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ABSTRACT

The limited long-term stability of metal halide perovskite — based solar cells is a bottleneck in their
drive toward widespread commercial adaptation. The organic hole transport materials (HTMs) have
been implicated in the degradation, and metal oxide layers are proposed to as alternatives. One of the
most prominent metal oxide HTM in organic photovoltaics is MoOs. However, the use of MoOs as
HTM in metal halide perovskite — based devices causes a severe solar cell deterioration. Thus, the
formation of the MoO3/CH3NH3Pbl3.xClx (MAPbI3.xCly) heterojunction is systematically studied by
synchrotron-based hard x-ray photoelectron spectroscopy, scanning electron microscopy, energy-
dispersive x-ray spectroscopy, and Raman spectroscopy. Upon MoOs deposition, significant
chemical interaction is induced at the MoO3/MAPDbI;.«Cly interface: Substoichiometric molybdenum
oxide is present, and the perovskite decomposes in the proximity of the interface, leading to
accumulation of Pbl> on the MoOs cover layer. Furthermore, we find evidence for the formation of
new compounds such as PbMoO4, PbN>O,, and PbO as a result of the MAPbI3.<Clx decomposition
and suggest chemical reaction pathways to describe the underlying mechanism. These findings
suggest that the (direct) MoO3/MAPbI;.xClx interface may be inherently unstable. It provides an
explanation for the low power conversion efficiencies of metal halide perovskite solar cells that use

MoO;3 as hole-transport material and in which there is a direct contact between MoO3 and perovskite.

KEYWORDS: Molybdenum oxide, Halide perovskite, Interface properties, hard X-ray

photoelectron spectroscopy,
INTRODUCTION

Recent advances in organic-inorganic hybrid perovskite photovoltaic devices may underpin a
revolutionary step in the exploitation of solar energy. However, the stability of perovskite-based solar
cells is one of the great challenges for the commercialization of this PV technology.! In addition to
the degradation of the perovskite material under ambient conditions,* the standard hole-transport
material (HTM) used in record efficiency devices, 2,2°,7,7 -tetrakis(N,Ndi-p-methoxyphenyl-amine)
9,9-spirobifluorene (Spiro-OMeTAD), has additional issues (e.g., high cost and low conductivity).’
Thus, efforts have been made to replace the Spiro-OMeTAD layer with other, more stable materials.
In organic solar cells, the use of MoO3 as an HTM can considerably enhance the stability of the
device;%” it has therefore also been employed in perovskite-based solar cells in an attempt to achieve
similar results.® The power conversion efficiencies of such devices (where MoOj is in direct contact
with the perovskite) are, however, very low (i.e., < 1 %).” Only cells in which an “interlayer” (of,

e.g., Spiro-OMeTAD) separates the MoOs and the perovskite show competitive efficiencies,’



indicating that either the chemical or the electronic structure of the MoOs/perovskite interface is not
suitable for high device performance. Some reports indeed indicate a chemical interaction at the
MoOs/perovskite interface.!!? Thibau et al.!* and Li et al.'* report that the insertion of a thin N,N’(1-
dinaphthyl-N,N’diphenyl-(1,1’-biphenyl-4,4’-diamine)) (NPB) layer can largely prevent this process.
However, the underlying chemical mechanism of the interfacial interaction and detailed insight into

what species are formed upon deposition of MoOj on the perovskite remains largely unclear.

In our contribution, we thoroughly study the MoO3/MAPDbI;xClx interface by hard x-ray
photoelectron spectroscopy (HAXPES). In addition, complementary Raman, energy-dispersive x-ray
spectroscopy (EDX), and scanning electron microscopy (SEM) measurements were performed to
gain laterally resolved and structural information. This combination of analysis methods gives
detailed insights into the chemical interaction at the interface allowing the identification of
decomposition products at a level not possible before; a crucial prerequisite for understanding the

underlying causes of the limited performance of MoOs/perovskite devices.

