic Force
Microscopy (C-AFM), are first used to evidence the presence and the electronic contribution of
trap states at the surface of methylammonium lead iodide (CH;NH;Pbl; or MAPbI;) perovskite
thin films. FM-KPFM is an appropriate method to simultaneously probe topographic and surface
potential variations without cross-talking.>%° It measures the contact potential difference (CPD,
i.e. the work function difference) between the metallic probe and the sample under test, hence
providing meaningful insights towards device performances and stability.*® C-AFM was also
shown to be pertinent for high-resolution electrical characterization of perovskites.* As a current
measurement method, C-AFM can be sensitive to contributions from surface properties, such as
defects, as they are expected to impact the charge transport mechanism via carrier injection.?340
Combining FM-KPFM and C-AFM allows us to locally correlate carrier injection to work function
(WF) in view of understanding the electronic properties of the sample surface.

Further on, the early stages of perovskite degradation upon water vapor exposure are studied at
the nanoscale. Typically, the stability of perovskite films and devices as reported in literature has
been studied after exposing the samples to ambient conditions at different humidity levels. Here
we introduce a more precise method allowing for controlled exposure to low level water exposure.
For this study, MAPbI; was prepared by two different synthesis routes, either lead acetate-based
(PbAc,) or lead iodide-based (Pbl,), see Scheme 1a. The SPM measurements, carried out for both
sets of samples, exhibit different surface electronic properties and stability upon exposure to water,
see Scheme 1b. Complementary X-ray photoelectron spectroscopy (XPS) and X-ray diffraction

(XRD) analysis correlate the observations with the variations in the chemical composition and the



crystalline orientation planes, respectively, for the two types of MAPbI; perovskite, see the
chemical structure of MAPbI; in Scheme 1c¢. Consistent pictures can be drawn between chemical
structure and composition, surface states and electronic properties and water stability for each of
the two differently synthesized perovskites, which can ultimately help to improve the device
performance.

Scheme 1. (a) MAPDI; perovskite deposition processes: MAPI-PbAc, and MAPI-PbI,, (b)
schematic of the KPFM measurement system for each MAPbDI; film and (c) schematic of the

MAPDbDIL; structure.
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RESULTS AND DISCUSSION

1. Local heterogeneity at the surface of MAPDbI; perovskites

The first set of perovskite studied consisted of MAPbI; films deposited on top of a
glass/ITO/PEDOT:PSS substrate, using PbAc, as a precursor and following the fabrication

procedure described in the Methods section. This material will be referred to as MAPI-PbAc,.*142



Freshly-prepared MAPI-PbAc, thin films were analyzed by XRD and XPS to determine their
chemical composition and crystallinity, respectively, in order to establish reference profiles prior
to any degradation process, and to confirm standards reported in literature for pristine MAPbI;. As
shown by the XPS spectrum of Figure 1a, the major atomic species present at the surface of the
MAPI-PbAc, are, as expected, iodine, nitrogen, carbon and lead. The additional presence of
indium atoms could be attributed to the presence of pinholes in the PEDOT:PSS + MAPbI; stack .+
The corresponding XRD profile, displayed in Figure 1b, indicates a dominating presence of (110)
and equivalent (220) crystalline planes corroborating the high crystal orientation expected from
this fabrication route.** Moreover, the characteristic peak of Pbl, expected at ~12.6° (see asterisk
symbol in Figure 1b), and usually related to perovskite phase segregation, is absent, allowing
these XRD and XPS data to serve as reference profiles for pristine MAPI-PbAc,.* The
corresponding morphology of the films is composed of grains of varying size (170 £ 130 nm in
diameter), as determined with non-contact AFM (Figure 1c¢) operated in inert environment. The

topography of the films reports a typical RMS roughness around 34 nm for 4x4 ym? images.
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Figure 1. Characterization of freshly-prepared MAPI-PbAc, deposits: (a) XPS survey spectrum,
(b) x-ray diffractogram (the asterisk symbol indicates the angle corresponding to the reflection

expected for Pbl,) and (c) typical non-contact AFM height image.

