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Revealing the Mechanism behind the Catastrophic Failure
of n-i-p Type Perovskite Solar Cells under Operating
Conditions and How to Suppress It

Changzeng Ding, Li Yin, Lianping Zhang, Rong Huang, Shizhao Fan, Qun Luo, Jian Lin,
Fangsen Li, Chun Zhao, Ronald Osterbacka,* and Chang-Qi Ma*

The n-i-p type perovskite solar cells suffer unpredictable catastrophic failure
under operation, which is a barrier for their commercialization. The fluores-
cence enhancement at Ag electrode edge and performance recovery after
cutting the Ag electrode edge off prove that the shunting position is mainly
located at the edge of device. Surface morphology and elemental analyses
prove the corrosion of the Ag electrode and the diffusion of Ag* ions on

the edge for aged cells. Moreover, much condensed and larger Ag clus-
ters are formed on the MoO; layer. Such a contrast is also observed while
comparing the central and the edge of the Ag/Spiro-OMeTAD film. Hence,
the catastrophic failure mechanism can be concluded as photon-induced
decomposition of the perovskite film and release reactive iodide species,
which diffuse and react with the loose Ag clusters on the edge of the cell.
The corrosion of the Ag electrode and the migration of Ag* ions into Spiro-
OMEeTAD and perovskite films lead to the forming of conducting filament
that shunts the cell. The more condensed Ag cluster on the MoOj; surface
as well as the blocking of holes within the Spiro-OMeTAD/MoOj interface
successfully prevent the oxidation of Ag electrode and suppress the cata-

strophic failure.

1. Introduction

Hybrid organic—inorganic perovskites (HOIPs) have attracted
wide attention for use in photovoltaics owing to their excellent

optical and electrical properties.}] In

2009, HOIPs were first applied in solar
cells, and low efficiency of 3.8% was
reported.!!l After more than 10 years of
development, perovskite solar cells (PSCs)
have emerged as a new generation of
photovoltage (PV) technology with a perfor-
mance boost to 25.5%.1°! Recently, device
stability has emerged as an important
obstacle for commercial applications.6-1°]
There are various degradation pathways
for PSCs, including: a) the decomposition
of perovskite materials,”) b) degradation
caused by interfaces reaction,® c) corro-
sion of the metal electrode, and d) ions
migration in the whole device.? Tt is
known that the reaction of HOIPs with
water and oxygen molecules changes
the crystalline structure and/or decom-
position of the perovskite films.[13-]
However, this issue can be addressed by
strict encapsulation and the stability of
devices was significantly improved after
proper packaging.'®l During opera-
tional stability tests, light and bias can simultaneously affect
the stability of PSCs.'®20 The ion migration induced by elec-
trical bias and halide segregation in the bulk perovskite layer
during illumination also causes instability of PSCs.?22 In
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addition to the instability of perovskite materials, decomposi-
tions of the interfacial layer and/or electrode are also consid-
ered important reasons for the performance deterioration of
PSCs. For example, light illumination on the TiO,/PSCs, espe-
cially under Ultraviolet (UV) light exposure, leads to the for-
mation of reactive superoxide species at the TiO,/perovskite
interface, which oxidizes the perovskite materials and cause
performance decay.?!l By passivating the TiO, layer with CsBr,
the photocatalytic activity of TiO, was significantly reduced, and
the PSC showed improved stability even under UV exposure.?*]
Similarly, Christians et al. reported that replacing the TiO,
layer with SnO, was also able to improve device stability. With
this, operational stability over 1000 h was achieved even under
full-spectrum irradiation.’ The metal electrode corrosion-
induced device degradation was revealed as another important
reason for PSCs’ limited lifetime. The HI!® 1,,/] and methyl-
ammonium polyiodides (MAL) (x = 3,5,7),% originated from
the decomposition of the perovskite layer, can react with com-
monly used metal electrodes, such as Ag and Au. Studies have
demonstrated that Ag or Au can be corroded to form Agli26-28l
or iodine-gold complex!®>? at the electrode interface. Several
interface engineering strategies have been adopted to fabricate
stable PSCs by introducing extra diffusion barriers between
perovskite and metal electrodes, such as oxo-functionalized gra-
phene/dodecylamine,? methylammonium bromide,3! carbon
quantum dots,3% and cross-linked polymer.[*3l The introduction
of these barrier layers can effectively slow down the corrosion
of electrodes and prolong the stability of the devices.