EXPERIMENTAL SECTION
Sample preparation

Device-relevant MAPbI;«Clx perovskite thin films of 300 nm nominal thickness were prepared on
compact TiO2/SnOz:F/glass substrates at University of Oxford following the standard “one-pot”
preparation approach.'® The prepared MAPbI;.<Clx precursor solution was spin-coated onto compact
Ti0; at 2000 rpm for 45 s inside a N> filled glovebox. After the spin-coating, the prepared films were
left inside the glovebox at room temperature to allow the solvent to evaporate, followed by an
annealing step (2.5 h at 90°C) for perovskite crystallization. After preparation, the samples were
sealed under inert gas and transported to the HZB for MoOs3 deposition and characterization in a
gastight container. At HZB, the samples were unpacked in a dry-N» glovebox directly attached to the
MoOs deposition vacuum chamber. MoOs3 layers of 3 nm, 20 nm, and 50 nm thickness were prepared
by physical vapor deposition on the MAPbI;xCly/TiO2/FTO/glass stack using a growth rate of
approximately 0.5A/s as described previously.!®!7 A Pbl, powder sample (Sigma-Aldrich, 99.999%
trace metals basis) was used as a reference for the HAXPES measurements; it was mounted onto the

sample holder on a double-sided carbon tape.

Characterization



HAXPES measurements were conducted at the HiKE endstation'® located at the KMC-1 bending
magnet beamline'® of HZB’s synchrotron facility BESSY II. HiKE is equipped with a Scienta R4000
electron energy analyzer and operated in ultra-high vacuum (UHV) conditions: base pressure in the
analysis chamber is <10® mbar. Sample transport and mounting was performed under inert gas
atmosphere. For the HAXPES measurements, the excitation energy was set to 2003 eV (henceforth
simply called “2 keV™). The pass energy and energy step width were 200 eV and 0.1 eV, respectively,
for all the core level measurements and 500 eV and 0.5 eV for the survey scans. The binding energy
(BE) scale of the HAXPES spectra was calibrated using Au 4f reference measurements of a clean Au
foil; the Au 4f7» core level line was set to 84.00 eV. The total energy resolution of the core level
spectra was approximately 0.25 eV. The information depth of the measurement is determined by the
exponential attenuation of the photoelectrons according to the kinetic energy-dependent inelastic
mean free path (IMFP), which is approximately 3 nm for the shallow core levels excited by 2 keV in
Mo0s.22! The exponential attenuation of the photoemission signal means that 95% of the signal
comes from within 3XIMFP of the surface, and 98% comes from within 4<IMFP of the surface. For
a homogeneous capping layer on a substrate, this means that the absence of photoemission signals
from the substrate indicates a capping layer thickness of >3-4xXIMFP depending on the composition
and therefore signal intensity of the substrate. Taking into account our previous findings on x-ray
induced reduction of MoOs films, we optimized measurement parameters and limited exposure time
to 1-2 h per probed sample spot to reduce artefacts due to beam damage.'® For quantification and
analysis of the HAXPES data, the same photoemission lines of the whole sample set were fit
simultaneously using a linear background and Voigt profiles with linked widths and shapes. However,
for the fit of the Mo 3d line a different (narrower) line profile was allowed for the 50 nm
MoO3;/MAPbI3.xClx sample compared to the samples with 3 and 20 nm MoQs3, as justified in the
discussion of the Mo 3d related findings below. Doublets were used to fit the Pb 4f and Mo 3d spectra,
with Voigt functions with intensity ratios of 4:3 and 3:2 (based on the 2j+1 multiplicity) representing
the 4f7, 4f5» and 3dsp», 3dsp, respectively. The separation due to spin-orbit splitting, determined

during the fit routine, was 4.86 eV for the Pb 4f and 3.15 eV for the Mo 3d.2*%*

SEM images of the sample surface were taken with a LEO GEMINI 1530 from Zeiss by measuring
secondary electrons at a working distance of 4.8 mm and an acceleration voltage of 3 kV for the
primary electron beam. EDX elemental distribution maps were acquired using a Zeiss UltraPlus
scanning electron microscope equipped with an Oxford Instruments X-Max 80 X-ray detector and
the AZtec acquisition and evaluation software. The beam energy was 5 keV and the beam current

approximately 1 nA. The information depth at this energy is in the micrometer range.



Raman spectra are acquired by a laser with a wavelength of 457.9 nm and a power of 1 mW. The

information depth is around several hundred of nanometers.

