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ABSTRACT

Chemical reactivity of halide perovskites coupled with a low energy of formation makes it a challenge to characterize material properties
and achieve long-term device stability. In this study, we elucidate electrochemical reactions occurring at the methylammonium lead triiodide
(MAPbI3)/Au interface. X-ray photoemission spectroscopy is used to identify a type of reduction/oxidation reaction termed underpoten-
tial deposition (UPD) involving lead, iodine, and hydrogen occurring at interfaces with noble metals. Changes in surface compositions and
oxidation states suggest that UPD derived adsorbates at MAPbI3/Au interfaces lower the energy barrier for release of volatile HI and/or I,
catalyzing degradation at exposed contacts. Additionally, comparison to Pbl,/Au interfaces demonstrates that the presence of methylammo-
nium/methylamine accelerates the formation of a Pb° adlayer on the Au. Reactions involving UPD Pb° can transform the typically anodic
(hole collecting) Au to a cathode in a photovoltaic measurement. Cyclic voltammetry reveals electrochemical reaction peaks in indium tin
oxide (ITO)/MAPbI3/Au devices occurring within voltage ranges commonly used for perovskite characterization. The electrochemical sta-
bility window of this device architecture is measured to be between —0.5 V and 0.9 V. Voltage induced interfacial reactions contribute to
reversible electrochemical peaks, hysteresis, switchable perovskite diode polarity, and permanent degradation at larger voltages. These types
of surface reactions alter the interface/interphase composition beyond ion accumulation, provide a source for the diffusion of defects, and
contribute to electrode material dependent current-voltage hysteresis. Moreover, the results imply fundamental limitations to achieving high
device stability with noble metals and/or methylammonium containing perovskites.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5083812

Metal halide perovskite materials have been successfully qualities for a semiconductor such as ease of processing and
employed as the active layer in numerous types of optoelectronic tunable bandgap across the ultraviolet/visible/near-infrared spec-
devices.' * While this class of materials displays many attractive tral range, there are many challenges to be overcome prior to
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commercialization. Currently, the most important challenge is pre-
dicting with high certainty long-term device stability for various
applications.”” Instability of the prototypical methylammonium
containing lead (Pb) halide perovskites is an intrinsic problem dic-
tated by fundamental thermodynamics and was one of the earliest
concerns expressed about the prospective of these materials for pho-
tovoltaics.” This is because methylammonium halide perovskites
have relatively low (but favorable) or even unfavorable energies of
formation. While low formation energies allow, for example, low
temperature solution processing,’ it also implies that the material
will be prone to chemical transformations under minimal external
energy input.

Due to an assumed inertness, noble metals such as Au are
commonly used as electrodes for perovskite devices. Direct per-
ovskite/Au interfaces are often found in halide perovskite based
diodes displaying switchable polarity, memristive devices, field-
effect transistors, Hall effect samples, space charge limited cur-
rent (SCLC) measurements, time of flight measurements, and
when Au is used as a conductive substrate for photoemission
spectroscopy.” "~ Lateral devices composed of noble metal elec-
trodes bridged by methylammonium lead triiodie (MAPbI3) or
methylammonium lead tribromide (MAPbBr;) rapidly degrade to
Pbl, and PbBr;, respectively, upon voltage bias."*""” These results
clearly illustrate electrochemical activity at noble metal/perovskite
interfaces under large voltage bias and support the mechanism
of H, and I, generation at the cathode and anode, respectively,
proposed by Frolova et al'’ Even when a buffer layer physi-
cally separates the perovskite from the noble metal, as is com-
mon in devices, direct perovskite/Au contact is unavoidable at
pinhole defects in these layer stacks, such as with the pro-
totypical organic hole transport material 2,2',7,7' -tetrakis(N,N-
di-p-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-OMeTAD)
which is notorious for a high density of pinholes.'’ Electrochemical
reactions at these defects may contribute to long term degradation
of perovskite devices and efficiency loss mechanisms attributed to
device interfaces.”*'*"”

It is also possible that noble metals can be incorporated into the
halide perovskite lattice, reacting to form materials such as CsAuly
and MA,Awls.” % However, the conditions for forming such
noble-metal-containing perovskites are relatively extreme and have
not yet been confirmed to form under typical perovskite device oper-
ating conditions. Lesser known underpotential deposition (UPD)
reactions, a form of surface-limited reduction/oxidation reactions,
are also known to occur with many ions at noble metal electrodes
near the equilibrium potential.” Underpotential deposition is a
type of surface adsorption reaction in which an ion changes oxi-
dation state upon adsorption. These reactions occur spontaneously
at voltages lower than the bulk reaction potential. For example, a
partial monolayer of reduced Pb spontaneously adsorbs to Au at
0 V (relative to Ag/AgCl electrode) whereas bulk Pb’ electrodepo-
sition does not occur until —0.25 V.** A positive voltage of 0.15 V
must be applied to strip this monolayer of UPD Pb desorbing as
Pb**.*" Furthermore, the adlayer structure rearranges as a func-
tion of voltage, counterion, and organic additives.”’ Nearly all rel-
evant halide perovskite components including H*, Cs*, Pb**, and
halide anions are known to participate in UPD reactions.” ** While
permanent electrochemical degradation can be avoided by oper-
ating at low voltages within an electrochemically stable window,

ARTICLE scitation.org/journal/apm

UPD reactions remain active at low voltages and can substan-
tially affect the structure and properties of an interface, or what
might be more helpful if referred to as an interphase when dis-
cussing a metal/solid electrolyte.” Interphases and UPD reactions
within perovskite devices have potentially significant implications
with regard to current-voltage hysteresis and long-term degradation
pathways.

In this work, we identify the formation of UPD Pb and I
species at direct MAPbI3/Au contacts. Our results indicate that the
MAPbI3/Au interface catalyzes HI formation and loss of methyl-
ammonium iodide (MAI) accelerating degradation of MAPbI; to
PbL. The formation of UPD species is affected by the chemical
environment which we observe during X-ray photoemission spec-
troscopy (XPS) leading to a rapid in situ deposition of Pb” on the
Au surface when in contact with MAPDbI3 but not for the Pbl,/Au
interface. Comparison to Pbl/Au heterojunctions allows us to out-
line reaction mechanisms and elucidate the direct involvement of
the organic methylammonium/methylamine molecule in the Pb°
reaction pathway presumably involving proton transfer reactions.
Photovoltage measured by XPS reveals that this reaction causes the
MAPbI3/Au contact, which is typically anodic, to become a cath-
ode. These results reveal how a subtle reaction can have a significant
effect on the interface composition, diode properties/polarity, mate-
rial stability, and possible artifacts in XPS measurements. Addition-
ally, the implications of this work elucidate possible limitations of
noble metals and methylammonium containing perovskites for long
term operation of halide perovskite-based optoelectronic devices.