In addition to the gradual degradation processes, unpre-
dictable catastrophic failures are frequently found in elec-
tronic devices,? limiting their ultimate useful lifetime. The
potential-induced degradation in photovoltaic modules could
potentially cause the catastrophic failures of silicon solar
cells and modules, making it difficult to predict the overall
lifetime.3>3¢] Although in most literature reports, the PSCs
typically depicted an exponential decay process, we show in
this paper that n-i-p type PSCs also undergo unpredicted cata-
strophic failures within tens to a hundred hours under light
illumination. By systematical investigation on the aged cell,
we prove that the undesired shunting of the cell mainly occurs
at the edge of the Ag electrode, which is originally from the
corrosion of Ag electrode by the photon generated reactive
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iodinated species. With these results, detailed failure mech-
anisms and effective method to suppress the catastrophic
failure in PSCs are suggested.

2. Result and Discussion

2.1. Performance Decay Dynamics of the Cells

The n-i-p PSCs studied in this work have a structure of Glass/
ITO/Sn0,/K0.035CS0.05(FAg.83MAg.17)0.95Pb(10.83B10.17)3/ Spiro-
OMeTAD (LiTFSI:#-BP)/Ag (inset in Figure 1la), where tri-
cations CsFAMA based perovskite film doped with K* was used
as the photoactive layer,””! IiTFSI:+-BP doped Spiro-OMeTAD
and SnO, were used as the hole and electron transporting
layers, respectively.l?#3% The device fabrication processes were
optimized according to the literaturel”] and the averaged
power conversion efficiencies (PCE) of these cells were meas-
ured to be 18.95 * 0.31% with a short-circuit current (Jsc) of
23.07£0.16 mA cm™2, an open-circuit voltage (Vo) of .08 £0.01V,
and a fill factor (FF) of 0.76 £ 0.01. The photovoltaic performance
data are shown in Table S1, Supporting Information, which are
comparable to that reported in the literature.**#l The cells were
then aged inside a N, glove box under white LED light illumi-
nation (see Experimental Section for more details). The cell
performance decay dynamics were recorded by checking the
current-voltage (J-V) characteristics of the cells every 1 h with
a sweeping range of —0.05-1.2 V. To better simulate the decay
behaviors of the cells under real working condition, an external
load was attached to individual cell to match the maximum
power point during the J-V sweeping break, in accordance to the
requirement of IEC TS 62876-2-1:2018.14l Figure 1a shows the evo-
lution of Vo, Jsc, FF, and PCE of a typical cell under operation
for 130 h (see Figure S1, Supporting Information for the decay
curves of 8 individual cells). The cell showed two distinct stages of
decay dynamics, a slow exponential decay stage with performance
loss of 20% over 98 h, a typical “burn-in” degradation originated
from ion migration within the cell,** and a sudden drastic failure
process occurring within a few hours. Comparison of failure |-V
characteristics showed that performance loss was mainly due to
Voc and FF loss, while high Jsc can still be achieved (Figure 1b).
An almost linear J-V character was measured for the failed
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Figure 1. a) Decay dynamics of typical cells under continuous illumination and inset shows the architecture of perovskite solar cells adopted in this
study. b) The J-V curves of solar cells during operational stability test with different times.
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Figure 2. The photoluminescence (PL) mapping of a cell a) before and b) after aging, the excitation wavelength () is 532 nm and emission maximum
wavelength (A.,,™®) is 760 nm. c) TRPL fluorescence decay curves of the perovskite films at different positions shown in (b). d) I-V curves of an aged
cell and after cut-off the edges (see inset for the photo). Note the y axis is in current intensity measure directly, since the cell area after cutting the

edge away is difficult to measure.

cell, indicating that the catastrophic failure is mostly due to the
shunting of the cell. It is worth noting that, although the failure
time is different for each individual cell, such a sudden shunting
happened to all eight cells (Figure S1, Supporting Information),
confirming this unexpected catastrophic failure is a general
failure process for this type of cells.