For the SEM, EDX, and Raman (in contrast to the HAXPES) investigations, the samples were briefly

exposed to ambient conditions prior measurement.

RESULTS & DISCUSSION

SEM and EDX show the MoOs layer formation on top of a metal halide perovskite film; a
representative SEM image of the 50 nm MoO3;/MAPbI;«xClx sample is presented in Figure 1(a) (top
panel). Some areas in the image appear lighter than the rest of the sample. In the corresponding EDX
maps, where we look at the L, K, and M atomic transitions, inhomogeneous elemental distributions
on the surface of the sample are clearly shown. Note that SEM and EDX measurements on the bare
MAPDI;.<Clx sample do not show these inhomogeneities (see Supporting Information, S.I., Figure
S1). As can be seen in the Mo L and O K maps (Figure 1(d) and (e)), the areas that appear light in the
SEM image are void of Mo and O. At the same time, an increased amount of Pb and I in these areas
can be identified in the Pb M map (Figure 1(b)) and — despite the significantly lower signal-to-noise-
ratio — in the I M map (Figure 1(c)), respectively. The C K map (Figure 1(f)) also indicates the
depletion of C, while the N K map (Figure 1(g)), shows a more homogeneous N distribution,
presumably due to insufficient signal-to-noise ratio. From this, we conclude that Pb and I accumulate
in these sample regions (most likely in the form of Pblb) that extend from the surface deep into the
MAPDI3.«Cly, suggesting decomposition of the MAPbI;«Clx layer upon MoO3 deposition. Similar
results have been reported by Matteocci et al., they observed iodine diffusion in the top HTM layer
in cross-sectional EDX maps.? This is corroborated by the fact that I has a lower activation energy

than MA™ or Pb for vacancy-mediated ion migration,? i.e., it has the highest diffusion coefficient.



Figure 1 (a) SEM image of the S0 nm MoO3/MAPDbI3.xClx sample and the related (b) Pb M, (¢)
IM, (d) Mo L, () OK, (f) CK, and (g) N K EDX maps of the same area.

In order to study the interface formation, a MoOs thickness series (with nominal thicknesses of O [i.e.,
uncovered/bare], 3, 20, and 50 nm) on MAPbI;«Cly/compact TiO2/SnO,:F/glass substrates were
characterized by HAXPES. Figure S2 (see S.I.) displays the respective survey spectra. All expected
core level lines are observed, most prominently the I 3d, (O 1s,) N Is, C 1s, (Mo 3d,) and Pb 4f peaks.
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For the uncovered (i.e., “bare”) MAPbI;«Clx sample, there are no Ti- (most prominent: Ti 2p3. at
454 eV BE) or Sn- (most prominent: Sn 3ds. at 485 eV BE) related core levels detected, indicating a
complete coverage of the compact TiO»/SnO,:F/glass substrate by the perovskite. Also, no Cl signal
(most prominent: Cl 2p32 at 200 eV BE) is observed, which can be explained since most of the Cl is
expected to be lost during the film formation and crystalisation.?’-?® Upon MoOs deposition, O 1s and
Mo 3d signals appear and increase with nominal thickness, as expected. The MAPbIz.xClx-related
photoemission lines are attenuated with increasing MoOs thickness, however; they can clearly still
be observed in the spectra of the samples that have (nominal) 20 and 50 nm MoOs3 cover layer

thicknesses, to some extent in agreement with the SEM and EDX results discussed above.

