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Non-Uniform Chemical Corrosion of Metal Electrode of
p—i—n Type of Perovskite Solar Cells Caused by the

Diffusion of CH3;NH;l

Shuxuan Guo, Xue Sun, Changzeng Ding, Rong Huang, Mingxi Tan, Lanping Zhang,

Qun Luo, Fangsen Li, Jing Jin,* and Chang-Qi Ma*

Although perovskite solar cells have shown high power conversion efficiency,
performance stability is still insufficient. Herein, the decay kinetics of the p—i—n
type of perovskite cells under light illumination is monitored. It is found that the
degradation of the performance is mainly caused by the decrease in short-circuit
current (Jsc), which is directly related to the loss of active area. Secondary ion
mass spectrometry (SIMS) analysis confirms that both CH;NH; " and I~ migrate
toward the metal electrode during aging through the thin PC¢;BM layer. Atomic
force microscope (AFM) and scanning electron microscope (SEM) analyses reveal
that some part of the PC¢;BM layer is too thin to cover the rough surface of the
perovskite film fully. Therefore, chemical corrosion of the metal electrode by
CH3NHG3l leads to the loss of active area and the consequent short circuit current
is proposed to be the performance decay mechanism of perovskite solar cells,
which is further supported by the stability improvement of the cells by inserting a
thin bathocuproine (BCP) buffer layer between the metal electrode and PCq;BM,

1. Introduction

Organic-inorganic hybrid perovskite mate-
rials have become the most intriguing
semiconductor for use in photovoltaics
owing to their excellent photoelectric
properties, such as solution processability,
high absorption coefficient, high charge
mobility, and long charge diffusion length
and low exciton binding energy.!! As
Miyasaka et al. reported the first perovskite
solar cells (PSCs) in 2009, the power
conversion efficiency (PCE) of perovskite
solar cells has rocketed from the initial
3.8% to the current 25.2%"! in only 10
years. Various device structures, including
mesoporous type,!! n-i-p-type planar®

where the CH;NH;| migration is blocked by the BCP layer.
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and p—i-n type-planar cells'®”! have been

developed. Among these, the p-i-n type

cells have the advantages of low processing

temperature, low hysteresis,® high perfor-
mance at low operation temperature,’® and are considered as a
good candidate for space applications.”'"

Over the last decade, most of the research works are focusing
on improving the efficiency of the cells through material devel-
opment and device structure optimization.'!?! To realize the
commercialization of perovskite solar cells, an urgent problem
that needs to be solved is to improve their stability, as the
operation lifetime of the perovskite solar cell is still far from
satisfactory.">'* Understanding the degradation mechanism
of the perovskite solar cells is the first step to solve the degrada-
tion problem. Up to now, different degradation processes have
been clarified in the literature, including the decomposition
of perovskite films caused by water,”>® oxygen,'”) thermal
heating,"®'*! or phase transition of the perovskite crystalline
films,*® ions aggregations,’?” and ions migrations.”’*! In gen-
eral, the degradation process caused by water and/or oxygen can
be suppressed by introducing a hydrophobic interlayer*=2%! or
proper encapsulation,?® and these can be considered as extrinsic
degradation processes. However, the degradation processes owing
to the phase transition or ions migration of the perovsktie film
cannot be suppressed by thin film encapsulation, and are consid-
ered as the intrinsic degradation process that is the most critical
issue for the stability improvement of perovskite solar cells.