Figure 2a and ¢ show the topography and WF, respectively, as measured by FM-KPFM for a
MAPI-PbAc, film deposited on glass/ITO/PEDOT:PSS substrate (the WF image was obtained

from the surface potential data after tip calibration, see experimental details). Figure 2¢ shows



spatial heterogeneity of the WF at the surface of film, as highlighted by the complex WF
distribution curve in Figure 2b. Note that the surface properties are studied at the MAPI/N,
interface, however, there may be substantial changes on the interface properties when the contact
with MAPbI; is made with other gas (like oxygen) or films used for device applications. The
substrate on which the perovskite is grown and/or operating conditions (i.e. temperature or
pressure) may also affect the surface properties. The WF distribution can be deconvoluted into two
dominating populations, which have an average difference of 0.1 eV. A high WF domain (HWF)
and a low WF domain (LWF) are highlighted with white and red circles in Figure 2c, respectively.
Results will be discussed as if there were two clearly distinguished populations, although since the
deconvoluted profiles are quite large and overlap, there might be intermediate populations lying
between and outside the dominating contributions. Those two domains show up to 0.2 eV WF
difference, and have an average WF of 4.8 and 5.0 eV for LWF and HWF respectively. The
schematic representation of LWF, HWF and on the KPFM configuration can be seen in Figure
S1.

The measured WF values lie in a range between 4.70 and 5.10 eV. The reported electron affinity
and ionization energy for MAPbI; are most commonly around 3.9 and 5.4 eV, respectively,
although there is some scatter in the literature.**° This would indicate that despite the
heterogeneous WF at the surface of the film, the Fermi level remains located between the valence
band edge and mid-gap, i.e., that the whole surface of the MAPI-PbAc, thin film is exhibiting p-
type semiconducting behavior, hence with holes as majority carriers.* Notice that the topographic
profile does not influence nor correlate with the CPD signal (see Figure S2a); in other words, the
contrast in WF images only arises from the electrostatic probing and is, in no manner, due to

topographical variations of the surface.



Next, C-AFM was performed at the same location. Upon positive dc sample bias, holes are
injected from the ITO/PEDOT:PSS bottom electrode into the valence band of the MAPI-PbAc,
and transported across the film prior to collection at the tip-sample contact. Likewise FM-KPFM
measurements, a spatially heterogeneous current response is observed, as shown in Figure 2d. A
correlation clearly appears, with the HWF (LWF) domains corresponding to high (low) current
domains, as exemplified by the white (red) circles in Figure 2¢ and d, respectively. This
correlation between current and WF is further evidenced by the averaged scatter plot shown in
Figure S2c¢. The current variation with the topography was meanwhile found to be inside the error
bar when compared to the height variations (see Figure S2b), indicating little if no correlation also

between these two signals.
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Figure 2. SPM images of MAPI-PbAc, deposited on glass/ITO/PEDOT:PSS substrate showing
the (a) topography, (b) work function histogram (with the color grading used in (c¢)), (¢) work

function (measured with FM-KPFM), and (d) current image (measured with C-AFM in Peak-Force
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tunneling TUNA mode, with an applied dc sample bias of 1.7 V). Note that the FM-KPFM and C-
AFM measurements were carried out at the same location. Colored circles highlight HWF domains

(white circle) and LWF domains (red circle).

Because FM-KPFM is probing surface properties, the observed correlation between FM-KPFM
and C-AFM images strongly supports that the C-AFM response is also related to the perovskite
surface properties. In other words, the C-AFM current is ruled by perovskite surface properties
(i.e. the local work function) at the tip-sample contact.

So far, we observed two different surface domains associated to given local work functions and,
at the same time, we found them to be related to different current densities.

