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ABSTRACT: We investigated and characterized the stability of the
power output from methylammonium lead iodide perovskite
photovoltaic devices produced with various hole-collecting anode
configurations consisting of Au, Ag, MoO,/Au, MoO,/Ag, and
MoO, /Al The unencapsulated devices were operated under constant
illumination and constant load conditions in laboratory ambient with
periodic current—voltage testing. Although the initial efficiencies of
devices were comparable across these configurations, the stability of
these devices varied significantly due to subtle differences in the
electrode structure. Specifically, we found that devices with MoO, /Al
electrodes are more stable than devices with more conventional, and 0
more costly, Au and Ag electrodes. We demonstrate that a thin MoO,,

layer inhibits decomposition of the perovskite films under

illumination in ambient laboratory conditions and greater improve-

ments in device stability are achieved specifically with MoO, /Al electrodes. We investigated the role of the MoO, interlayer
in the MoO, /Al electrodes by exploring the effect of relative humidity and the MoO,, interlayer thickness on the perovskite
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rganic—inorganic metal halide perovskite semicon-
O ductors have garnered significant interest from the
research community with solar cell power conversion
efficiencies (PCEs) above 22% recently.' Halide perovskites,
such as CH;NH;Pbl; (MAPbL,), have low crystal formation
energies” and are amenable to solution processing while also
possessing favorable optoelectronic properties such as high
optical absorption,” high amblpolar mobilities,” and unique
tolerance to structural defects.” Although a plethora of work
has been and continues to be conducted on film deposition
techniques,” ' surface passivation,"' ™" and device architec-
tures' ' to improve PCEs, device stability still remains a
primary concern.'®"”
Recently, stability studies have been conducted on MAPbI;
films and devices and have provided insight on the role of light,
heat, and ambient environmental conditions.'¥'*™** Several
reviews regarding stability have recently been published.'®***°
Due to the many factors that affect device stability (e.g,
humidity, illumination, temperature, etc.), comparing stability
results can be intractable without standardized testing
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protocols. Although the perovskite research community has
not established standardized stability testing procedures,
leading organic photovoltaic researchers outlined specific
protocols at the third International Summit on OPV Stability
(ISOS).”” Using these laboratory weathering protocols,
specifically ISOS-L-1, we characterized the degradation of
perovskite solar cells under constant operating conditions
under illumination and exposed to laboratory ambient
conditions. All of the solar cells characterized in this study
were unencapsulated to simulate the complex interaction of
illumination, environmental agents, and various components in
the device architecture that are relevant to real world
applications. Although encapsulated perovskite solar cells
have yielded relatively high lifetimes of hundreds of hours,”*"
encapsulant materials inevitably allow some moisture ingress
over time.”” Hardening a device structure to ambient
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Figure 1. (A) Schematic representation of the layer structure in cross section and top-down views of a completed photovoltaic device. The
active area of a solar cell is defined by the overlap of the metal electrode and patterned FTO strip, denoted as the darker gold region on the
metal electrodes. During measurement, a metal aperture mask is placed over the glass substrate with precisely positioned holes to ensure that
illumination only occurs on the active area. Each substrate has six individual devices. (B) Scanning electron microscopy cross-sectional image

of a perovskite solar cell with individual layers labeled.

environmental conditions is preferable to relying on packaging,
which can be costly and may fail, for protection.

Some approaches to device hardening include employing
alternative perovskite active layer chemistries,””*"*"** incor-
porating buffer layers,"®*>** or introducing more robust or
hydrophobic hole-transporting layers (HTLs) and electro-
des.”>*" Previous reports have mentioned stability issues with
Ag”™* or Al* electrodes in perovskite devices, which has led
most researchers to rely on expensive Au electrodes. Kato et
al,*" for example, have shown that MAPbI, iodizes Ag
electrodes and concluded that further work in reducing this
iodization of the Ag electrode is necessary. To address
electrode corrosion, Guerrero et al.** demonstrated greater
electrode stability with a Cr,O5/Cr electrode in inverted, planar
perovskite solar cells. Similarly, Back et al.** implemented a
chemical inhibition layer to prevent corrosion of Ag and Al
electrodes. It is unclear, however, how the stability of these
modified electrodes compares with that of relatively inert Au
electrodes and whether these solutions are compatible with
more conventional perovskite solar cell device architectures.