To get detailed insight into the chemical interaction at the MoO3/MAPDbI;Cly interface, the HAXPES
detail spectra are discussed next. The Pb 4f and Mo 3d spectra are shown in Figure 2a and 2b. Figures
S3 and S4 (see S.I.) show the corresponding I 3d, N 1s (Mo 3p, Pb 4d), C 1s, and O 1s spectra
including fit analysis. For the bare MAPbI3.<Clx sample, we find a Pb 4f spectrum that can be well
described with one Voigt profile (Pby) at (138.37 + 0.02) eV BE, which we ascribe to Pb in a
perovskite environment. Note that the Pb 4f line is found at a very similar BE as in the corresponding
spectrum of the Pbl, powder reference (BE (Pbl2) = 138.48 = 0.02 eV), suggesting that based on the
Pb 4f data alone, it is not possible to differentiate between perovskite Pb or Pbl, (in agreement with
reports in literature, see S.I. Figure S5). The I 3d line is also insensitive to the differences between I
in MAPbI3.<Clx or in Pbl, see S.1. Figure S3(a). However, we do not find indications for the presence
of significant amounts of metallic Pb (BEpbas: 136.80-137.11eV!!>23-2%27) which has been observed
in previous studies.?* 2’ For the MoO3/MAPbI;xClx samples we, however, find additional spectral
intensity at higher BE (138.90 + 0.02 eV), which increases with MoOj thickness and is attributed to
(at least) one additional lead species (component Pbr) that increases with nominal MoOj thickness.
Below, we will attempt to identify the species in conjunction with complementary Raman

measurements.

Focusing next on the MoOs layer, the Mo 3d detail spectra (Figure 2b) show the expected increase in
intensity as a function of nominal layer thickness as well as a change in the spectral shape. Curve fits
of the Mo 3d spectra show that the spectra of all samples need two spin-orbit split doublets (Mor and
Mon), which we ascribe to Mo®" (Mor: BEmosasz = 232.96 + 0.02 eV) and Mo (Mon: BEmo3dsi2 =
231.92 £ 0.02 eV).!? The Mon/Mo; = Mo>"/Mo®" ratio decreases with increasing MoO; thickness,
which we ascribe to the formation of an oxygen-deficient molybdenum oxide (MoOx with x<3, see
S.I. Figure S6) at the MoOx/MAPbI;«Clx interface, in agreement with previous reports. The reduced
amount of MoOx might lead to a decreased ‘disorder’ in the deposited material, which results in a

reduced variation of bond angles and distances in the MoO; further away from the chemical
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interaction at the interface, explaining the narrower line shape of the Mo 3d signal of the 50 nm

MoOx/MAPbI;.<Cly sample.

The N 1s line is in a similar BE region as the Pb 4ds» and the Mo 3p photoemission lines, see S.I.
Figure S3 (b). One Voigt profile is sufficient to fit the N 1s contribution reasonably well, and we
attribute it to nitrogen in a perovskite environment for the bare MAPbI3.xClx sample and (to some
extent) for the samples with a thin MoOs layer (in agreement with literature, see S.I., Figure S7).
Below, based on complementary Raman measurements and the overall intensity evolution of the
photoemission lines, we attempt to clarify the chemical structure of nitrogen for the samples with
thick(er) MoOs layers., i.e., samples for which the presence of Pbl> was already suggested. In contrast
to the Pb; component of the Pb 4f and the I 3d line, Figure S3(b) shows that the N 1s intensity does
not decrease with (nominal) MoOs3 thickness, similar to the Pbi; Pb 4f component (see Figure 2(a)).
Similarly to the Mo 3d, also the Mo 3p line has to be fitted with two contributions ascribed to Mo>*

and Mo®" (see discussion in conjunction to Fig. 2(b)) above).

The C Is detail spectra of the MoO3/MAPDI;.xClx sample series is shown in Figure S4(a). Two Voigt
profiles (Cr and Ci) are required to fit the spectra reasonably well. The low BE contribution Cj is
attributed to aliphatic and/or “adventitious” carbon, in agreement with literature reports (see S.I.,
Figure S8). Cy is — at least in the early stages of MoOs3 deposition — ascribed to C-N bonds from the
MA cation (and thus it presents intact perovskite). After an initial increase of the Cy/Cy; ratio upon the
deposition of the thinnest (nominal 3 nm) MoO; layer due to an enhanced Ci content, the ratio
decreases for thicker MoO3 mainly by an increase of the Ci component (see Figure S4(a)). This
finding could be explained by the formation of C-O bonds as a result of continued MoO3 deposition
and MAPbI;«Clx decomposition. However, carbon-containing MA-related decomposition products
like CH3NH; (similar BEcis as Cy, see Figure S8) or CH3l (similar BEcis as Ci, see Figure S8) that

d29—30

are produced when Pbl is forme may also have an impact on the Cy/Cy ratio evolution.