Surface heterogeneity is further investigated by means of averaged C-AFM images taken at
different biases, where I-V profiles are built for the different domains. Figure 3a displays the C-
AFM current variations with bias at these two locations, exhibiting an exponential law between 1
and 2 V in both domains, consistently with a specific injection/extraction dominating mechanism.
In this bias range, the I-V profiles are characteristic to that of a rectifying diode, suggesting for
both locations a Schottky-like contact at the tip-sample contact with an associated built-in potential
(Vi) in the films. MAPI-PbAc, exhibiting p-type behavior, this diode-like contact is therefore
biased in forward polarity upon positive dc sample bias.

For a standard Schottky contact, the charge transport between the probe and the sample in

forward bias is conditioned by the thermionic-emission theory, which analytical expression is:
av. _av
J = Joen (1 — e ¥) (Eq. 1)
Where J is the current density, J, is the saturation current density obtained in reverse bias, g is

the charge of an electron, V is the voltage applied to the sample, 7 is the ideality factor of the diode,

—a%p ) .
k is the Boltzmann constant and 7 is the temperature;** and with J, < e kT where ¢, is the effective
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barrier of the Schottky contact. The ideality factors, determined from the slope in the semilog
profiles of Figure 3a, are similar. The difference in current between the two types of domains in
the semilog I-V curve can therefore be mainly attributed to different effective barriers (Ady).
Figure 3b and 3c illustrate this case-scenario, where holes must overcome a higher barrier in LWF

domains before they can be collected by the metallic probe.
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Figure 3. (a) Semi-log plot of the bias-dependence of the C-AFM current (measured in contact
mode) for the LWF and HWF types of MAPbI; domains. (b) and (¢) Scheme of the C-AFM band
structure of the probe-surface contact for the two types of domains, LWF and HWF, at 0 V. The
surface states (represented by the red dot) impact the position of the Fermi level at the MAPbI;
surface. There is an interface layer between LWF/HWF and the metallic probe which allows for

vacuum level adjustment.
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The effective barriers (¢,) were experimentally extracted from Figure 3a and are ~ 0.45 and
~0.70 eV for HWF and LWF, respectively. If we consider the measured barrier heights and
compare them to the measured WF, the valence band (VB) is found to lie at ~ 5.5 eV for both types
of domains. An optical bandgap of 1.59 eV was experimentally determined by UV-visible
absorption spectroscopy, Figure S3. Even if the perovskite films have domains with heterogenous
surface properties, local photoluminescence studies have shown similar emission wavelength for
different domains, i.e. similar bandgap.>® Therefore, even if the perovskite film shows
heterogeneous WF at the surface, we consider that the optical bandgap remains constant at the
surface. The bandgap value obtained is in close vicinity to what is traditionally reported in
literature, and can be used to determine the position of the conduction band (CB) at the surface ~
39eV.# ENREF 44The variations of WF and ¢, between HWF and LWF domains are also
consistent with the p-type semiconducting character of MAPbI;, lower (higher) WF inducing
higher (lower) ¢,. Generally, the WF and free carrier density (p) are conditioned by the sole
crystallinity of the film and play a primary role onto charge collection, determining the injection
voltages.’>** In this work, however, charge injection/extraction mechanisms are dominating the
current response up to much higher injection voltages, indicating significant amount and impact
of surface states, hence possible interfacial issues once incorporated in devices.>*> This is likely
to induce a Fermi level pinning located at the energy level of the traps (4.8 and 5.0 eV as previously
shown). In C-AFM, the alignment of the Fermi level is taking place between the probe and the
sample in both LWF and HWF domains with their respective trap energy levels at 0 V. This Fermi
level pinning has an impact on the probe-sample contact and can be described with an additional

electric field across an interfacial layer as depicted in Figure 3b and c.
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The existence of domains exhibiting different surface states despite similar stoichiometry can be
attributed to, at least, two kinds of different perturbing states; they could either be the result of
different terminations or the result of the growth procedure. Recent DFT calculations gave insight
into the effect of the possible different MAPDI; terminations.® Pure methylammonium(MAI)-
terminated (001) surfaces are around 1 eV higher in energy than pure Pbl,-terminated (001)
surfaces, both independently affecting the charge injection properties.’’*®*_ ENREF 34 In addition,
MAI-terminated surfaces are expected to have a higher bandgap than Pbl,-terminated surfaces.*
However, given the fact that the two types of domains observed here exhibit similar VB, it is quite
unlikely that they would correspond to two different surface terminations. We are therefore led to
hypothesize that surface structural defects induced by the growth conditions would cause the
observed local electronic heterogeneity. However, at this point we cannot completely discriminate
between these two possibilities.