Although Au and Ag are most commonly used for the metal
electrodes in organic—inorganic perovskite solar cells, Zhao et
al. previously reported that a thin molybdenum oxide (MoO,)
layer enables the use of Al as a cost-effective electrode
alternative.** This type of contact uses an oxygen-deficient
molybdenum trioxide layer, which has a high work function that
enables efficient hole extraction.*’ Furthermore, MoO, can also
be paired with conventional electrode metals such as Ag44’46
and Au" in perovskite solar cells. MoO, interlayers have been
previously demonstrated to improve the performance and
stability of organic light-emitting diodes,"**” organic photo-
voltaics,** ™% and quantum dot solar cells;**>* however, the
effect of a MoO, back electrode on a perovskite solar cell’s
stability has not been explored.

Here, we study the effects of using various hole-collecting
anode configurations on the initial MAPbI; solar cell efficiency
and the device stability. Specifically, we examine the effect of
adding a MoO,, hole-extraction layer to commonly used metals
such as Au, Ag, and Al, as shown in Figure 1. First, we find that
adding a thin (15 nm) MoO, layer on MAPbL,/spiro-
OMeTAD films provides conformal coverage and reduces
decomposition of the MAPDI; films under illumination in
ambient conditions. Next, we fabricated devices with MoO,/Al
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electrodes and characterized the stability in various humidity
conditions. To determine if the MoO, was serving as an
encapsulation layer, we varied the thickness of the MoO,, layer
and found that although all devices possess similar initial
efficiency, the devices with thinner MoO, are more stable over
time. These results indicate that the MoO,, is not improving the
device by reducing the amount of moisture introduced to the
device. Instead, the device stability is likely enhanced by specific
details at the MoO, /Al interface, which do not affect the initial
device efficiency. We then observed a greater resistance to
degradation for devices employing a MoO,/Al electrode as
compared to devices with more conventional Au or Ag
electrodes. Furthermore, the device durability is not only
dependent on the use of a MoO, hole-extraction layer but more
specifically dependent on the MoO,/metal combination with
MoO,/Al electrodes yielding the highest stability. We
emphasize that all stability studies were conducted by operating
devices with different electrode configurations under constant
illumination and constant resistive load in laboratory ambient
conditions. By monitoring the devices during constant
operation, we observe significant differences in the degradation
behavior of devices employing different back electrode
configurations.

Earlier work by Ono et al.>” and Yang et al."” suggest that the
HTLs, such as spiro-OMeTAD, can mitigate decomposition of
an underlying MAPbI; film; however, poor continuity in the
HTL allows the ingress of moisture and the egress of volatile
decomposition products. Thus, we hypothesized that evaporat-
ing a thin layer of MoO, could effectively fill pinholes in the
spiro-OMeTAD film and reduce moisture ingress to the
MAPDI; film. We performed XPS studies on MAPDI;/spiro-
OMeTAD films with and without a MoO, layer on top to
compare the coverage and conformity of the spiro-OMeTAD
and MoO, films on the MAPDI; layer. In the XPS spectra
shown in Figure 2A,B, we see the presence of the I 3d and Pb 4f
core levels, respectively, on the surface of MAPDI;/spiro-
OMeTAD films without MoO,, in contrast to the absence of
these I 3d and Pb 4f signals on the surface of devices with a
MoO, layer on top. The presence of Pb and I signals is
consistent with reports in the literature that indicate pinhole
formation in the ~100 nm thick spiro-OMeTAD layer.”” It has
been suggested that these pinholes provide a path for moisture
and oxygen ingress to degrade the absorber.”” By filling in
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Figure 2. XPS core level spectra of (A) I 3d and (B) Pb 4f regions
of MAPDIL,/spiro-OMeTAD films on TiO, with (in blue) and
without (in black) a MoO, layer. The emergence of features in the
glass/TiO,/MAPDI;/spiro-OMeTAD case is consistent with pin-
hole formation in the spiro-OMeTAD layer. The 15 nm thick
MoO, layer on top obscures any evidence of iodine or lead, which
is consistent with the concept of sealing of these pinholes. (C)
Absorption spectra of bare MAPbI, (red), MAPbI,/spiro-OMeTAD
(green), and MAPbI,/spiro-OMeTAD/MoO,, (blue) films on glass/
TiO, before and after 115 h of illumination. Degradation was
induced by constant illumination from a tungsten—halogen light
source in ambient conditions. The absorption spectrum of Pbl,
(black) is also provided. (D) The ratio of absorption by the
exposed film relative to the pristine film over light exposure time.
The absorption was quantified by integrating the absorption
spectrum of the film with the AML.S solar spectrum. (E) Optical
images of the films with increasing light exposure show the
decomposition of the MAPbI; film from brown to yellow with
increasing light exposure. The films pictured here were deposited
on 1 in. X 1 in. glass slides. Because the MoO,, layer was deposited
through a shadow mask, the edges of the MAPbI;/spiro-OMeTAD/
MoO, sample were bleached where the MoO, is absent, but the
protected center remained optically dark.