2.2. Identifying the Shunting Position

To explore the location of the shunt in the PSCs, photolumines-
cence (PL) intensity mapping of a cell before and after aging
were measured, and the results are shown in Figure 2a,b. The
dashed and solid lines indicate the edge of ITO and Ag elec-
trodes, respectively, and the overlap area is the active area of the
cell. For the fresh device, the PL intensity over the Ag electrode
area is lower than in other areas without top Ag electrode. How-
ever, it is homogenous over the entire area, indicating that the
Ag electrode can effectively quench the perovskite film’s fluo-
rescence through effective hole injection from the perovskite to
the Ag electrode. Interestingly, PL intensity increases slightly
for the aged cell, especially at the Ag electrode edge of the active
cell area. Time-resolved PL (TRPL) at different positions on the
Ag electrode edge area was measured. The averaged fluores-
cence lifetime (7) gradually increases from 14.80 and 16.83 ns
for the cell area (positions 1,2 in Figure 2b) to 23.19 and 28.24 ns
for the area next to the Ag electrode edge (positions 3, 4 in
Figure 2b), which is similar to the area without Ag electrode
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(position 5, 7= 29.85 ns, see Table S2, Supporting Information
for complete lifetime data), suggesting the changes of charge
injection property at the perovskite/Spiro-OMeTAD/Ag inter-
faces on the edge of the electrode. To confirm whether shunting
of the cell happened on the edge of the cell, we cut the two
edges off with a knife and measured the current—voltage (J-V)
characteristics again. As shown in Figure 2d, after cutting off
the edge of the Ag electrode, the cell showed reasonably good
photovoltaic behavior with recovered V,. of 1.07 V, FF of 0.63,
and a high J,. over 20 mA cm2 (Table S3, Supporting Informa-
tion, the effective cell area was estimated to be 0.05 cm?), unam-
biguously confirming that shunting is localized on the edge of
the cell. It worth noting that an increase of PL intensity was
also measured in the center part of the cell (Figure 2b), indi-
cating that interaction between perovskite film and the Spiro-
OMeTAD/Ag metal happened as well in the center of the cell.
This finding suggests that failure might happen in the center of
the cell as well. However, the more significant edge corrosion
(as seen from Figure 3a; Figure S3, Supporting Information)
and no obvious morphology change of the perovskite film on
the center part of the cell (Figure 3b) support that defects are
mostly located on the Ag electrode edge.

In contrast, the cells kept in the glove box without light illu-
mination showed almost no performance decay over the same
aging time (Figure S2, Supporting Information), suggesting
that light illumination is the most important driving force for
shunting the cell. Figure S3, Supporting Information shows
the appearance of the cells aged at different conditions. As seen

© 2021 Wiley-VCH GmbH
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Figure 3. a,b) SEM images of the perovskite film after removing the Spiro-OMeTAD and Ag layers, and c,d) TOF-SIMS mapping of the perovskite
surface on the Ag electrode edge; e) depth profiles of different Ag elements of the aged device after peeling off the Ag electrode and Spiro-OMeTAD
layer; f) operational stability of solar cells under continuous illumination after protecting the edge of Ag electrode by MoO; layer.

there, the cells aged under light illumination showed a clear
contour of the Ag electrode even after the removal of the Ag
electrode and Spiro-OMeTAD layers. In contrast, the cell aged
in the dark showed homogenous films over the entire area,
indicating that light illumination is necessary for the unex-
pected sudden shunting of the cells.