2. Degradation Process

The stability of perovskite films is usually addressed either for the whole solar cell device or for
the perovskite layer itself.’ The perovskite device or film is typically exposed to different humidity
levels or to ambient conditions. In this section, we develop a more controlled approach for
exposing the perovskite films to very small amounts of water vapor. First, the perovskite films
were introduced in a low-vacuum chamber (~ 1.15 torr) with 0.88 dm? of volume. Water vapor
was then injected by cycles into the chamber, heated at ~ 55 °C, and purged by a continuous
nitrogen flow to hinder any condensation. Each cycle corresponds to a pulse of water and then
flushing it away before the next one. This method allows a very precise control of the water
quantity to which the sample is exposed. For comparison, Li ef al. reported a threshold of 2-10'° L

(1 L corresponds to 10 torr.s) for the MAPDbI; to decompose, based on XPS measurements.>* In
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this work, the samples were exposed to much lower amounts of water, i.e., from 2.25-10% L up to
5-10° L, which allows to follow earlier stages of the degradation process. Then, the WF was
measured with KPFM, taking care of always probing the same location (Figure 4a, b). Upon
exposure to water, the WF of the MAPI-PbAc, surface tends to decrease for both types of domains
(HWF and LWF) towards a common value, as shown in Figure 4c. After 9-10% L (40 cycles) of
water exposure, HWF and LWF domains can no longer be distinguished and, upon further water
exposure, the WF tends to stabilize ~ 4.6 eV. Note that at such low exposure, the topographic
profile remains unchanged (Figure S7a). The final WF value corresponds to the Fermi level being
in the vicinity of mid-gap. For a non-perfect crystal, such intrinsic behavior (having the Fermi
level at mid-gap) can only be attributed to semi-insulating properties, with the perovskite behaving
as an insulator. The fact that the WF values are moving towards mid-gap upon water exposure for
both domains, excludes the previous hypothesis of different surface terminations. Pbl-terminated
surfaces are more resistant to water interactions compared to MAI-terminated surfaces,*® which
would result in a delayed WF shift toward mid-gap values. Instead, in a perovskite system with
defects, the position of the Fermi level at mid-gap rather relates to the formation of deep traps.
Consistently, no C-AFM current could be detected after more than 10 cycles of water exposure.
Therefore, there is a distribution of surface states on the MAPI-PbAc, surface that induces the
difference in the carrier injection/extraction previously shown in Figure 3a. Such an
heterogeneous surface can potentially lower not only the performance of the device but also its
stability.

These observations are comparable to the previously reported study by Ralaiarisoa et al. where
a perovskite film was exposed to ~ 2-10* L, showing a reversible water adsorption.®! Higher

exposures, ~ 1-10!° L, resulted in a WF decrease of 0.33 eV attributed to an increase of Pb’-related
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surface states. The present work studies the water interaction in the upper exposure range of the
previous study.

These results indicate that for the MAPI-PbAc, films, very small exposure to water is enough to
strongly affect the electronic properties by creating deep trap states, hence to suppress charge
transport. In this scenario, with a p-type perovskite and the presence of surface states making the
surface to be less p-type, as schematically shown in Figure 3b and 3c, the possible point defects
to be considered are donor sites lying above the Fermi level. These defects can be induced by I
vacancies (V;), substitution of Pb and MA cations at [ sites (Pb; and MA,, respectively), substitution
of Pb ions at MA sites (Pbys) and MA and Pb interstitials (MA, and Pb;, respectively).’* Among
these defects, we consider MA;, and V, to potentially dominate due to their lower formation