Details of MAPbI3 and Pbl, film deposition can be found in
the supplementary material. Most importantly, the fabrication pro-
cess employed here produces smooth, small grained MAPbI; and
PbL, films with root-mean-square (RMS) roughnesses of approxi-
mately 4 nm and 6 nm, respectively. This work is organized into
three main sections. First, we examine Pbl, and MAPDI; films
coated with thick Au to confirm the existence of UPD adsorbates
via XPS binding energy (BE) signatures and further show differ-
ences in formation kinetics in the presence (MAPbI3) and absence
(Pbly) of protons which are undetectable by XPS. Second, after
establishing the presence of UPD species, samples coated with thin
Au films (5 nm) are characterized to elucidate reactions occurring
at the buried Pbl;/Au and MAPbI3/Au interfaces. Only in the case
of MAPDI3/Au do we observe rapid formation of a self-limiting
amount of Pb’, suggesting protons and/or methylamine influences
the formation kinetics and oxidation state of UPD layers on the
Au. Third, we perform cyclic current density-voltage (J-V) mea-
surements of indium tin oxide (ITO)/MAPbI3/Au devices displaying
electrochemical features which support the plausibility that interface
reactions occur within normal operating voltages (<1 V) of common
perovskite-based devices.

Sequential XPS measurements of MAPbI; and Pbl, covered
with thick (50 nm) Au films are displayed in Fig. 1. Despite Au
thicknesses well above the escape depth of photoelectrons (<10 nm),
Pb and iodine species are still detected in sizeable amounts (see
Tables S1 and S2 for relative atomic ratios). This suggests that Pb and
iodine are present on the Au top surface (see Figs. S1-S3 for more
evidence that the Au layers are neither discontinuous nor transpar-
ent to photoelectrons). These elements likely accumulate on the Au
by surface diffusion during thermal deposition of Au. We assume
that initial deposition forms islands of Au, each coated in a partial
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FIG. 1. Consecutive XPS measurements
of the Pb 4f region of (a) MAPbl3 and (b)
Pbl, coated with thick (50 nm) Au films.
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monolayer of adsorbates, which eventually coalesce to form a con-
tiguous film of Au. Further Au deposition builds to the bulk Au
thickness, while the adsorbates (only covering a fraction of the sur-
face, Table S2) can remain on the surface instead of incorporating
into the Au bulk. Alternatively, adsorbates may diffuse along sur-
faces and grain boundaries through the Au film. Continuous XPS
measurements reveal that the Pb 4f;, peak gradually shifts from
BE near 138.1 eV to BE ~ 137.2 eV and 137.7 eV to 137.5 eV for
MAPbI3/Au and Pbl,/Au, respectively, indicating a change in chem-
ical bonding environment. Note that these samples were grounded
to both the ITO and Au simultaneously. The Au 4f7), peaks were
stable and located at the expected BE of 84.1 eV (Fig. S4) for the
duration of the XPS measurements in Fig. 1. The Pb 4f;, BE at
approximately 137.5 eV correlates to neither Pb** (BE > 138 eV) nor
Pb° (BE < 137 eV). However, this BE is consistent with reported BEs
of UPD Pb (denoted Pbupp) on Au (~137.4 eV).* " 1t appears that
some of this new Pb species has already formed in the initial scan for
Pbl,/Au, whereas it takes some energy input to form this species in
MAPbI3/Au.

Further insight into chemical alterations at this surface is
gained from XPS measurements of the I 3d region of the samples
covered by 50 nm of Au as displayed in Fig. 2. Binding energies for
UPD iodine (denoted I°upp) are reported to be slightly lower than
iodide (618.4 eV for I°upp vs 618.7-619.6 eV for iodide anions).”
Measurements of iodine adsorbed on Au exposed to gaseous I, dis-
played an I 3ds» BE = 618.5 eV in close agreement to °upp, but
the simultaneous presence of Pb atoms in the samples in Fig. 2
may also influence the BE making I°upp difficult to unambigu-
ously identify. The initial I 3d spectra for both MAPbIs/Au and
Pbl,/Au samples look very similar; however, their degradation char-
acteristics differ significantly. Figure 2(a) reveals that reactions at
the MAPDIs/Au interface induced by X-ray irradiation result in a
rapid and significant loss of iodine over time with no significant
change in the oxidation state (see Table S2 for relative atomic ratio
changes). By contrast, the Pbl,/Au sample in Fig. 2(b) displays a
slight increase in the iodine signal evidenced by the emergence of
a high BE feature at approximately 620.5 eV. This BE corresponds
to molecular iodine, or, more likely, a triiodide species bonded to
the surface. These prominent differences in degradation behavior

140 138 136 134

Binding Energy (eV)

between MAPbI3/Au and Pbl,/Au suggest differing reaction mech-
anisms. The MAPbI3/Au iodide loss is likely in the form of volatile
HI. On the other hand, the absence of protons in Pbl, precludes
HI formation. The remaining possibility is that iodine leaves as I,
which, due to its relatively low volatility, accumulates on the sur-
face as triiodide leading to an increase in the intensity of the feature
centered at 620.5 eV in Fig. 2(b). Signals from oxygen and nitro-
gen are extremely low for these samples, and the C 1s peak remains
unchanged during X-ray irradiation which rules out surface con-
taminants as the source of the observed changes in oxidation states
(Fig. S5). The primary reactants at the top Au surface are limited to
Pb, iodine, and H.

Underpotential deposition reactions are well characterized for
both Pb and iodide on Au surfaces and shown, respectively, by
reaction Egs. (1) and (2)

pb2r 2L, Pbupp, (1)

A AG = 160 kj/mol (Ref. 26).  (2)
The XPS BE of Pb 4f7); » 137.5 eV in Fig. 1 suggests that these surface
species are forming at solid-state interfaces between Pbl,/Au and
MAPbBI3/Au as well. Note that the chemical state of UPD adsorbed
species can differ from that of the bulk or elemental material despite
having the same oxidation state. For example, reaction 2 is posited
to result in the spontaneous adsorption of neutral atomic iodine (as
opposed to molecular iodine).””" Because of this, the measured
BE of I°upp is more similar to an iodide anion than for molecu-
lar iodine.” It is not well established what the oxidation state of
Pbupp is (i.e., whether it is partially or wholly reduced) and, thus,
the number of electrons is omitted in Eq. (1).**° As will be shown,
our XPS data suggest Pbypp can adsorb in at least two different
chemical states. Intermediate oxidation states are supported by cal-
culations suggesting that partially reduced Pb ions can be stabilized
as dimers (e.g., [Pb,]** or [Pby]**).” Cyclic voltammetry of Pbypp
on Au (110) surfaces displays three peaks, and the oxidation state of
Pbypp may proceed through several different partial charges. Addi-
tionally, UPD reactions are well characterized for H*.”* In fact, the
reaction potential of Eq. (2) is known to be strongly pH dependent
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on many metals due to both H’upp and I°ypp simultaneously tak-
ing part in the adsorption/desorption reactions.”” We hypothesize
that the protons in MAPDI; interact with Pyrp, altering adsorption
kinetics as well as facilitating evolution of different products during
X-ray irradiation.