Figure 3a,b shows the SEM images of the perovskite film
at the edge and center area of the Ag electrode. Corrosion of
the perovskite film under the Ag electrode edge can be clearly
seen (Figure 3a). In contrast, the crystalline morphology of
the perovskite film does not change too much in the center
(Figure 3D), indicating the undesired decomposition of the
perovskite film mostly on the Ag electrode edge. SIMS map-
ping (Figure 3c,d) showed high Ag* and I~ concentrations of
the decomposed perovskite film, suggesting that decomposi-
tion of the perovskite film is primarily due to the diffusion of
silver atoms and the formation of Agl within the perovskite
layer, similar to that reported in the literature.’”! The element
depth distributions within the perovskite film were also char-
acterized by time-of-flight secondary ion mass spectrometry
(TOF-SIMS), and Figure 3d shows the results. As seen here, the
Ag" ion profiles of the edge and the center area of the perov-
skite layer are different. At the edge area, shown as the red line,
a high concentration of Ag* on the surface of the perovskite
film was measured, corresponding well to the SIMS mapping
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result (Figure 3c). Also, penetration of the Ag" through the
whole perovskite film can be confirmed. However, almost no
Ag* was detected in the perovskite layer at the center area, indi-
cating inhomogeneous corrosion of the perovskite film by the
Ag electrode.

To further confirm that Ag* ion migration at the edge of the
Ag electrode is the main reason causing shunting, a 10 nm
MoO; layer with a width of 3 mm was deposited between the
Spiro-OMeTAD and Ag electrode on the edge while keeping no
Mo0O; in the middle part of the cell (see Figure 3f for the device
scheme). The J-V and external quantum efficiency (EQE) char-
acterization of the champion devices are shown in Figure S4
and Table S4, Supporting Information, and the statistical perfor-
mance data are compared to the standard cells (Figure S5,
Supporting Information). After the insertion of the MoO;
layer, the cells showed similar device efficiency as the standard
cells (19.65% vs 19.52%). Then, these MoOj; incorporated cells’
operational stability was investigated under identical condi-
tions for the reference cells. The results are shown in Figure 3f
(see Figure S6, Supporting Information for the decay curves of
five individual cells). Interestingly, the operational stability of
PSCs was largely improved, and no shunting was measured
for these cells even after aging for 670 h. More importantly, the
optical (Figure S3i-1, Supporting Information) and SEM images
(Figure S7, Supporting Information) of perovskite layer show

© 2021 Wiley-VCH GmbH
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that no obvious corrosion on the perovskite layer even after
such a long-time aging, indicating that MoO; layer can prevent
the corrosion of the Ag electrode over aging. Although we can’t
fully confirm that catastrophic failure will not happen over long
aging times, the current experiment results clearly showed that
MoO; layer can effectively suppress the short-term catastrophic
failure of the n-i-p type cells.

2.3. Excluding the Influence of Bias, Water, and Oxygen

As mentioned above, a clear contour of the Ag electrode formed
for the aged cell after removing the Spiro-OMeTAD and silver
electrode (Figure S3, Supporting Information). Although all
these cells were aged inside the glovebox with a low water and
oxygen content (<10 ppm), we cannot entirely exclude the oxi-
dation of the Ag electrode during aging. To confirm whether
water and/or oxygen is involved in the chemical corrosion of
Ag electrode, we encapsulated the PSCs with EVA (ethylene
vinyl acetate) and POE (polyolefin) sandwiched between two
glass slides. The cells were aged under identical conditions.
The results are shown in Figure S8, Supporting Information.
As seen there, shunting was also found for the cell with com-
plete encapsulation, proving that shunting of the cell should
not be due to the diffusion of gas molecules through the edge
but rather an intrinsic behavior of the cells.

Jeangros et al. reported the shunting of the p-i-n type PSCs
under reverse bias (up to =2 V).2% To further confirm whether
the catastrophic failure of the cell is due to the bias effect during
the J-V sweeping, we tested the |-V characteristics of the solar
cells upon continuous J-V sweeping from 1.2 to —0.05 V in
the dark. The results of over 1400 scans (around 10 times of
the J-V sweeping for the cell starts catastrophic failure under
operation) are shown in Figure S9, Supporting Information. No
noticeable difference was observed in J-V characteristics of the
cell at different scanning time (Figure S9a, Supporting Infor-
mation), and almost no increment of current density at a bias
of 0.6 V (from 0.00521 to 0.00541 mA c¢m™2, Figure S9b, Sup-
porting Information), suggesting that no electric shunting was
measured for this cell after multiple -V sweeping. Also, no
noticeable loss of device performance was measured for the cell
before and after multiple -V sweeping (Figure S9¢, Supporting
Information). These results indicate that the main driving force
causing the catastrophic failure of the n-i-p type PSCs is the
light illumination instead of the applied bias during the opera-
tional stability test.