energies.®>43

16



4.30 eV

-

4.80eV
c d
43 4.3 MAPI-Pbl
S4.4] MAPI-PbAc, Saal, P,
) o B g s e
c 4.5 ° - 451 ° °
= ke
g 40 e ) Y R ° 2 46
|_|:_4.7- o -7 247
—‘448-./0'/’0 @ LWF x 4.8
o - ® HWF S
= 490 @ Merged domains = 4.9 @ Average work function
5 - - = Work Function Trend 50 - - = Work function trend
0 20 40 60 80 100 120 0 50 100 150 200
Number of Water Cycles Number of Water Cycles
e f
100 — 100
[l Pristine [0 40 cycles [ 100 cycles Il Pristine [0 40 cycles [ 100 cycles

MAPI-PbAc,

MAPI-Pbl,

10+

Atomic Concentration (%)
Atomic Concentration (%)

C (0] N C 0 N
Elements Elements
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We also investigated the effect of water exposure on the perovskite prepared from the Pbl,
precursor (MAPI-PbL,). The resulting MAPbI; thin films can be self-doped depending on the ratio
between the precursors used in the synthesis process.** High (low) concentrations of Pbl, in the
precursor solution makes the final perovskite film to be more n-type (p-type, respectively).
Moreover, PEDOT:PSS has a better affinity to Pbl, than to MAI, so even higher amounts of MAI
are necessary to generate a p-type MAPbI; perovskite on the PEDOT:PSS surface.> Above, we
used MAPI-PbAc,, the synthesis of which results in a p-type material. To prepare an n-type
perovskite, we used Pbl, as the precursor, in a 1:1 (Pbl,:MAI) ratio. It corresponds to one of the
most typical synthesis routes used in MAPbI; perovskite solar cells.%*%

The MAPI-PbI, perovskite surface in this case shows a narrow WF distribution, see Figure S4d.
Consistently, the C-AFM current distribution shows only one major peak (Figure S4e); the small
peak at zero current corresponds to insulating Pbl, domains (highlighted in Figure S4c¢) and
confirmed by the small peak at 12.6° in XRD diffractogram, (Figure Sc). As observed in
Figure 4d (and Figure S4b) the WF of the MAPI-Pbl, lies around 4.4 eV. The bandgap energy is
~1.56 eV (Figure S3b), in line with the bandgap reported in literature.®* Based on (i) our
experimental protocol and (i1) what is regularly and consistently reported in literature, we assume
these MAPI-PbL, films to exhibit n-type semiconducting properties.

When exposing the MAPI-Pbl, surface to pulsed water vapor cycles, the WF remains unchanged
up to 200 cycles (Figure 4d). The C-AFM current also remain constant up to 200 cycles (see
Figure S5). This is in strong contrast with the MAPI-PbAc, material, for which no current could
be measured after the first 10 water vapor cycles (corresponding to 2.25-108 L). Comparing further
MAPI-Pbl, with MAPI-PbAc,, the deep trap states also observed in MAPI-Pbl, surface are

expected to be acceptor ones. These surface acceptor defects seem to be less reactive upon water
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exposure, therefore we assume n-type surfaces such as MAPI-Pbl, are more stable at the early-
stage of water-induced degradation.

Both pristine MAPbI; materials were also characterized by XPS, and similar measurements were
carried out after exposure to 40 and 100 water vapor cycles. Figure 4e shows the variations of the
atomic concentration of the elements forming the MAPI-PbAc, films. Upon exposure to water, a
significant increase of the oxygen content at the surface can be observed and, simultaneously, a
decrease in nitrogen concentration. In contrast, the nitrogen concentration barely changes in
MAPI-Pbl, upon water exposure while no significant amount of oxygen is observed (Figure 4f).
It is tempting to relate these behaviors to the WF shift towards the mid-gap observed in water-
exposed MAPI-PbAc, films (Figure 4c) and the constant WF value for MAPI-Pbl, films
(Figure 4d). The Pb:I elemental ratio for both materials (1:3) remains constant even after exposure
to 100 cycles of water vapor, indicating that a possible degradation cannot be attributed here to
perovskite segregation at the surface and thus a change in stoichiometry. Interestingly, the traps
expected to be present in the MAPI-PbAc, surface, V; and MA,, are typically positively charged,
which would imply that they are keen to interact with the electronegative oxygen atoms from water
molecules. As for MAPI-PbL,, the considered defects, Vp, and I; are negatively charged, which
would make them more difficult for the oxygen to interact.