Surface reconstructions that involve changes in stoichiometry,
oxidation state, arrangement of ionic layers, and chemical reactions
at the MAPbI3/Au boundary motivate us to adopt the term inter-
phase as is commonly referenced in the battery community.”* The
evolution of elemental concentrations and oxidation states of Pb and
iodine on the Au surface indicates that non-negligible changes in the
chemical structure of the interphase are occurring during the XPS
measurement. Illustrations of surface reactions and changes in the
interphase structure at the top Au surface are depicted in Figs. 2(c)
and 2(d) for MAPbI3/Au and Pbl,/Au, respectively. The BE shifts
of Pb 4f;;, in Fig. 1 is suggestive that Pbypp has not fully reacted
prior to X-ray irradiation. This indicates that the strongest sponta-
neous interaction is between iodide/Au which separates Pb*" ions
by a layer of I°upp, as shown in the initial structures in F igs. 2(c) and
2(d). However, for Pbl,/Au, Fig. 1(b) leads us to assume that some
Pbupp has formed. Upon energy input (X-ray absorption, photoelec-
tron collisions, etc.), I’upp undergoes further reactions or rearrange-
ment. In the case of MAPbI; in contact with Au, abundant methy-
lammonium provides protons which are also known to form UPD
H? by consuming the electron released from iodide. The adsorbed
H° delays the formation of Pbypp and is presumed to react with
°upp to form volatile HI [Fig. 2(c)]. Under more device relevant

conditions, thermal degradation of MAPbI; to Pbl, is accelerated at
the edges of Au contacts as shown in Fig. 3 which we attribute to
catalyzed HI loss by this mechanism. We cannot rule out H, and I,
evolution instead of HI, but the overall effect is the same and both
reaction pathways likely occur simultaneously. On the other hand,
PbI; can only release iodine as molecular iodine/triiodide, as shown
in Fig. 2(d). When iodide or °ypp is lost, Pb*" consumes the elec-
trons to adsorb directly to the Au as Pbypp shifting to slightly lower
BE (as in Fig. 1). The main difference is the presence of protons par-
ticipating in the surface reactions to have non-negligible effects on
the reaction rates and resulting surface composition.

Chemical changes in the buried MAPbI3/Au and Pbl,/Au
interfaces were characterized by probing a MAPbI3/thin Au (nomi-
nally 5 nm) junction. Figure 4 displays the evolution of Pb 4f peaks
for thin Au films coating the MAPbI3 or Pbl, (XPS of I 3d, N 1s, C
1s, and Au 4f is provided in Figs. S6 and S7). The MAPDI3/thin Au
sample [Fig. 4(a)] initially contains only Pb** (4f;, BE ~ 138.0 eV)
indicating that the metal evaporation does not directly induce any
Pb°. Indeed, using tape to delaminate a 50 nm thick Au electrode
revealed undamaged and stable MAPbI; below it (Fig. S8). For
MAPbDI3/thin Au, intense X-ray irradiation induces the growth of
signal from metallic Pb® (4f,, BE ~ 136.8 eV) over the course of
16 min of continuous X-ray exposure. Processing and morphology
effects were ruled out by characterizing larger grained MAPbI3/Au
5 nm where MAPDI3 was processed with dimethylsulfoxide additive
(1:1 molar ratio with respect to Pbl,) for which similar Pb° for-
mation was observed. By contrast, no Pb° was observed to form at
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Pbl,/thin Au interfaces nor does Pb° develop on such short time
scales for MAPDI3 and Pbl, control films (Fig. S9). Consistent with
Fig. 2, the T 3d peak indicates an accelerated loss of iodine from
MAPbI3/thin Au whereas no iodine is lost from the Pbl,/thin Au
sample (Figs. S6a and S7a).

Formation of Pb° at the MAPbI;/Au interface was observed
on a variety of substrates including ITO, ITO/SnO, fluorine doped
tin oxide (FTO)/TiO2, Si, and ITO/poly-TPD (poly[N,N’-bis(4-
butylphenyl)-N,N’-bis(phenyl)-benzidine]) ruling out the bottom
contact as a source of chemical changes (Fig. S10). Similar behavior
is observed for MAPbI; and Pbl, interfaced with Ag and Ir (Fig. S11)
indicating the choice of noble metal is also inconsequential and cor-
recting our earlier conclusion for perovskite/Ag reactions (i.e., Ag
reacts more similarly to a noble metal than a reductive metal which
reacts by direct metal/metal cation redox).” Note that Pb° forma-
tion is only observed for Au on top of MAPbI3; the use of Au as
a substrate did not facilitate Pb® formation at the top surface of
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FIG. 3. Images of MAPbl; degradation
at 85 °C in N, for 20 h. Photographs
taken through the glass as shown in (a)
of the degraded sample (b) with the Au
and (c) after delaminating the Au with
tape. Accelerated degradation to Pbl,
is observed at the edges of the Au as
shown in the cartoon in (d) relative to
areas of MAPbI3 on ITO and glass with-
out Au.

MAPbI,

Glass

MAPbI; (180 nm thickness). However, we cannot rule out Pb° for-
mation or reactions at the buried Au/MAPDbI; interface where we
would expect the interface reaction to occur in this sample geometry.
These observations clearly indicate that the organic methylammo-
nium cation is involved in the reaction pathway that produces Pb°.
Once the methylammonium is deprotonated, methylamine is left to
react with Pb?*. Our recent work shows that exposing Pbl, to amines
leads to rapid Pb° formation during XPS measurements.”* The pro-
posed reaction pathway with an alkylamine proceeds through an
initial a-N-H proton transfer reaction forming Pb-iodo-amides and
a second B-C-H proton transfer reaction to ultimately produce HI,
the Schiff base (imine) of the amine, and Pb%.”° The formation of
volatile byproducts including the Schiff base, HI, and Hj is strongly
supported by the formation of a bubble in the Au film where X-rays
were incident, as shown in Fig. S3 indicating that the reaction also
occurs at the buried MAPbI3/Au (50 nm) interface, simultaneously
proving the completeness of the Au film. Figure S12 shows Pb 4f