2.4. Blocking the Diffusion of Reactive lodide Species

Since oxygen or water is excluded from the oxidant causing the
edge corrosion, the potential oxidants corroding the metal elec-
trode can only come from the decomposition of perovskite film.
It was reported that photo illumination on the perovskite film
would lead to the formation of methanamine (MAI), HI, and
1,,1% that could corrode the metal electrode. Abate et al. reported
also that a thin PbI, layer on perovskite film could be trans-
ferred to black perovskite owing to the reaction of PbI, with
released MALI Tarasov et al. recently reported that perovskite
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thin-films could decompose by light illumination to form
highly reactive methylammonium polyiodides MAI, (x = 3, 5,
and 7) melts,” which could be also the reactive species causing
the corrosion of electrode. Since MAI, can react with Pbl, to
form the perovskite again (Equation 1), PbI, should be the
effective MAIL, blocker that should increase device stability if
MAL, is the main reactive species.

Pbl, + MAI, — MAPbI; +1,_; (1)

We therefore fabricated and tested PSCs with a thin PbI,
layer inserted between the perovskite and Spiro-OMeTAD
layers. Figure 4a,b shows the -V and EQE curves of the PSCs
with PbI, layers (7 nm, see Figure 4b for the device structure).
After the deposition of a thin PbI, layer on top of the perov-
skite film, the V¢ of the cell increases slightly, which can be
ascribed to the surface passivation effect of the PbI, layer.*’]
However, both Jsc and FF decrease yielding an overall perfor-
mance decrease from 19.74% for the reference cell to 18.59%
for the PbI, containing cell. The lower Jsc and FF can be
ascribed to the insulating nature of PbI,.*! In Figure 4c,
we show the evolution of the photovoltaic performance of the
cells under white light illumination. Although the time for the
catastrophic failure of the reference cell is shorter than that
of the cell shown in Figure 1 owing to the batch variation, all
these reference cells showed catastrophic failure within 100 h
(Figure S10, Supporting Information). As expected, the inser-
tion of PbI, layer prolongs the mean failure time from 43 to
86 h. However, all these cells showed catastrophic failure under
operation, suggesting that the PbI, cannot fully suppress the
diffusion of reactive species. Since the reaction of Pbl, with
MALI, release I, as well, the current experiment results could
not provide a confirmed conclusion on the reactive species
for the corrosion of the Ag electrode. In combination with the
results reported in literature,l®! photodecomposition of perov-
skite film forms volatile and reactive species, that will migrate
through the Spiro-OMeTAD and reach the Ag electrode surface
and consequently corrode the metal electrode. Nevertheless,
prolonging the failure time after inserting a PbI, thin layer con-
firms that reactive species are coming from the decomposition
of the perovskite layer under light illumination.

2.5. Morphology of the Ag Electrode

Since shunting of the cells mainly happens on the edge of the
Ag electrodes, we checked for differences in the Ag electrode
morphology. Figure 5a—c shows the surface morphology of the
Ag electrode at different positions based on the Spiro-OMeTAD
surface (see Figure S11, Supporting Information for the mor-
phology changes cross the edge of the Ag electrode). It can
be seen that the deposited Ag film is condensed and uniform
in the central part of the electrode. In contrast, the Ag film at
the edge comprises loose and unevenly distributed Ag cluster
islands with a diameter of few nanometers. This is because
Ag clusters on the edge are mainly formed from the diffused
Ag atoms passing over the edge of the shadow mask. Similar
morphology variation can also be seen in the Ag film depos-
ited on MoOj surface (Figure 5d—f; Figures S11,S12, Supporting

© 2021 Wiley-VCH GmbH
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Figure 4. Solar cell performance of control and after Pbl, modified a) J-V and b) EQE curves, inset shows the device structure of Pbl, modified.

c) Performance evolution of the cells under operation.