The water-perovskite interaction is further confirmed by the XRD measurements carried out
after similar amounts of cycles of exposure to water vapor shown in Figure 5a for MAPI-PbAc,
and Figure S6 for MAPI-Pbl,. The main XRD peaks in MAPI-PbAc, are located at 14.04° and
28.31°, corresponding to the X-ray scattering from the (110) and (220) planes, Figure 5a.> After
exposing the MAPI-PbAc, sample to 100 cycles of water, there is a reduction in the X-ray

scattering intensities while the characteristic Pbl, signal is not present, indicating that the
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perovskite did not start structural degradation yet. On the other hand, in the MAPI-PbL, film, apart
from the most intense peaks at 14.07° and 28.40°, there is another intense peak at 31.82° attributed
to the (222) plane, Figure Sc. The low-intensity feature at 12.65° in the XRD diffractogram for
MAPI-PbI, indicates the presence of unreacted Pbl,.*> The reduction in intensity of the XRD
features seen for MAPI-PbAc, could be related to the change in morphology observed with AFM,
(Figure S7b). Figure S7c¢ shows the variations of the morphology of the MAPI-PbAc, layer upon
exposure to water vapor, as described by the power density spectrum of the AFM images. The
gradual increase of the spectral density at high wavenumbers (i.e., smaller spatial distances) for
MAPI-PbAc; indicates that the relative amount of small grains increases when increasing the water
exposure. This is illustrated by the image of Figure S7b, which shows the surface morphology
after 150 cycles of water exposure (which corresponds to amounts of water similar to what reported
by literature). The large grains initially present have broken up into smaller features, which is
expected to strongly impact the electronic properties, as amply reported in literature.® It is also
important to notice that the spectral density of the MAPI-Pbl, material is much less sensitive to
water exposure (Figure S7d), consistent with the better preservation of the electronic properties.
The highest XRD intensity peak in both MAPbI; films is the (110) peak and it is used to measure
the a lattice constant, which corresponds to the short lattice distance in a tetragonal geometry. The
long lattice distance, the c lattice, is calculated mainly from the (222) peak. As a result, Figure Sb
and 5d show the evolution of the a and c lattice distances upon water exposure in MAPI-PbAc,
and MAPI-PbAc, respectively. For MAPI-PbAc, only the a lattice parameter is increased when
exposing the sample to water. This lattice expansion could be related to a reaction between the
MA* cation and water molecules, which has been proposed by Li ef al.. This is discussed below

on the basis of the XPS results and is consistent with the positively-charged defects reacting with
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water.” In contrast, in MAPI-PbI, both lattice distances remain constant up to 200 cycles of water

exposure (Figure 5d).
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Figure 5. (a) XRD diffractograms of the MAPI-PbAc, pristine and water-exposed (b) MAPI-
PbAc, lattice distance displacement upon water vapor exposure, (¢) XRD diffractogram of the
MAPI-PbI, pristine sample and (d) MAPI-PbI, lattice distance displacement upon water vapor

exposure. Lattice a (c) stands for the shorter (longer) axis in the tetragonal structure.