a) b)
———0 min
——4 min
——8 min
— 12 min
| — 16 min i
3 3
© © .
~ — FIG. 4. Consecutive XPS measurements
= = of the Pb 4f region of (a) MAPbI; and (b)
g % | i Pbl, coated with thin (5 nm) Au films.
k= =
146 144 142 140 138 136 134 146 144 142 140 138 136 134
Binding Energy (eV) Binding Energy (eV)
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XPS of MAPbI3/Au with even thinner Au (0.5 nm) as well as the
MAPbI3/Au (5 nm) but to longer measurement times. The amount
of Pb° increased asymptotically, and the final amount was corre-
lated with the amount of Au deposited. This leads us to conclude
that the Pb° is adsorbed to the Au surface in the form of Pb’upp,
chemically different from the Pbypp formed in Fig. 2. The reaction
likely terminates once the catalytic surface of the Au is covered in
Pb’upp. In comparison with Pbl,/Au, the presence of methylammo-
nium/methylamine at this interface modifies the oxidation state of
the adsorbed Pb species that form under irradiation.

The accumulation of the above results as well as our previ-
ous work on Pbl/amine reactions allows us to propose Scheme 1
for the degradation pathway of MAPbI3/noble metals during XPS
measurements. In the case of MAPbI3/Au,

(1) Electrons are released upon the adsorption of I°upp onto Au,
producing Pbl, and methylammonium.

(2) A proton from methylammonium adsorbs to the Au surface,
captures the free electron, and liberates methylamine.

(3) The adsorbed I°upp and Hypp then react to be released as
volatile HI, I, and/or H; gases.

(4) In asubsequent reaction, the methylamine and Pbl, byprod-
ucts react via proton transfer reactions and amido Pb inter-
mediates to form more HI, volatile organic species, and
PbOUPD-Sﬁ

It is reasonable that the noble metal catalyzes proton transfer reac-
tions in step (4) as Au nanoparticles are known to catalyze dehydro-
genation of organic molecules involving the B-C-H proton.”” Less
catalytic bulk Au has also been shown to catalyze hydrogen and alkyl
group elimination of aliphatic amines to produce imines.”" How-
ever, the reaction stops once the Au surface is coated in a layer of
Pb’upp. When the Au is Pb terminated, it no longer looks like Au
and loses its ability to adsorb upp to catalyze HI loss. In contrast
to MAPbI3/Au, while Pbl,/Au similarly releases electrons due to the
iodide UPD reaction at the Au surface, the only destination for these
electrons is Pb** cations in the UPD reaction, forming Pbupp and
an accumulation of oxidized iodide. Both methylamine and free H*
are expected to be much more mobile than Pb**, accelerating the
rate of reactions in MAPDI3 vs Pbl, (as observed in Figs. 1 and 2).
The above proposed mechanisms are consistent with the following
observations:

o Identification of UPD Pb and iodine species on Au surfaces
e Rapid iodide loss in MAPbI3/Au
o Triiodide accumulation in Pbl,/Au

(CH;NH,)Pbl, Byproduct Reactions

CH,NH,* + Pb, CH;NH, + Pbl,

Vs ;

Au/HI Au/1%,, +e Au/Pbl(methylamide)
\ @ ) CHNH,* }w
Au/I° upoH%ro CH;NH, Au/PbP 0, H, Schiff base

SCHEME 1. Proposed noble metal catalyzed degradation at MAPbI;/Au hetero-
junctions (Au thickness = 5 nm) observed during XPS measurements where the
byproducts methylamine and Pbl, (in red) lead to the eventual formation of Pb°.
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e Pb? formation at MAPbIs/noble metal interfaces
e The absence of Pb? formation at Pbl,/noble metal interfaces

The reactions producing Pb’upp at the Au interface appear to
impact the electronic characteristics of diodes with Au electrodes.
Direct perovskite/Au contacts are commonly regarded as an anode,
but it is also known that the Au can become the cathode upon voltage
bias.”*”*? In XPS measurements, we observe the Au to be cathodic
in our ITO/MAPbIz/Au (5 nm) devices. Figures 5(a) and 5(b) show
the Au 4f;/; and valence XPS spectra of an ITO/MAPbI3/Au (5 nm)
sample in the dark and under illumination (the data in Fig. 5 were
obtained after 20 min of X-ray irradiation followed by 60 min of
resting in the analysis chamber). In the absence of visible light illu-
mination, the Au 4f;, BE is 83.8 eV, 0.2-0.3 eV lower than that
of bulk Au [Fig. 5(a)]. This is accompanied by a Fermi energy
shifted to —0.25 eV with respect to the Fermi energy of the instru-
ment [Fig. 5(b)]. The 5 nm thick Au film is not continuous, and

T T T T T T T

a)
r 83.8eV —» 83.5eV A

I dark 1 (ABE =-0.3 eV)
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FIG. 5. XPS of the (a) Au 4f;, peak and (b) valence region of an ITO
(ground)/MAPbI3/Au (5 nm) sample showing illumination induced photovoltage to
negative voltages where the Au acts as the cathode.
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therefore, the sample is grounded only by the ITO, leaving the Au
electronically floating. Negative BE shifts in Fig. 5 mean that there
is a —0.25 V electrical bias between the Au and the grounded ITO.
We attribute this voltage difference to electron accumulation at the
Au and resulting photovoltage produced by excitations from X-
ray absorption and photoelectron collisions within the bulk of the
MAPDbI; layer. Photovoltage sourcing these negative BE shifts is con-
firmed by reversible shifts to lower energy when illuminated by the
XPS analysis chamber lights. Measured shifts under visible light illu-
mination are ABE ~ —0.3 eV for both the Au 4f;/, peak and Au Fermi
energy to 83.5 eV and —0.55 eV, respectively. Further evidence con-
firming X-ray induced photovoltage is provided by positive BE shifts
of a FTO/MAPbI3/poly-TPD (40 nm)/Au (0.5 nm) device shown in
Fig. S13. The insertion of the hole transporting polymer between the
MAPbI; and Au ensures that the poly-TPD/Au contact is the anode,
reversing the direction of the photovoltage and BE shifts measured
by XPS.