Information). However, the Ag film deposited on MoOj is more
uniform with larger Ag clusters than that on Spiro-OMeTAD.
It is known that MoOs could provide a good nucleation sur-
face for the growth of Ag film, and the MoO; surface has a
better wettability with Ag thin film.! The better compatibility
between Ag on MoOj; helps in forming more condense and
uniformity Ag film, similar to the growth of other thin metal
films reported in the literature.®#] Owing to the quantum size

o J 54800°10.0KY 7 4mm

effect, silver clusters with small diameters could be more easily
be oxidized. Therefore, the loose structure of the Ag film on the
Spiro-OMeTAD is one of the reasons for the poor stability in
PSCs. Simultaneously, condensed Ag clusters on MoOj; could
improve the stability of the Ag electrode against corrosion.

The morphology differences on MoO; and Spiro-OMeTAD
could then explain the variation of the failure time for the cells.
In this work, both pre- and post-oxidation of the Spiro-OMeTAD

e 1,00y [l 4860 10Dk 7
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Figure 5. SEM image of freshly prepared Ag electrode from the edge to center deposited on a—c) Spiro-OMeTAD and d—f) MoOj substrate.
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layers were performed to improve the conductivity of the Spiro-
OMeTAD layer and the consequent solar cell performance.l>%
Although these cells were oxidized in air under similar con-
ditions, the variation of device performance indicated that
oxidization degree of the Spiro-OMeTAD films was not well
controlled and the properties of Spiro-OMeTAD varied from
batch to batch. In other words, the conductivity as well as the
surface property of the Spiro-OMeTAD layer is different from
each other after oxidation, which influences the silver electrode
on it and leads to a large variation of the failure time during
aging (Table S1, Figure S1, Supporting Information). A possible
negative correlation between initial device performance and
the failure time (Figure S13, Supporting Information) supports
that oxidization process might also influence the catastrophic
failure procedure as well.

2.6. Proposed Edge Corrosion Mechanism

Jeangros et al. reported the shunting of p-i-n type of PSCs under
reverse bias (start at —2 V), which was ascribed to bias driven
ion migration and segregation that leads to the formation of
highly conductive regions through the cells.?3 In the current
case, shunting of the n-i-p type of cells was driven by light illu-
mination and it is accompanied with the severe corrosion of the
metal electrode on the edge. The failure mechanism is slightly
different from each other. The reactive species causing the cor-
rosion of metal electrode are believed to be HI, I,, and/or MAI,,
that originally come from the photodecomposition of the perov-
skite layer. Diffusion of these reactive iodinated species through
the edge, along with the ease of oxidation of small and loose Ag
cluster, corrosion of the metal electrode on the edge happens,
which leads to the formation of Ag*. The detection of high Ag
concentration through the whole cell (Figure 3d) proves the
migration of Ag*, and the formation of highly conductive metal
filament is supposed to be the reason for the shunting, which
was found also in different electronic devices.” The proposed
mechanism is then shown in Figure 6. After a thin MoOj; or
Pbl, interface layer is introduced on the perovskite surface, the
migration of iodide species is inhibited, so the corrosion rate
of the Ag electrode slows down, and the stability is improved.
For the MoOs-containing cell, on the other hand, the deposited
Ag film is denser with larger clusters, which is more difficult
to be oxidized and therefore enhances the long-term stability
of the cells.