pinholes in the spiro-OMeTAD layer, it is likely that the MoO,,
interlayer can suppress degradation of the MAPDI; layer.

To determine the effect of the MoO, interlayer on the
degradation of MAPDI; films, we monitored the absorptance of
MAPDI; films with prolonged light exposure in ambient
laboratory conditions. We compared the absorption of (i)
MAPbL,;, (ii) MAPbL;/spiro-OMeTAD, and (iii) MAPbL,/
spiro-OMeTAD/MoO,, film stacks on glass/TiO, substrates.
The films were illuminated by an Eiko Solux tungsten—halogen
light source set to a light intensity equivalent to 1 sun flux in
laboratory ambient conditions. After 115 h of illumination, the
absorption spectra of the MAPDbI; and MAPDI;/spiro-
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OMeTAD films without MoO,, exhibited significant absorption
losses in the spectral region between 500 and 800 nm, which
indicates degradation of the MAPbI; film. The degraded
MAPDI; and MAPDI;/spiro-OMeTAD absorption spectra
resemble the absorption spectrum of Pbl,, which has an
absorption onset at about 520 nm. In contrast, most of the
absorption of the MAPbI;/spiro-OMeTAD/MoO, film was
retained except for slight reduction in the absorption
throughout the 650—800 nm wavelength regime. This
reduction in absorption was significantly less than that of the
MAPDBI; and MAPbI;/spiro-OMeTAD films in the same
wavelength region and occurred after a much greater duration
of light exposure (Figure S1), indicating an enhanced stability
from the MoO, layer. Furthermore, we did not observe any
absorption losses in films stored under dark conditions for 115
h (Figure S2), which indicates that illumination played a critical
role in the degradation of these MAPDI; films.

To quantify the loss in the absorption over time, the spectral
absorptance was integrated with the AM1.5G solar spectrum to
calculate the number of solar photons that would be absorbed
by each film after light exposure. We then normalized this
number of solar photons absorbed by the light-exposed film
relative to the initial, pristine film, which is provided in Figure
2D. This ratio of absorption by the light-exposed film relative to
the pristine film declined rapidly after a mere 1.5 h of light
exposure and then plateaued at roughly 40% for the MAPDI,
film. Adding a spiro-OMeTAD film on the MAPDI; film
retarded this reduction in absorptance until 10 h of light
exposure, after which the absorptance deteriorated to the same
40% of initial absorptance as the MAPbI; film. More
importantly, when a thin (15 nm) MoO, layer was deposited
on the MAPDI;/spiro-OMeTAD stack, 94% of the initial
absorptance was retained after 115 h of illumination. These
results indicate that the MoO, mitigates photoinduced
decomposition of the MAPbI; film.