The magnitude of the cathodic Au photovoltage is also
observed to change over time as the interface reaction progresses.
For samples with direct ITO/MAPbI; contact, the photovoltage
often decreases at long times as in Fig. S6d. We attribute this to
a minor but a detrimental reaction or ion accumulation at the
ITO/MAPDI; interface that increases the non-radiative recombi-
nation rate (hence, the choice of FTO for the device in Fig. S13).
By contrast, for samples avoiding direct contact between ITO and
MAPbI;, the photovoltage monotonically increases to a stable value.
Figures S14 and S15 show the XPS evolution of the Fermi edge
and Au 4f;, peak for ITO/poly-TPD (40 nm)/MAPbI3/Au (5 nm)
and FTO/TiO,/MAPDI3/Au (5 nm) samples, respectively, as a func-
tion of time. The increase in the magnitude of the photovoltage
occurs simultaneously with the growth of the Pb° peak during con-
secutive XPS scans. Eliminating the quenching ITO/MAPbDI; inter-
face by insertion of poly-TPD increases the maximum photovolt-
age to —0.8 V (-0.9 V with additional visible light illumination).
The cathodic behavior of Au in the FTO/TiO,/MAPbI3/Au device
is somewhat counterintuitive since TiO, is known to be a good
electron collecting layer. Overall, the observation of a dynamically
shifting negative voltage concomitant with chemical changes means
the electronic properties of a MAPbI3/Au interface can be changed
quite drastically as a result of in situ UPD reactions and inter-
phase reconstructions. These results indicate that surface reactions
involving UPD species can influence the diode properties, even

scitation.org/journal/apm

reversing the polarity under certain conditions as demonstrated
here, contributing the switchable photovoltaic effect.’

We should give some attention to Au’/Au’ reactions. While
we cannot rule out Au* or Au>* formation in concentrations <0. 1%,
under the conditions in the presented XPS experiments (ultrahigh
vacuum or UHV, X-ray irradiation, and numerous photoelectron
collisions within the bulk), the results do not support a direct oxida-
tive chemical reaction with Au as was previously proposed as a
degradation path (evidenced by the absence of oxidized Au species
in any of our Au 4f XPS spectra).” Typically, synthesis of Au per-
ovskite phases (such as Cs; Au, Bre) uses a pre-oxidized Au precursor
or uses a well-known reaction between Au metal and triiodide salts
(e.g., KL:I, methylammonium iodide:I;).”” ** We may understand
the lack of Au* formation by recognizing that the abundance of
iodide ions creates a weakly reducing environment (the fact that it
remains a reducing environment is also illustrated by the observed
reaction whereby Pb** is reduced to Pb°). Furthermore, due to the
differences in reduction potentials, Aut would immediately oxi-
dize any Pb° at the interface reducing the Au.”"™ This, of course,
may not be the case for a heavily degraded perovskite film which
likely becomes an oxidizer upon the loss of methylammonium and
accumulation of neutral iodine species making Au-perovskite for-
mation favorable.”” We also believe Au oxidation to be plausible at
large positive voltages above the I"/I" 3 reaction potential. In gen-
eral, the type and extent of expected chemical reactions should be
strongly influenced by the sample composition and characterization
conditions.

Last, we provide electrochemical J-V characterization of an
ITO/MAPDI3/Au device (ITO = ground) that support the occur-
rence of interfacial reactions at low voltages in the solid-state. As
shown in Fig. 6, cyclic voltammetry (CV) measurements of devices
that have low leakage currents display an electrochemical cur-
rent peak that emerges when the bias voltage exceeds a threshold
value of <-0.5 V and >0.9 V. Threshold voltage behavior would
not be expected for a purely capacitive, ionic drift/accumulation
phenomenon—the charging and discharging rates should be equal
and therefore should not provide a peak as is observed. Integra-
tion of this peak area gives surface concentrations of less than
10" c¢m™, quantitatively comparable to a partial monolayer of
singly charged ions (full monolayer ~5 x 10'* cm™2), suggesting the
current is due to surface reactions. The electrochemical stability win-
dow of this simple device is determined to be —0.5 V < stable window
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< 0.9 V from the threshold voltages in Figs. 6(a) and 6(b), much
lower than voltages typically applied to lateral devices during char-
acterization.'””"” Staying within this window, the device is stable
under CV characterization at 1 mV/s scan rate for >10 h (Fig. S16).
By contrast, the device degrades relatively quickly when the voltage
range is extended to voltages significantly more negative (-1.2 V)
than the negative electrochemical threshold voltage (Fig. S17a) and
to positive biases only slightly exceeding the positive threshold volt-
age (1.0 V, Fig. S17b). It is plausible at voltages near or above
0.9 V that I, I'3, and Au* formations become the dominant reac-
tion/degradation mechanism.'”** Note that the voltage ranges were
chosen to have comparable maximum current densities in the initial
scan to ensure Joule heating effects were similar for each condition.
While further investigation is needed to fully understand the degra-
dation mechanisms of this seemingly simple device, we interpret the
above results as strong indication of electrochemistry occurring at
voltages well within the operating range of perovskite lateral devices,
solar cells, and certainly light emitting diodes.

The diodes also displayed switchable photovoltaic properties as
shown in Fig. 7. A device initially scanned from —-0.6 V to +0.6 V
shows Au acting as the cathode [Fig. 7(a)]. When the device is
poled at positive voltages for 10 s followed by a scan to —0.6 V,
the diode shows reduced photovoltaic power generation. When the
poling voltage reaches +1.0 V, the diode polarity is reversed, and
Au becomes the anode. A switched device to an Au anode quali-
tatively remains switched until the device is subjected to —0.6 V as
shown by the consecutive cyclic voltage scans [Fig. 7(b)] (no voltage
preconditioning). The voltage values that reverse the photovoltaic
polarity correspond well to the electrochemical threshold voltages
in Fig. 6 leading us to conclude that the electrochemical phenomena
at these interfaces have a strong effect on photovoltaic parameters.
This device architecture is known to be particularly unstable, and
degradation was apparent within 1-2 h under 1 sun illumination and
more rapidly at voltages near 1 V."'

Noble metal enhanced chemistry with halide perovskites has
far reaching implications for halide perovskite devices. First, noble
metals are not as inert in these systems as is commonly assumed
and likely accelerate photodegradation when used as electrodes or
as a substrate, especially in UHV.”"""'® Second, many phenom-
ena, including current-voltage hysteresis, memristive, and switch-
able polarity behavior, are often broadly attributed to accumula-
tion of mobile ions.”'”'* Instead, as we have previously pointed
out, ion accumulation in the absence of a chemical reaction would
result in ionic drift currents following basic RC models which is
rarely the case for actual perovskite devices.”” However, the so-
called “anomalous” hysteresis and diffusion currents, which occur
in various device systems ranging from photovoltaics to transis-
tors, imply chemical reactions at interfaces.””'"*” Adsorption in
the form of UPD reactions of a monolayer of iodide onto Au trans-
lates to injection of defects (vacancies) into the perovskite layer in
concentrations on the order of 10" ¢cm™ for a 300 nm perovskite
film. Reactions will follow different mechanisms for various materi-
als in contact with perovskites (e.g., metals, oxides, organics) giving
rise to interface dependent behaviors.” The possibility of many dif-
ferent reaction mechanisms lends reasonable origin for the variety
of J-V behaviors for seemingly similar perovskite devices. As such,
the widely invoked mechanism of ion accumulation downplays the
potential role of chemical reactions in the above phenomena. Finally,
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FIG. 7. (a) J-V scans of an ITO/MAPbI;/Au device starting at different voltages
showing a switch of photovoltaic polarity at +1.0 V. (b) Cyclic J-V of a switched
device starting at +0.4 V showing polarity is not shifted back until the negative
voltage reached —0.6 V. Devices were illuminated by AM1.5G simulated solar
illumination.