To elucidate the specific interactions of water with MAPI-PbAc, and MAPI-Pbl,, we recorded
high-resolution XPS core-level spectra. The C 1s core level spectrum of MAPI-PbAc, shows two

clear peaks at 285.1 eV and 286.8 eV, for C-C and C-N groups respectively, Figure 6a.” After 40
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and 100 cycles of water, the C 1s photoemission peaks and the relative carbon concentration
remain unchanged, as observed in Figure 6c, 6e, and 4e. Since the nitrogen content was shown to
decrease after water exposure along with the increase of the oxygen content, the peak at 286.8 eV
for MAPI-PbAc, can be attributed to a combination of contributions from C-N groups and C-O
groups. The evolution of the oxygen and nitrogen content is consistent with the occurrence of a
nucleophilic substitution reaction by which the oxygen atom of a water molecule binds to the
carbon atom of methylammonium, expelling one ammonia molecule that is pumped away.
Although this reaction is kinetically not favorable, we think that it is enhanced by the vacuum
chamber heat (~ 55°C). This chemical reaction is expected to deeply affect the electronic properties
of the materials. Note however that the increase in the oxygen content is much stronger than the
decrease in the nitrogen content (Figure 4e), which suggests that part of the water molecules
simply adsorb on MAPI-PbAc, (and could further modify its electronic properties via electrostatic
interactions).

The C 1s core level spectrum of the MAPI-Pbl, shows two peaks at ~ 285 eV and ~ 287 eV,
similar to the MAPI-PbAc, peaks. However, not only the C 1s peaks and the relative concentration
of carbon remain unaffected, but also the concentration of oxygen and nitrogen remains unchanged
upon water exposure, as shown in Figure 6b, 6d, 6f and 4f. This observation confirms that MAPI-
Pbl, is less reactive with water.”! The binding energies for the nitrogen, oxygen, lead and iodine

core levels do not change even after 100 water cycles, Figure S8.
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Figure 6. Cls core level XPS spectra of MAPI-PbAc, (a,c,e) and MAPI-Pbl,(b,d f): pristine (a,

b), exposed to 40 cycles (¢, d) and to 100 cycles of water (e, f).

23



CONCLUSIONS

In this work we combined FM-KPFM and C-AFM to study locally the electronic properties of
the MAPDI; perovskite surface, for materials obtained via two different synthetic routes. When
using the lead acetate precursor, we evidenced local variations (by up to 0.2 eV) in the WF values,
with HWF regions corresponding to higher current values. LWF regions with surface states closer
to the mid-gap are shown to further hinder carrier injection/extraction at the surface, hence the
charge transport in the film. In contrast, when using the lead iodide precursor, the WF distribution
over the surface appears much more homogeneous. We interpret these measurements as indicative
of different types of defects on the perovskite surface. We suggest that MA; and V, are present on
the MAPI-PbAc, surfaces and, therefore, on most of the p-type MAPbDI; perovskites. In the same
manner, MAPI-PbL, surfaces, and therefore most of the n-type MAPbI; perovskites, have donor
defects.

In a second stage, we have attempted to relate the electronic structures at the surface of the
MAPbI; with their stability upon water vapor exposure. In MAPI-PbAc,, the WF decreases after
water exposure. This was shown to correspond to a drift of the Fermi level towards mid-gap,
indicating the creation of deeper trap states turning the perovskite into a semi-insulator,
consistently with the collapse of the current signal. The XPS measurements indicate that the
methylammonium groups are likely to react with water molecules releasing NH; and creating C-
O bonds. Higher stability against moisture was observed for MAPI-Pbl,. This was attributed to the
different nature of defects, acceptors compared to donors. By using a methodology that allow us a
precise control in the exposure to very small amounts of water, we could study early degradation
mechanisms in perovskites at the nanoscale. We observed that strong interaction with water

molecules can occur very quickly in p-type perovskites like MAPI-PbAc,. This rapid interaction
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with water alters the electronic and transport properties even prior to any morphological or

stoichiometric changes, which can result in a degraded photovoltaic cell.
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METHODS