We can also see these trends in the photographs of the films
in Figure 2E. The initially dark brown MAPDI; film turned
yellow after 3 h of light exposure and remained yellow with
continued light exposure, which corresponds with the plateau
in the absorption loss in Figure 2D. The MAPbI,/spiro-
OMeTAD films also turned yellow after 115 h, whereas the
MAPDI;/spiro-OMeTAD/MoO, film only lightened slightly
after 115 h of illumination, which corresponds with the slight
absorption loss in the 650—800 nm regime in Figure 2C. The
observed transformation of the dark brown MAPbIL; film to the
resultant yellow film is consistent with previous reports of
MAPbI; degradation to Pbl,.'¢**%° X-ray diffraction (XRD)
patterns of the samples after 115 h of illumination (Figure S3)
is consistent with the decomposition of MAPbI; to PbL,. The
MAPbI,/spiro-OMeTAD stack and MAPbI, film did not reveal
any clear diffraction peaks after degradation and appeared
significantly more disordered. We suggest that this is due to
further decomposition of the Pbl, under continued exposure to
illumination and ambient oxygen and moisture.

To support the hypothesis of moisture and/or oxygen ingress
being deleterious to device performance and determine
whether a thin MoO,, layer can serve as an effective moisture
barrier, we examined three sets of devices with MoO,/Al
electrodes degraded with different ambient humidity due to
seasonal variations in our lab. As expected, we found increasing
levels of relative humidity (RH) to accelerate degradation rates.
Several devices with the same device configuration were
fabricated and tested in low, medium, and high RH conditions
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with humidity ranges of 16 + 4, 33 + 9, and S1.5 + 1.5,
respectively. The normalized efficiency of representative devices
and the recorded humidity data are provided in Figure 3 (see
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Figure 3. Normalized PCE of similarly fabricated cells measured in
three different RH conditions. All of the devices had the same
electrode configuration of 15 nm of M0O,/200 nm of Al

the Supporting Information for details regarding device
measurement). The device tested in high RH had degraded
to roughly 61% of the initial efficiency after 24 h of operation,
whereas the devices in the medium and low RH conditions
were still at 90 and 99%, respectively, of the initial efficiency
after the first 24 h of operation. After 50 h of operation, the
devices in medium and low RH conditions had maintained
roughly 71 and 91%, respectively, of the initial device efficiency,
which further corroborates the moisture sensitivity of the
MAPbI, films and devices previously reported.'”*” Although a
15 nm layer of MoO, may be retarding the level of moisture/
oxygen ingress, there is still a clear sensitivity to humidity.

To explore the possibility of improving the barrier properties
of the MoO, interlayer, we varied the MoO, interlayer
thickness and fabricated devices with MoO,, thicknesses of 8,

15, 50, 100, and 200 nm. The initial measurement of the
devices yielded average device efficiencies ranging from 9.2 to
9.8%, as seen in Figure 4B. Among the devices selected for
stability testing, the initial device performance did not have a
strong thickness dependence, which is unlike the study by Zhao
et al. that found a decrease in PCE with MoO, thicknesses
exceeding 10 nm.** We did, however, observe a lower yield in
measurable devices for the 8 nm MoO, case (Figure S5),
indicating that 8 nm may not provide complete coverage.

After the initial measurement, the devices with varying MoO,
interlayer thicknesses were operated in laboratory ambient for
150 h. As the stability testing setup used a sulfur plasma light
source, current density—voltage (J—V) characteristics under an
AMI.5G solar simulator were acquired before and after the
laboratory weathering. Despite having comparable initial
efficiencies across the varying MoO,, thicknesses, devices with
thicker MoO, interlayers had lower PCEs after constant
operation for 150 h in ambient, as seen by the open squares
in Figure 4B. In this case, the inverse correlation between
MoO, thickness and device lifetime is more apparent from the
measurements taken in ambient during constant operation, as
seen in Figure 4C. This is due to the rapid decline in device
performance in the first 25 h for the 50 nm MoO, devices,
which cannot be observed by the single postdegradation
measurement in Figure 4B.