it may be useful to adopt the concept of interphase from the electro-
chemical community.””* Ton accumulation/depletion implies that
the materials stay in the same phase and that only ion vacancies can
be formed or filled. We know from the above results that the inter-
phase can be composed of at least several atomic layers which can
contain Hypp, I’upp, Pbupp, Pb’, Pbl,, methylamine, methylamide,
and MAPDbIj; in addition to the ion vacancies that are created due to
the consumption of ions. The complexity of this interphase struc-
ture may influence everything from the equilibrium concentration
of defects in the bulk perovskite to vacuum energy level shifts of the
adsorbate “contaminated” Au surface.”’

In summary, systematic XPS characterization of MAPbI3/Au
and Pbl,/Au interfaces reveals the formation of ionic UPD adsor-
bates on Au. Subtle UPD reduction/oxidation reactions may occur
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for up to a monolayer of adsorbed ions forming a malleable inter-
phase at the electrode. Changes in this interphase composition upon
irradiation are capable of injecting non-negligible concentrations of
defects into the perovskite bulk if ions are sufficiently mobile. More
work is necessary to understand how the interphase structure and
energy level alignment within devices are affected by applied volt-
ages, other external stresses such as illumination, as well as changes
across the larger chemical composition space of methylammonium
containing halide perovskites. It is clear that the UPD reactions
enable extrinsic reaction pathways such as liberating HI and methy-
lamine to eventually induce PbOUPD growth under certain character-
ization conditions. To probe the electrical limits of ITO/MAPbI3/Au
interfaces, we conducted solid-state CV scans and determined an
electrochemical stability window of —0.5 V to 0.9 V for this device.
Within this window, the device can be cycled indefinitely in the dark,
and J-V hysteresis behavior is linked to reversible surface reactions
that alter the diode properties. Exceeding these electrochemical lim-
its induces further reactions and rapid degradation of the device in
some cases. These interesting electrochemical phenomena at per-
ovskite/Au heterojunctions elucidate potential limitations of the use
of noble metals as well as methylammonium containing perovskites
for highly stable optoelectronic devices.

See supplementary material for experimental methods, tabu-
lated XPS atomic ratios, microscopy, additional XPS spectra, and
additional J-V data.

We would like to thank Professor Jeffrey Schwartz and Profes-
sor Andrew Bocarsly for useful discussions.

This work received partial support from the Office of Naval
Research (ONR) Young Investigator Program (Award No. N00014-
17-1-2005). This work was also supported by ExxonMobil through
its membership in the Princeton E-filliates Partnership of the
Andlinger Center for Energy and the Environment. P.S. was sup-
ported by the HPSC Program funded by the U.S. Department of
Energy (DOE) Solar Energy Technology Office (SETO), and the
French Agence Nationale de la Recherche under Contract No. ANR-
17-MPGA-0012. J.J.B. was supported by the U.S. Office of Naval
Research both under DOE Contract No. DE-AC36-08-G0O28308
with NREL. J.A.C. was supported by the Department of Energy,
Office of Energy Efficiency and Renewable Energy Postdoctoral
Research Award under Contract No. DE-SC00014664.

REFERENCES

'B. Saparov and D. B. Mitzi, “Organic-inorganic perovskites: Structural versatility
for functional materials design,” Chem. Rev. 116, 4558-4596 (2016).

2Y. Chen, L. Zhang, Y. Zhang, H. Gao, and H. Yan, “Large-area perovskite solar
cells—A review of recent progress and issues,” RSC Adv. 8, 10489-10508 (2018).
3Y.-H. Kim, S. Kim, S. H. Jo, and T.-W. Lee, “Metal halide perovskites: From crys-
tal formations to light-emitting-diode applications,” Small Methods 2, 1800093
(2018).

“K. Wang, S. Wang, S. Xiao, and Q. Song, “Recent advances in perovskite micro-
and nanolasers,” Adv. Opt. Mater. 6, 1800278 (2018).

5]. A. Christians, P. Schulz, J. S. Tinkham, T. H. Schloemer, S. P. Harvey, B. J.
Tremolet de Villers, A. Sellinger, J. J. Berry, and J. M. Luther, “Tailored interfaces
of unencapsulated perovskite solar cells for >1000 hour operational stability,” Nat.
Energy 3, 68-74 (2018).

6]. A. Christians, S. N. Habisreutinger, J. J. Berry, and J. M. Luther, “Stability in
perovskite photovoltaics: A paradigm for newfangled technologies,” ACS Energy
Lett. 3,2136-2143 (2018).

ARTICLE scitation.org/journal/apm

7B. Brunetti, C. Cavallo, A. Ciccioli, G. Gigli, and A. Latini, “On the thermal and
thermodynamic (in)stability of methylammonium lead halide perovskites,” Sci.
Rep. 6, 31896 (2016).

8A. Ciccioli and A. Latini, “Thermodynamics and the intrinsic stability of lead
halide perovskites CH;NH3;PbX3,” J. Phys. Chem. Lett. 9, 3756-3765 (2018).

°7. Xiao, Y. Yuan, Y. Shao, Q. Wang, Q. Dong, C. Bi, P. Sharma, A. Gruver-
man, and J. Huang, “Giant switchable photovoltaic effect in organometal trihalide
perovskite devices,” Nat. Mater. 14, 193-198 (2015).

1], Choi, J. S. Han, K. Hong, S. Y. Kim, and H. W. Jang, “Organic-inorganic
hybrid halide perovskites for memories, transistors, and artificial synapses,” Adv.
Mater. 30, 1704002 (2018).

"Y. Chen, H. T. Yi, X. Wu, R. Haroldson, Y. N. Gartstein, Y. I. Rodionov,
K. S. Tikhonov, A. Zakhidov, X.-Y. Zhu, and V. Podzorov, “Extended car-
rier lifetimes and diffusion in hybrid perovskites revealed by Hall effect and
photoconductivity measurements,” Nat. Commun. 7, 12253 (2016).

2Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, and J. Huang, “Electron-
hole diffusion lengths >175 ym in solution-grown CH3NH3PbI; single crystals,”
Science 347, 967-970 (2015).

Y. Li, X. Xu, C. Wang, B. Ecker, J. Yang, J. Huang, and Y. Gao, “Light
induced degradation of CH3NH3PbI; thin film,” J. Phys. Chem. C 121, 3904-3910
(2017).

T4y, Yuan, Q. Wang, Y. Shao, H. Lu, T. Li, A. Gruverman, and J. Huang, “Electric-
field-driven reversible conversion between methylammonium lead triiodide per-
ovskites and lead iodide at elevated temperatures,” Adv. Energy Mater. 6, 1501803
(2016).

'5E. J. Juarez-Perez, L. K. Ono, M. Maeda, Y. Jiang, Z. Hawasha, and Y. Qi,
“Photodecomposition and thermal decomposition in methylammonium halide
lead perovskites and inferred design principles to increase photovoltaic device
stability,” ]. Mater. Chem. A 6, 9604-9612 (2018).

'8Y. Luo, P. Khoram, S. Brittman, Z. Zhu, B. Lai, S. P. Ong, E. C. Garnett, and
D. P. Fenning, “Direct observation of halide migration and its effect on the photo-
luminescence of methylammonium lead bromide perovskite single crystals,” Adv.
Mater. 29, 1703451 (2017).

"7L. A. Frolova, N. N. Dremova, and P. A. Troshin, “The chemical origin of the
p-type and n-type doping effects in the hybrid methylammonium-lead iodide
(MAPbI;) perovskite solar cells,” Chem. Commun. 51, 14917 (2015).

87. Hawash, L. K. Ono, S. R. Raga, M. V. Lee, and Y. Qi, “Air-exposure induced
dopant redistribution and energy level shifts in spin-coated spiro-MeOTAD
films,” Chem. Mater. 27, 562-569 (2015).

9P, Schulz, “Interface design for metal halide perovskite solar cells,” ACS Energy
Lett. 3, 1287-1293 (2018).

20H. Kitagawa, N. Kojima, and T. Nakajima, “Studies of mixed-valence states in
three-dimensional halogen-bridged gold compounds, Cs, Au' Au™Xg, (X = Cl, Br
or I). Part 2. X-Ray photoelectron spectroscopic study,” J. Chem. Soc., Dalton
Trans. 0,3121-3125 (1991).

21g, J. Roman, J. Otto, C. Galik, R. Downing, and M. Sheldon, “Au exchange or
Au deposition: Dual reaction pathways in Au—CsPbBr3 heterostructure nanopar-
ticles,” Nano Lett. 17, 5561-5566 (2017).

22NLN. Shlenskaya, N. A. Belich, M. Gritzel, E. A. Goodilin, and A. B. Tarasov,
“Light-induced reactivity of gold and hybrid perovskite as a new possible degra-
dation mechanism in perovskite solar cells,” ]. Mater. Chem. A 6, 1780-1786
(2018).

Z3E. Herrero, L. J. Buller, and H. D. Abrufia, “Underpotential deposition at single
crystal surfaces of Au, Pt, Ag and other materials,” Chem. Rev. 101, 1897-1930
(2001).

24p. Hale, S. Thurgate, and P. Wilkie, “Lead underpotential deposition on
Au(110),” Surf. Interface Anal. 35, 842-851 (2003).

25K, Gileadi, Physical Electrochemistry: Fundamentals, Techniques, and Applica-
tions (Wiley-VCH, Weinheim, 2011).

267 F. Rodriguez and M. P. Soriaga, “Reductive desorption of iodine chemisorbed
on smooth polycrystalline gold electrodes,” . Electrochem. Soc. 135, 616-618
(1988).

27T, Mebrahtu, J. F. Rodriguez, B. G. Bravo, and M. P. Soriaga, “Hydrogena-
tive/cathodic stripping of iodine chemisorbed on smooth polycrystalline platinum
electrodes,” J. Electroanal. Chem. 219, 327-333 (1987).

APL Mater. 7, 041103 (2019); doi: 10.1063/1.5083812
© Author(s) 2019

7,041103-9


https://scitation.org/journal/apm
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-003904
https://doi.org/10.1021/acs.chemrev.5b00715
https://doi.org/10.1039/c8ra00384j
https://doi.org/10.1002/smtd.201800093
https://doi.org/10.1002/adom.201800278
https://doi.org/10.1038/s41560-017-0067-y
https://doi.org/10.1038/s41560-017-0067-y
https://doi.org/10.1021/acsenergylett.8b00914
https://doi.org/10.1021/acsenergylett.8b00914
https://doi.org/10.1038/srep31896
https://doi.org/10.1038/srep31896
https://doi.org/10.1021/acs.jpclett.8b00463
https://doi.org/10.1038/nmat4150
https://doi.org/10.1002/adma.201704002
https://doi.org/10.1002/adma.201704002
https://doi.org/10.1038/ncomms12253
https://doi.org/10.1126/science.aaa5760
https://doi.org/10.1021/acs.jpcc.6b11853
https://doi.org/10.1002/aenm.201501803
https://doi.org/10.1039/c8ta03501f
https://doi.org/10.1002/adma.201703451
https://doi.org/10.1002/adma.201703451
https://doi.org/10.1039/c5cc05205j
https://doi.org/10.1021/cm504022q
https://doi.org/10.1021/acsenergylett.8b00404
https://doi.org/10.1021/acsenergylett.8b00404
https://doi.org/10.1039/dt9910003121
https://doi.org/10.1039/dt9910003121
https://doi.org/10.1021/acs.nanolett.7b02355
https://doi.org/10.1039/c7ta10217h
https://doi.org/10.1021/cr9600363
https://doi.org/10.1002/sia.1614
https://doi.org/10.1149/1.2095673
https://doi.org/10.1016/0022-0728(87)85050-7

APL Materials

285, Ferro and A. De Battisti, “The bromine electrode. Part I: Adsorption phe-
nomena at polycrystalline platinum electrodes,” J. Appl. Electrochem. 34, 981-987
(2004).

29R. D. Armstrong, “The metal-solid electrolyte interphase,” J. Electroanal. Chem.
52, 413-419 (1974).

30X. Zengand S. Bruckenstein, “Underpotential deposition and adsorption of lead
on gold polycrystalline electrodes: I. XPS and TOF-SIMS investigations in 0.1M
NaCl electrolytes,” |. Electrochem. Soc. 146, 2549-2554 (1999).

31B. G. Bravo, S. L. Michelhaugh, and M. P. Soriaga, “Anodic underpotential
deposition and cathodic stripping of iodine at polycrystalline and single-crystal
gold. Studies by LEED, AES, XPS, and electrochemistry,” J. Phys. Chem. 95,
5245-5249 (1991).