Device fabrication. The cleaning process of patterned indium tin oxide (ITO) substrates
(Naranjo substrates, ref. NS1463, 95 nm, ~ 20 Q.sq) includes the successive steps: wiping with
RBS, followed by 10 min ultra-sonication in deionized water, acetone and isopropanol, and drying
by pure N, flow. Prior to deposition, the substrates were exposed to O, plasma in primary vacuum
for 5 min. PEDOT:PSS (Heraeus Clevios P Al 4083) was then spin-coated at 5000 rpm for 60 s
and annealed at 110 °C for 10 min to remove water traces before introduction into the inert
atmosphere environment, i.e. a N,-filled glovebox. The perovskite synthesis and deposition were
carried out in two different ways, and the corresponding materials are referred to as MAPI-PbAc,
and MAPI-Pbl,, MAPI-PbAc, was obtained by mixing methylammonium iodide MAI (Greatcell
Solar) and lead acetate trihydrate (PbAc, 3H,O) (99.999% Merck) into anhydrous N,N-
dimethylformamide (DMF, 99.9% Merck) at a 3:1 molar ratio with a final concentration of 0.5 M.
Hydrophosphorous acid (50% Merck) was added with a HPA/PbAc,-3H,O molar ratio of 11% .44
The solution was then spin-coated at 2000 rpm for 60 s, left at room temperature for 10 min. and
heated at 100 °C for 5 min. The MAPI-Pbl, perovskite was prepared by mixing lead iodide Pbl,
(99% Merck) and MAI in DMF and dimethyl sulfoxide (DMSO) with a concentration of 1.5 M.
The solution was spin coated at 5000 rpm for 30 s while 200 uL of ethyl acetate is dropped into
the spinning sample after 10 s to control the end point of the growth procedure.®> Both routes
lead to perovskite film thickness of ~ 300 nm.

Perovskite characterization. Perovskite thin films were characterized in an inert atmosphere
(N»-filled glovebox) by means of a Multimode 8 Atomic force microscope (Bruker) equipped with

a Nanoscope V controller and coupled to a NANONIS (by Specs) external controller for FM-
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KPFM measurements. All the measurements performed in this work by AFM were done in dark
conditions.

In FM-KPFM, the surface potential measurement is based on an electrostatic force gradient
detection, rather than in a direct force detection. This conditions the measured signal to the probe
apex, hence guaranteeing high spatial resolution (< 50 nm).?>° _ENREF 66Since FM-KPFM
allows the determination of surface potential by measuring the WF difference between the tip and
the sample (CPD), preliminary determination of the tip WF on a reference sample is required to
derive that of the sample under test. This is done by recording the CPD on a highly ordered
pyrolytic graphite surface (WF of 4.65 eV).”> PPP-EFM (Nanosensors GmbH) metal coated (Ptlrs)
etched Si probes were operated at the excitation frequency of ~75 kHz, corresponding to the first
resonance of the cantilever. FM-KPFM operated the modulated probe 15-20 nm above the sample
surface and with an excitation amplitude of ~ 10 nm, rastering the sample at scan rate of 0.3 Hz.

Current measurements were carried out in contact mode for the I-V curves and in Peak-Force
Tapping TUNA (PF-AFM) mode for image acquisition. In PF-AFM the eponymous external
module (Bruker) is coupled to the Multimode microscope. PF-TUNA is an intermittent contact
AFM method operating at 2 kHz, with force control in the nanonewton range, likely to avoid
induced damage to the sample. The external controller is equipped with two current amplifiers
allowing current detection down to 100 fA. Current across the tip-sample system is obtained by dc
biasing the sample vs. grounded tip.”* SCM-PIT metal coated (PtIr) conductive probes (Bruker)
with a spring constant of ~3 N/m were used. PF-TUNA operated at a scan rate of 0.3 Hz with a
force setpoint of 4 nN and an amplitude of oscillation of 50 nm.

The X-ray diffractograms were obtained using a Panalytical Empyrean XRD diffractometer

operating with the Cu K,; (o = 0.1542 nm) source. The XPS measurements were carried out with
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a PHI 5300ESCA Perkin-Elmer spectrometer and the spectra were calibrated with the Cls peak
(285.1 eV). The water exposure of the perovskite samples was done in a vacuum chamber at
1.15 torr average pressure. Water was injected into the chamber by cycles, where each cycle
corresponds to a pulse of water and flushing it away with nitrogen gas. Considering that each cycle
lasts 15 s and that 1 L corresponds to 10 torrs!, we estimated the exposure to be 5-10° L for

200 cycles.
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