Small and losse
Ag clusters

Insert
Pbl,
layer

I

'L,
MAL

Perovskite

L, HI, MAL,

2.7. Stabilization Effects of the MoOjs Interlayer: More than
Physical Blocking

As shown above, insertion of a thin PbI, (7 nm) or MoOs;
(10 nm) can improve the device stability. Although these two
layers’ thicknesses are quite similar, the MoO; layer can signif-
icantly improve the stability with no catastrophic failure over
600 h, while PbI, only prolongs the time before the catastrophic
failure. This indicates the stability improvement of MoO3; must
be more than a simple physical blocking effect. The energy
band alignment of the MoOs-free and MoOs-containing cells
are then analyzed and shown in Figure 7, where the energy
level values of perovskite,®? Spiro-OMeTAD,B? and MoO;/>*!
are taken from the literature. As seen from Figure 7a, for the
MoOs-free cell, the transport of photoexcited holes via the
valence band of Spiro-OMeTAD toward the Ag electrode. It
facilitates the oxidation of Ag and the subsequent migration of
Ag" ions. In contrast, inserting a MoOj; layer leads to interface
recombination between photoexcited holes at the ohmic contact
formed between Ag/MoO; and Spiro-OMeTAD (Figure 7b). As
a result, the holes created within the perovskite layer are well
separated from the Ag electrode, improving the stability of the
MoO; based cell. Hence, our results suggest that our strategy to
reduce the accumulation of holes at the hole transporting layer/
Ag interface is proposed as an effective way to improve the sta-
bility of n-i-p type PSCs.

3. Conclusion

In summary, we report the undesired catastrophic shunting
of the n-i-p type PSCs under simulated operational condi-
tions. The shunting position was confirmed to be at the edge
of the Ag electrode by PL intensity and lifetime results and
the recovery of the cell performance by cutting the edge off.
SEM images and TOF-SIMS analyses gave direct evidence of
the Ag* migration at the edge of the device. Suppression of the
shunting was successfully achieved by inserting a thin MoO,
layer at the Ag edge or inserting a thin PbI, layer between the
perovskite and Spiro-OMeTAD layers. The SEM images of the
Ag morphology results revealed that the size of Ag clusters is
smaller and looser for the Ag electrode edge on top of Spiro-
OMeTAD. In contrast, larger and more condensed Ag clusters
were found for the central part of the Ag electrode on top of
Spiro-OMeTAD and the entire Ag film on MoO;. The latter

Larger and condense
Ag clusters A

Light

Figure 6. The proposed Ag electrode induced degradation mechanism of n-i-p type PSCs.
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Figure 7. The schematic description of the interface band bending of a) perovskite/Spiro-OMeTAD/Ag and b) perovskite/Spiro-OMeTAD/MoQO;/Ag,

before and after contact.

phenomenon can be ascribed to better compatibility for Ag film
growth on top of MoO;. The failure mechanism was proposed
based on these experimental results. The formation of reac-
tive polyiodine melts under light illumination, diffusing and
reacting with small Ag clusters and forming mobile Ag* ions.
The migration of Ag" ions through the Spiro-OMeTAD and
perovskite layer leads to conducting Ag filaments, which causes
the irreversible shunting of the cells. In addition, the improved
band alignment of the MoOs-containing cells can successfully
separate the holes from the Spiro-OMeTAD/Ag interface, which
is suggested to be an effective way to suppress the catastrophic
failure of n-i-p type PSCs.

4. Experimental Section

Materials: The SnO, colloid solution was purchased from Alfa Aesar
(tin (IV) oxide, 15 wt% in H,O colloidal dispersion). Pbl,, PbBr,, Csl,
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formamidinium iodide (FAl), methylammonium bromide (MABr),
lithium  bis(trifluoromethanesulphony)imide (LiTFSI), pyridine4-(1,1-
dimethylethyl)- (t-BP), and Spiro-OMeTAD were purchased from Xi'an
Polymer Light Technology Corp’, dimethylformamide (DMF, purity >
99%), dimethyl sulfoxide (DMSO, purity > 99%), and chlorobenzene
(CB, purity > 99%) were purchased from J&K scientific. All materials
were used directly.

Instruments and Characterization: The current density-voltage (J-V)
characters of solar cells were measured with a Keithley 2400 source
meter in N, glove box under a simulated sun AM 1.5 G (Newport
VeraSol- 2 LED Class AAA Solar Simulator). The TOF-SIMS (5-100) was
measured with the pulsed primary ions from a Cs* (2 keV) liquid-metal
ion gun for sputtering and a Bi* pulsed primary ion beam for analysis
(30 keV). Photofluorescence imaging of solar cells was conducted under
laser radiation with wavelength of 532 nm. SEM images were gained
by a field-emission scanning electron microscope (S-4800) under an
accelerating voltage of 10 kV. The X-ray and ultraviolet photoelectron
spectroscopy measurements were conducted at a PHI 5000 Versaprobell
system. Operational stability measurement was conducted at D&R
Instruments (PVLT-G8001M-256H).