32M. L. Agiorgousis, Y.-Y. Sun, H. Zeng, and S. Zhang, “Strong covalency-induced
recombination centers in perovskite solar cell material CH;NH;3PbI3,” J. Am.
Chem. Soc. 136, 14570-14575 (2014).

331, F. Rodriguez, J. E. Harris, M. E. Bothwell, T. Mebrahtu, and M. P. Soriaga,
“Surface coordination chemistry of noble-metal electrocatalysts: Oxidative addi-
tion and reductive elimination of iodide at iridium, platinum, and gold in aqueous
solutions,” Inorg. Chim. Acta 148, 123-131 (1988).

34E. Peled and S. Menkin, “Review—SEI: Past, present and future,” J. Electrochem.
Soc. 164, A1703-A1719 (2017).

35L. Zhao, R. A. Kerner, Z. Xiao, Y. L. Lin, K. M. Lee, J. Schwartz, and B. P. Rand,
“Redox chemistry dominates the degradation and decomposition of metal halide
perovskite optoelectronic devices,” ACS Energy Lett. 1, 595-602 (2016).

36R. A. Kerner, T. H. Schloemer, P. Schulz, J. J. Berry, J. Schwartz, A. Sellinger, and
B. P. Rand, “Amine additive reactions induced by the soft Lewis acidity of Pb*" in
halide perovskites. Part II: Impacts of amido Pb impurities in methylammonium
lead triiodide thin films,” J. Mater. Chem. C (published online).

37Y. Guan and E. J. M. Hensen, “Ethanol dehydrogenation by gold catalysts: The
effect of the gold particle size and the presence of oxygen,” Appl. Catal., A 361,
49-56 (2009).

8B, Zhu and R. J. Angelici, “Non-nanogold catalyzed aerobic oxidation of
secondary amines to imines,” Chem. Commun. 0, 2157-2159 (2007).

ARTICLE scitation.org/journal/apm

395, N. Habisreutinger, N. K. Noel, H. J. Snaith, and R. J. Nicholas, “Investigating
the role of 4-tert butylpyridine in perovskite solar cells,” Adv. Energy Mater. 7,
1601079 (2017).

4Oy, Peng, L. Wang, B. Murali, K.-T. Ho, A. Bera, N. Cho, C.-F. Kang,
V. M. Burlakov, J. Pan, L. Sinatra, C. Ma, W. Xu, D. Shi, E. Alarousu, A. Goriely,
J.-H. He, O. F. Mohammed, T. Wu, and O. M. Bakr, “Solution-Grown monocrys-
talline hybrid perovskite films for hole-transporter-free solar cells,” Adv. Mater.
28, 3383-3390 (2016).

“1Y.-F. Chen, Y.-T. Tsai, D. M. Bassani, R. Clerc, D. Forgacs, H. J. Bolink, M.
Waussler, W. Jaegermann, G. Wantz, and L. Hirsch, “Evidence of band bend-
ing induced by hole trapping at MAPbI; perovskite/metal interface,” . Mater.
Chem. A 4, 17529 (2016).

“2E, Bandiello, J. Avila, L. Gil-Escrig, E. Tekelenburg, M. Sessolo, and H.
J. Bolink, “Influence of mobile ions on the electroluminescence characteristics
of methylammonium lead iodide perovskite diodes,” J. Mater. Chem. A 4, 18614
(2016).

“3p. Vanysek, “Electrochemical series,” in CRC Handbook of Chemistry and
Physics, 99th ed., Internet Version, edited by J. R. Rumble (CRC Press/Taylor &
Francis, Boca Raton, FL, 2018).

YK, Domanski, J.-P. Correa-Baena, N. Mine, M. K. Nazeeruddin, A. Abate,
M. Saliba, W. Tress, A. Hagfeldt, and M. Gritzel, “Not all that glitters is gold:
Metal-migration-induced degradation in perovskite solar cells,” ACS Nano 10,
6306-6314 (2016).

“5R. A. Kerner and B. P. Rand, “Ionic—electronic ambipolar transport in metal
halide perovskites: Can electronic conductivity limit ionic diffusion?,” J. Phys.
Chem. Lett. 9, 132-137 (2018).

“®1. Levine, P. K. Nayak, J. T.-W. Wang, N. Sakai, S. van Reenen, T. M. Brenner,
S. Mukhopadhyay, H. J. Snaith, G. Hodes, and D. Cahen, “Interface-dependent ion
migration/accumulation controls hysteresis in MAPbI; solar cells,” . Phys. Chem.
€120, 16399-16411 (2016).

“TE, Zhang, F. Ullrich, S. Silver, R. A. Kerner, B. P. Rand, and A. Kahn, “Com-
plexities of contact potential difference measurements on metal halide perovskite
surfaces,” J. Phys. Chem. Lett. 10, 890-896 (2019).

APL Mater. 7, 041103 (2019); doi: 10.1063/1.5083812
© Author(s) 2019

7,041103-10


https://scitation.org/journal/apm
https://doi.org/10.1023/b:jach.0000042666.25746.e6
https://doi.org/10.1016/0368-1874(74)85056-2
https://doi.org/10.1149/1.1391970
https://doi.org/10.1021/j100166a060
https://doi.org/10.1021/ja5079305
https://doi.org/10.1021/ja5079305
https://doi.org/10.1016/s0020-1693(00)86022-3
https://doi.org/10.1149/2.1441707jes
https://doi.org/10.1149/2.1441707jes
https://doi.org/10.1021/acsenergylett.6b00320
https://doi.org/10.1039/C8TC04872J
https://doi.org/10.1016/j.apcata.2009.03.033
https://doi.org/10.1039/b700555e
https://doi.org/10.1002/aenm.201601079
https://doi.org/10.1002/adma.201506292
https://doi.org/10.1039/c6ta08979h
https://doi.org/10.1039/c6ta08979h
https://doi.org/10.1039/c6ta06854e
https://doi.org/10.1021/acsnano.6b02613
https://doi.org/10.1021/acs.jpclett.7b02401
https://doi.org/10.1021/acs.jpclett.7b02401
https://doi.org/10.1021/acs.jpcc.6b04233
https://doi.org/10.1021/acs.jpcc.6b04233
https://doi.org/10.1021/acs.jpclett.8b03878

	Reactions at Noble Metal Contacts with Methylammonium Lead Triiodide Perovskites: Role of Underpotential Deposition and Electrochemistry
	Recommended Citation
	Authors

	Reactions at noble metal contacts with methylammonium lead triiodide perovskites: Role of underpotential deposition and electrochemistry