The low-intensity O 1s line of the bare MAPbIz.xClx sample (see S.I. Figure S4(b)), indicating that
air-exposure during sample transfer was successfully minimized, can be fitted with one (broad) Voigt
profile Oy at BE = (532.50 = 0.02) eV, which we ascribe to hydroxide — like surface contaminants.
Upon MoOs deposition, the O 1s spectrum shifts to lower BE and changes its shape. The O 1s spectra
of all three MoO3/MAPbI;«xClx samples can be fit with a low-intensity (broad) contribution Oy at
BEo1s = (531.90 + 0.02) eV and a high-intensity Voigt profile Om at BEois = (530.70 = 0.02) eV. In
agreement with literature (see S.I. Figure S9), we (partially) attribute the dominant peak (Om) to

oxygen in molybdenum (sub)oxide. The identification of the smaller Oy and Oy peaks is not as



straightforward. The report from Godding et al. attributed these two high BE peaks to hydroxide and

organic C=0 group-related surface contaminants.*!
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Figure 2 2 keV excited HAXPES Pb 4f (a) and Mo 3d (b) detail spectra of the MAPbI3xClx
sample before (“bare”) and after deposition of MoOs layers of 3, 20, and 50 nm nominal
thickness. For comparison, the Pb 4f spectrum of the Pbl: reference is shown directly on top of
the respective spectrum of the bare MAPbI3-xClx sample. The raw data is shown as green dots,
the fit components as red and blue solid lines, and the total fit as a black solid line. To show the
photoemission lines on similar intensity levels, different magnification factors were applied
(indicated as e.g., “x10” where appropriate). The respective residua (i.e., the difference between

the raw data and the fit) are shown below each spectrum.

Raman measurements were performed to identify the chemical species formed upon deposition of
MoOs3; on MAPDIz.<Clx. As shown in Figure 3, the bare MAPbI;.«Clx sample exhibits a strong band at
145 cm™! ascribed to the motion of MA™ in the perovskite cage and a weak MA" torsional mode at
287 cm'.32 Upon deposition of 50 nm MoOs, these Raman modes are greatly reduced and the peak

at 110 cm™! is enhanced. Despite the distorting impact of the laser excitation absorption edge, we



3334 corroborating our

tentatively ascribe (some of) this feature to the Pb-I stretching mode of Pbly,
suggestion above that lead iodide is formed upon MoOs deposition. Furthermore, new peaks can be
observed; most prominently at 519, 872, and 1600 cm™. These vibrations are attributed to a metal
(lead) hyponitrite (-N202) species (515 cm™),* PbMoOs (870 cm™),* and ‘disordered’ carbon (1500-
1700 cm™),?” respectively, further corroborating the decomposition of MAPbI;.«Clx upon MoO;
deposition. Close inspection of the Raman spectrum of the 50 nm MoO3/MAPbI3.<Clx sample (on a
magnified scale, see insets in Figure 3) allows to identify more (minor) vibration signals, which affirm
these attributions (see also Table S1 for reference - note that the stated positions of the -N>O»
vibrations are based on IR data). The three vibration lines below 300 cm™ (see inset in Figure 3)

additionally suggest the formation of PbO, and even the presence of PbCO3 (explaining the signal at
1045 cm™), cannot be excluded (see Table S1).

The formation/presence of these species at the MoO3/MAPbI3.«Cly interface is in agreement with the
HAXPES data discussed above. The corresponding Pb 4f, Mo 3d, N 1s, and O 1s BE positions for
respective references found in literature (see S.1. Figures S5 — S7, S9) agree with the BE positions of
the Pbi Pb 4f component for PbO, the Pbi Pb 4f component for PbMoO4 and PbN2O2, the Mor Mo 3d
component for PbMoOs4, the N 1s line for -N2O», the O O 1s component for -N2O», and the O O 1s
component for PbMoO4 and PbO.