© 2021 Wiley-VCH GmbH
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Preparation of the Perovskite Precursor and Spiro-OMeTAD Solution: The
SnO, colloid solution (15 wt%) was diluted using deionized water to the
concentration of 3 wt%. This solution was stirred at room temperature
for 2 h. The Kg35CS0.05(FA0.8sMAg 15)0.95Pb (l0.85Bro.15)3 precursor solution
was prepared by dissolving Pbl, (548.6 mg), PbBr, (77.07 mg), FAI
(190.12 mg), and MABr (21.84 mg) in a mixture solvent of DMF/DMSO
(1 mL, 41 v/v). Then, 34 uL Csl (2 m in DMSO) and 25 pL KI (2 M
in DMSO) was added to mixed perovskite solution, stirring overnight
at room temperature. The Spiro-OMeTAD solution was prepared by
dissolving 72.3 mg Spiro-OMeTAD into 1 mL chlorobenzene followed by
the addition of 17.5 uL Li-TFSI (520 mg mL™ in acetonitrile) and 29 uL
t-BP, this solution was stirred overnight at room temperature.

Solar Cell Fabrication: 1TO glass was cleaned by ultrasonic cleaning
through detergent, pure water, acetone, and isopropanol for 30 min,
respectively. Before using, the ITO substrate was dried by N, gas flow,
and cleaned by UV Ozone for 30 min. Then the substrate was spin-
coated with a thin layer of SnO, nanoparticle from the SnO, colloid
solution at 3000 rpm for 30 s, and annealed in ambient air at 150 °C for
30 min. The Perovskite precursor solution was spin-coated on the SnO,
substrate. The spin-coated process was divided by a consecutive two-
step process, the spin rate of the first step was 2000 rpm for 10 s with
accelerated speed of 500 rpm, and the spin rate of the second step was
6000 rpm for 20 s with accelerated speed of 1000 rpm. During the second
step end of 10 s, 400 pL of ethyl acetate was drop-coated to treat the
perovskite films, and then the perovskite films were annealed at 120 °C
for 45 min in a glovebox. After cooling down to room temperature, the
spiro-OMeTAD solution was coated on perovskite films at 3000 rpm for
30 s with accelerated speed of 3000 rpm. Then, the Spiro-OMeTAD layer
was fully oxidized in air with humidity of 30% overnight.

For the solar cell without MoOs: 100 nm thick Ag was deposited on
the Spiro-OMeTAD by thermal evaporation with rate of 0.8 A s™'. Then,
oxidized the full cells in air for 5 h, with a control humidity of 30%.

For the solar cell with MoO3: 10 nm thick MoO; was deposited on
the Spiro-OMeTAD with rate of 0.2 A s, then 100 nm thick Ag was
deposited.

For the solar cell with Pbl,: 7 nm thick Pbl, was deposited on the
Perovskite layer with rate of 0.1 A s™'. Then finish the device with Spiro-
OMeTAD and Ag electrode.

Encapsulation of Solar Cells: The solar cell was encapsulated by EVA/
POE and covered with slide glass. The melting condition of EVA was
90 °C, 3 min, and the pressing time was 7 s. The melting condition of
POE was 140 °C, 3 min, and the pressing time was 7 s. The encapsulation
process was completed in N, glove box.

Operational Stability Test: Operational stability of the cells was
performed on a multi-channel solar cell performance decay testing
system ((PVLT-G8001M, Suzhou D&R Instruments Co. Ltd.) inside a
N,-filled glove box (H,O < 10 ppm, O, < 10 ppm), and the cells were
illuminated with a white LED light (D&R Light, L-W5300KA-150, Suzhou
D&R Instruments Co. Ltd. see Figure S14, Supporting Information for
the light spectrum) at a simulated one sun intensity (the initial short
current equals to the Jsc measured under standard condition). The cell’s
performance was measured by I-V sweeping from 1.2 to —0.05 V, with a
step of 0.01 V. The temperature was measured from time to time and it
was around 40-50 °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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