From visual inspection of the degraded devices, we observe
corrosion under the metal electrodes for the thinner 8 and 15
nm MoO, devices but not for the devices with thicker MoO,
interlayers. Thus, the thicker MoO, interlayers help prevent
corrosion under the Al electrodes, but this corrosion is not the
primary cause of device failure as it occurs outside of the active
device area. Instead, we see faster degradation in device
performance with the thicker MoO,, layers but without many
visual indicators for this decrease in stability. The degradation
in performance also corresponds with a rapid increase in series
resistance during the continuous operation of the devices with
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Figure 4. (A) Optical images of the devices with MoO, /Al electrodes with varying thicknesses of MoO,, after 150 h of constant operation. The
devices pictured here were fabricated on 1 in. X 1 in. glass substrates. (B) The efficiency of devices before (closed squares) and after 150 h of
constant operation (open squares) measured in a N,-filled glovebox. (C) The RH and normalized efficiency of devices measured during the
150 h of operation. The normalized average efficiency of devices with MoO, thicknesses of 8, 15, 50, 100, and 200 nm are shown in black, red,
green, blue, and purple, respectively. Error bars shown represent one standard deviation of the measured cells.
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Figure S. Current density—voltage characteristics of representative devices with Au (dark blue), Ag (red), MoO,/Au (light blue), MoO,/Ag
(orange), or MoO, /Al (light green) electrodes (A) before and (B) after 24 h of constant operation in ambient. The MoO, interlayers had a
thickness of 15 nm. (C) Box plots of the efficiency before (black) and after (red) degradation. (D) Optical images taken from the glass side of
the device show visual signs of MAPbI; decomposition for devices without the MoO,, interlayer. The devices pictured here were fabricated on
1in. X 1 in. glass substrates. (E) External quantum efficiency of the devices after 24 h of constant operation. The EQE spectra of a typical as-
prepared device is also shown in black. (F) Box plots of the short-circuit current density show that the relative postdegradation short-circuit

current corresponds with the area under the EQE spectra.

thicker MoO, interlayers (Figure S6). This inverse correlation
between the MoO, thickness and the device lifetime is
consistent with an interfacial effect between the MoO, and Al
or spiro-OMeTAD layers, a bulk compositional change to the
MoO,, or some combination of these rather than the MoO,
interlayer acting as a moisture/oxygen barrier. More specifically,
mechanisms for this reduction in durability with increasing
MoO,, interlayer thickness may include the following: First, the
increased MoO, interlayer thickness may lead to an increase in
delamination due to an increase in strain. Second, a larger
MoO, interlayer may correspond to greater, electrically driven
Al,O; formation at the MoO,/Al interface. Third, the MoO,
layer may undergo compositional changes either with the
relative oxygen content or through interaction with outward
diffused Pb and/or I. Changes to the oxidation state have been
shown to vary the work function, resistivity,”* and gap state
density”” of MoO; Each of these potential mechanisms is
consistent with the reduced charge extraction observed with
time. Currently, further studies are required to determine the
root cause of the inverse MoO, thickness dependence on the
device stability.

We compared devices where the back electrode was Au, Ag,
or Al either with or without a MoO, interlayer, thus producing
six electrode combinations. In the devices containing MoO,, a
thin layer of 15 nm was introduced between the spiro-
OMeTAD HTL and the back metal electrode, as shown in
Figure 1. With the exception of the Al-only electrode, the initial
performance of devices with these different electrode
configurations were comparable, as seen in the J—V character-
istics in Figure SA. The median PCE of the devices varied from
9.2 to 10.2%, with the lowest-performing devices having a
MoO, /Al electrode and the highest-performing devices having
a Au electrode, as seen in Figure SC (black box plots). Devices
with Al-only electrodes resulted in efficiencies of <0.1%, which
is consistent with previous work by Zhao et al.** In the case of
Au and Ag, the MoO, interlayer was not necessary to yield
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working devices and did not affect the initial performance
significantly.