Intensity

B e e o e o e o e
200 400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)

Figure 3 Raman spectra of bare perovskite (“bare”) and the 50 nm MoO3/MAPbI3-xClx (“50 nm
Mo00O3”) sample. The insets show the magnified view (x 12 or x 30, respectively) of the 50 nm
MoO3/MAPDLI3;xClx Raman spectrum from which a polynomial background has been

subtracted.
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The formation of Pbl; is also in agreement with the Raman-derived photoluminescence (PL) signal
(see S.1. Figure S10). After deposition of 50 nm MoOs, a broad PL peak appears at 2440 cm™ (0.3
eV). Considering the excitation energy of the 457.9 nm laser (2.7 eV), this corresponds to a PL signal
centred around 2.4 eV, which is in excellent agreement with the optical band gap energy of Pbl,.>?
The band gap energies of other species that are suggested to form at the MoO3/MAPbI;«Clx interface

are expected to be in this region.*® ¥

To study the interface formation, we use the intensity of the most prominent MAPbI3.xClx- and MoOs-
related photoemission lines. The intensity evolution of the Pb 4f, I 3d, N 1s, C 1s, Mo 3d, and O 1s
lines as derived from the survey spectra in Figure S2 is shown in Figure 4(a). The MAPbI3.<Clx-
related photoemission lines (except C 1s) attenuate with MoOs3 deposition, but the decreases occur at
different rates, in the following order: I 3d, Pb 4f, N 1s (with N 1s showing the least attenuation).
Some of the variation in intensity attenuation observed for the I 3d and Pb 4f lines can be explained
by the lower binding (and thus higher kinetic) energy of the Pb 4f photoelectrons compared to that of
the I 3d photoelectrons, resulting in a 25% higher IMFP. The remaining intensity deviation is
attributed to the MoO3 deposition-induced formation of (among others) Pbl, (and its accumulation at
the sample surface), which contains a higher relative amount of Pb compared to MAPbI3.xClx, and/or
the formation of additional (I-free) Pb-species. The only slight decrease of the N 1s line and the
increase of the C 1s line with (nominal) MoOs3 thickness suggests a complete decomposition of the
perovskite in the proximity of the interface and the formation of other N- and C-containing species
(e.g., PbN2O> and/or MA-related decomposition products, see discussion above) that are then
incorporated into the thicker growing (nominal) MoOj layer; the latter being in agreement with the

increase of the Mo 3d and O 1s line intensities.

The intensity evolution of the spectra, further broken down into the individual fit components (from
Figure 2, Figure S3 and S4), is shown in Figure 4(b). The I 3d line, which is attributed to MAPbI3.
«Clx and Pbl,, decreases in a similar way as the Mon component of Mo 3d (attributed to Mo>* (e.g.,
Mo0O:>5)), and the Oy and On components of the O 1s line (attributed to O-H bonds). This suggests
that Pbl, and molybdenum suboxide are formed during the initial MoOj3 deposition process close to
the interface and are then (together with the O-H bonds presumably formed at the bare perovskite)
increasingly covered with the deposited (nominal) MoO3; material, which attenuates their respective
photoemission signals. With the Pb; component of the Pb 4f line attributed to MAPbI3.«Clx or Pbly,
the intensity evolution of this component would be expected to follow a very similar trend as observed
for the I 3d line. The observed discrepancy can be resolved if an additional (I-free) Pb species is
formed during the MoOs3 deposition process, resulting in a Pb 4f contribution at a similar BE position

as the one coming from MAPbI3.«Clx or Pblo. The Raman data suggest that PbO is present, and the
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Pb 4f line of PbO references is reported to be (within the reported energy variation) in a similar BE
range as those of MAPbI3xClx or Pbl, (see S.I., Figure S5). The Pb 4f spectra in Figure 2a show a
slight shift to low BE upon MoOs deposition, also in agreement with suggested formation/presence
of PbO. The Pbii component of the Pb 4f line — ascribed to PbMoQO4 and/or PbN>O» —increases with
(nominal) MoOs thickness. The speciation is in agreement with the intensity evolution of the Mo
component of the Mo 3d line, the O component of the O 1s line, and the N 1s line, respectively.
These Pb species cannot be considered interface compounds in the classical sense (at least on this
thickness scale) as their amounts seem to be proportional to the amount of (nominal) MoO3 material
deposited and thus increase instead of reaching highest concentration once the interface region is fully
formed. So one might speculate that PbMoO4 and/or PbN2O, migrate towards the surface during
MoOs deposition. The variation in the C; and Cip component of the C 1s line indicates a complicated
situation for carbon as a result of the MA decomposition and (most likely partial) incorporation into

the deposited material.