After 24 h of constant operation in laboratory ambient, the
MoO,/Al electrodes, not commonly used in perovskite solar
cells, retained the highest PCE of initially comparable devices.
Devices with Au and MoO,,/Au electrodes showed the second-
and third-highest PCEs after 24 h, respectively. The RH of the
laboratory averaged 51.5 & 1.5% during this test period. Similar
to the previous stability tests, J—V measurements were acquired
with an AMI1.5G solar simulator before and after weathering.
The J—V curves of champion cells are shown in Figure 5B, and
the efficiencies are shown in the red box plots in Figure 5C. In
the case of MoO,/Al electrodes, the enhanced stability can be
attributed to greater preservation of the short-circuit current
density (J,.), whereas a more stable open-circuit voltage (V)
and fill factor (FF) are responsible for the relatively high
performance of the Au devices. Although Ag is often used in
MAPDI; solar cells, we note that neither the Ag nor the MoO,/
Ag devices survived the degradation run, with average PCEs
below 0.1% after 24 h of constant operation. This result is
consistent with other reports of poor stability and corrosion of
Ag electrodes in perovskite devices.””"!

A comparison of the ] of the degraded devices in Figure SF
reveals that devices with the MoO, interlayer had higher ],
than devices without MoO, for all three metals used in this
study. External quantum efficiency (EQE) spectra in Figure SE
provides greater insight on the relative improvements observed
by adding a MoO,, interlayer. First, we see that the devices with
Au or Ag electrodes without MoO, have significant EQE losses
in the longer-wavelength regime. This is similar to the
absorption spectrum of the degraded MAPbI; films shown in
Figure 2C and is consistent with a reduction in charge
generation due to decomposition of the perovskite active layer.
In the case of Au, adding a MoO, interlayer resulted in a slight
improvement in the EQE relative to the Au-only devices, but
overall, the MoO,/Au devices still suffered a significant loss in
the longer-wavelength regime relative to the predegraded
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device. Comparing the Ag and MoO,/Ag devices, we see that
the additional MoQ, interlayer preserves significantly more of
the EQE in the longer-wavelength regime. The EQE of the
degraded MoO, /Al device shows the greatest preservation in
shape relative to a predegraded device and the highest EQE
overall. Thus, we see that the enhanced stability in the MoO,-
containing devices is affected by the choice of metal electrode.
Although the choice of metal electrode did not affect the initial
performance, we see that electrode choice has a significant
effect on device degradation.

To gain insight into the increased stability of MoO,/Al
devices as compared to MoO,/Au and MoO,/Ag devices, we
conducted XPS studies on thin, S nm metal films (Au, Ag, and
Al) on bare ITO and on ITO/MoO, substrates. In these
studies, we can see that Au and Ag do not react with the MoO,
surface in Figure S8. The Al, however, does react with the
underlying MoO, film, which results in the formation of
metallic Mo and MoO,, as seen from the appearance of Mo’
and Mo*" components, respectively. We speculate that due to
the relative formation enthalpy of ALO; (AH = —1669.8 kJ/
mol) compared to that of MoO; (AH = —745.17 kJ/mol),”
we may be forming Al,O; or other nonstoichiometric
aluminum oxides, at the MoO,/Al interface. Previous studies
have suggested that Al,O; interlayers improve device stability
by serving as a physical barrier to moisture.'* While this
remains a possibility, it seems peculiar that a thin alumina layer
would impart so much better of a barrier than the thick metal
layers. It also does not fully explain the observed differences in
the EQE spectra of Figure SE.

Visual inspection of the degraded devices reveals some
further insight. As seen in Figure 5D, photographs of the
devices without a MoO, interlayer exhibit photobleaching in
areas below or near the metal electrode after 24 h of operation
in ambient. This photobleaching of the dark brown MAPbI;
layer yielded a yellow film similar to the degraded MAPbI; films
seen in Figure 2E and indicates decomposition of the MAPbI;
layer. Using Ag or Al without MoO, results in the most
photobleaching, whereas Au electrodes without MoO, result in
some, but significantly less, photobleaching. This is consistent
with Au, a noble metal, being significantly less reactive with the
perovskite active layer than both Al and Ag. It also suggests that
the MoO,, interlayer mitigates this reaction.

Visual indications of corrosion of the metal electrode are
present in both the Al and MoO,/Al cases. More specifically,
we observe areas of transparency beneath the Al and MoO, /Al
electrodes (denoted in Figure S9). This occurs next to the FTO
pad but not in the device’s active area. This indicates that a
different degradation mechanism may occur when an Al contact
is used. The presence of the transparent areas beneath the Al
electrodes, instead of either brown (indicating MAPbL;) or
yellow (indicating Pbl,) areas, suggests that the formation of
Pbl, is either inhibited or decomposed further due to the
presence of Al In the case of the MoO,/Al devices, the active
areas were not affected appreciably and were still operable.

Taking these different pieces together, we propose a
potential mechanism. First we review the relevant observations.
Devices with Au electrodes appear to degrade in a manner
similar to the noncontacted samples in Figure 2E. Introducing a
thin MoO,, layer to a device with Au electrodes has only a mild
effect in reducing the degradation of the perovskite active layer.
However, the presence of a reactive metal such as Ag or Al
without a protective interlayer accelerates the active layer
decomposition. Inserting a MoO,, interlayer significantly slows
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the active layer decomposition when Ag or Al is used, even
relative to the Au case (Figure SE). Increasing the thickness of
the MoO,, layer accelerates degradation, suggesting that MoO,,
is not primarily serving as a moisture barrier layer. Depositing
Al or Ag on a thin oxide layer can lead to an interfacial oxide
that would not form when deposited on spiro-OMeTAD. Al in
particular not only has an oxide with a high tendency to form
but is also a strongly passivating oxide as a result of its Pilling—
Bedworth ratio (ratio of volume of elemental cells of the oxide
to metal). Devices with MoO,/Au contacts compared to Au-
only experience little alteration in the EQE spectrum as a result
of degradation. In contrast, Ag- and Al-based devices see a
dramatic change in their spectral response compared to their
counterparts with MoO,, which suggests that the MoO,, benefit
is related to the formation of a protective oxide. The fact that
increased MoO,, thickness is detrimental to stability further
supports that the role of the MoO, is connected to interfacial
stability. Changing series resistance of the MoO, thickness
series suggests that MoO,, may have its composition evolve with
time. Very thin layers may serve to pin the work function at the
spiro-OMeTAD interface while nucleating a stable oxide at the
metal interface. The self-passivating nature of aluminum oxide
explains the increased stability of MoO,/Al over MoO,/Ag.
The introduction of Al (or Ag) oxide then leads to the slowing
of iodization of the back contact. This work directly addresses
the previously identified need to minimize iodization in Ag back
contacts while preserving initial efficiency and without requiring
a significantly altered device architecture.

In conclusion, we demonstrated that electrode selection for
MAPDI; devices has a profound effect on the device stability
despite having comparable initial efficiencies. Specifically,
MoO,/Al electrodes yielded the most stable solar cells.
Furthermore, while we find that MoO, thickness has little
impact on the initial efficiency, thinner MoO,, interlayers yield
more durable devices. These results are consistent with
enhanced stability due to an interfacial effect with the MoO,.
The absorption spectra and XRD patterns of illuminated
MAPDI; films indicate that a thin MoO, layer prevents
photobleaching of the MAPDI; film and mitigates decom-
position. In conjunction with these MAPDI; film studies, we
also see a lack of photobleaching in devices with MoO,
interlayers. However, the device stability studies indicate that
the presence of a MoQ, interlayer alone is not responsible for
alterations to device stability; instead, the specific MoO,/metal
combination plays a critical role. These results suggest that in
addition to design rules for maximizing initial efficiency such as
tailoring the work function for optimal charge extraction, the
evolution of these interfaces may provide a key to under-
standing the long-term performance of perovskite solar cells.
While this work focused on the effects of the back contact on
stability for the most commonly used perovskite absorber
composition, it is a template and baseline for addressing
stability in perovskite solar cells employing alternate absorber
compositions or front contacts.

B EXPERIMENTAL METHODS

Experimental details are provided in the Supporting Informa-
tion.
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