—w— Pb, (MAPbI,, Pbl,, PbO) 0, 0, (0-H, N,0,)
-{\-~ Pb, (PbMoO, or PbN,0,) O, (MoO,, MoO,,
—v— Mo, (Mo®: MoO,, PbMoO,) PbMoO,, PbO)
—8—Pb 4f O 1s & Moy (Mo*: MoO, )

—8—1 3d —&8—C1s
—8—Mo 3d —e—N 1s

—¥— C, (adventitious C, CH;l) —@— (MAPbI,, PbN,0,)
-~ & C, (C-N: CH;NH;*, CH;NH,) —@— (MAPbI; or Pbl,)

(b)

Relative Intensity

° Nonjn'i]nal |\J1f~fo3 thi:::{:(nessm{]nm) % Nominal Mf)uosthii'l]mess‘?nm) %
Figure 4 (a) Relative intensity evolution of Pb 4f, I 3d, C 1s, N 1s and Mo 3d, O 1s lines as a
function of (nominal) MoOQO3 thickness. The Pb 4f, I 3d, N 1s (Mo 3d, O 1s, C 1s) line intensities
are depicted normalized to 1 for the bare MAPbI3xClx (the S0 nm MoQO3/MAPbIz-xClx) sample.
(b) Relative intensity evolution of the line components and their attribution to different

chemical species as a function of (nominal) MoO3 thickness.
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Based on the above discussion, we propose chemical reactions that may take place upon the
deposition of MoO3 on MAPbI;.xClx interface (for simplicity and since no Cl is detected at the
perovskite surface — we use MAPbI; in the following) and that may explain the formation of the

suggested decomposition products Pbl,, PbMo0O4, PbN>O>, PbO, and MoO: s:

) 2CH;3NH3Pbl; () + 3Mo0Os3 () — 2CH3NH3sI )+ PbM0O4 )+ Pbls ) + 2M0O25 () + L2 (o)
2) 2CH3NHsI )+ Pbly ) + 203 (g9 — PbN2Ox ) + 2H20 1y + CH3l () + 2 Hl (g

3) Pbls ) + 2H,0 1) — PbO (5) + 2 HI ()

Initially, the deposition of MoO3 directly on MAPbI3 may induce perovskite decomposition and
formation of Pbl,, PbM00O4, and MoO: 5. In a second step, CH3NH3I may further decompose, forming
together with the Pbl, from reaction 1 and oxygen (present as a result of the formation of molybdenum
suboxides and/or being present in the deposition chamber as a result of the sputter process of MoO3)
to PbN>O». In reaction 3, the water formed in reaction 2 together with the Pbl, formed in reaction 1
may react to form PbO. Note that the gaseous decomposition products may be readily pumped away
due to the high vacuum in the deposition chamber and thus might not be efficiently incorporated into

the cover layer.

CONCLUSION

In this contribution, we have investigated the formation of the MoO3/MAPbI3.xClx interface by hard
x-ray photoelectron spectroscopy and Raman spectroscopy. Significant interfacial interactions are
observed, and both materials are unstable when in direct contact with each other. Besides the
formation of substoichiometric molybdenum oxide (MoOzs) and the accumulation of Pbl, on the
(nominal) MoOs3 surface, we find evidence for the presence of PbMoOs, PbN>O,, and PbO. The
formation of these species can easily be explained by a decomposition of the MAPbI3.«Clx material
upon MoOs3 deposition, and corresponding chemical reactions pathways are suggested. Our finding
clearly explains why the direct MoOs/perovskite interface is not suitable to achieve high device
performance. To prevent the detrimental chemical interaction at the MoO3/MAPbI;«Cly interface and
allow lossless charge carrier transport, a suitable (chemically inert) interlayer that retains effective

13,14

hole transfer is required. Potential candidates are NPB — based interlayers or even other metal

oxides (such as Al,O3) if deposited with a soft deposition route (e.g., atomic layer deposition).*°

13
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