Perovskite is a typical ionic crystal semiconductor, and the ion
migration behaviors of this material are significant, which will
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bring a great threat to the stability of perovskite solar cells. Abate
etal.*" provided direct evidence of halogen and cation migration
within perovskite layers by elemental depth profiling and model-
ing, respectively, which will lead to the hysteresis and reversible
decay of the cells. In addition to the ion migration within the
perovskite film, ion migration between perovskite and electrode
modification layers was found to be serious that causes perfor-
mance decay. For example, Yang et al. demonstrated that halogen
ions would cross the entire [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCq1BM) layer and react with the metal electrode resulting
in damage to the metal electrode and the electrode interface./**
Fang et al. demonstrate that halogen atoms can penetrate
through the PCq;BM layer under light illumination, thermal
heating, or electric filed driving, which led to performance
decay.®) Furthermore, diffusion of metal atoms through the
perovskite also reported,*"*? which are also considered as one
of the main reasons for the degradation of perovskite solar cells.
As for the driving force for ion migration, it was reported that
electric bias and light are the two most important factors.?27*
However, how the halogen ions migrate toward the metal
electrode and what the counter CH;NH;" ions behave during
irreversible degradation are still not fully understood yet.

In this article, we systematically studied the decay kinetics
of the p—-i-n type perovskite solar cells with a structure of
ITO/PEDOT:PSS/MAPbI;/PC;BM/Al (PEDOT:PSS: poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)) under the oper-
ating conditions. Results revealed that the performance decay of
this type of cells was mainly due to the fast decay of short-circuit
current (Jsc), which originally comes from the non-uniform
damage of the metal electrode. By using time-of-flight secondary
ion mass spectrometry (ToF-SIMS), we confirmed the migration
of both CH3;NH;" and I~ toward the metal electrode during
aging. In the meanwhile, diffusion of A’ toward the perovskite
film was also found. Based on these findings, a chemical corro-
sion of metal electrode by the diffusion of CH3;NH;3l was pro-
posed. Detailed discussion on the driving force for the
migration of CH3NH3! and method to suppress the degradation
is provided in this article.

2. Results and Discussion

2.1. Decay Kinetics of the Cells

A set of 16 pieces (altogether 64 cells) of p—i—n cells with a struc-
ture of ITO/PEDOT:PSS (~35 nm)/MAPbI; (2250 nm)/PCq;BM
(=60 nm)/Al (100 nm) were fabricated accordingly to the proce-
dure we previously developed.*®! The current density-voltage
(J-V) characteristic of the best cell and the histogram of the
efficiency of 64 cells are shown in Figure 1a,b, respectively.
The external quantum efficiency (EQE) spectrum of the best cell
and the averaged device performance data are shown in Figure S1
and Table S1, Supporting Information, respectively. As seen here,
the best cell showed a PCE of 16.06% with an open-circuit (Vo)
of 1.01V, a shortcircuit current (Jsc) of 19.88mA cm™*
(corresponding reasonably well with the integrated Jsc calculated
from EQE spectrum which is 21.18 mA cm™ % Figure S1,
Supporting Information), and FF of 0.80, and most of the cells
show PCE of 15.0-15.5% and an averaged PCE of 15.14%, which
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is comparable to the literature reported PCE for the same device
structure,*® indicating the device are well optimized and suitable
for stability comparison.

First, we compared the shelf and operation stability of these
cells. Figure 1c shows the performance evolutions of the devices
under dark storage or light illumination condition. As seen here,
the perovskite solar cells showed reasonably good stability under
dark storage, and PCE can maintain about 60% of its initial
device performance after 1300 h, which is consistent with that
reported by Lee.*”) In contrast, device performance decayed very
fast when the cell was aged at operation condition (under light
illumination with external load to match the maximum power
point [mpp]). After being aged for about 200 h, PCE of the device
has been reduced to less than 20% of the initial value, indicating
that light illumination causes the fast performance degradation.
On the contrary, from the perspective of the degradation param-
eters of the device, we found that Jsc dominates the overall
performance decay, whereas Voc and FF are rather stable during
aging (less than 10% decay).

2.2. Correlation the Jsc Decay to the Loss of Effective Area

The appearance of the aged cells is shown in Figure S2,
Supporting Information. Clearly, defects on the electrode can
be seen for the light-aged cell, whereas the electrode surface
is almost complete and homogenous for the shelf-aged cell.
We then measured the surface morphology of the metal elec-
trode by optical microscope, and checked the photocurrent dis-
tribution of the cell using a laser-beam-induced current (LBIC)
imaging method, where a small laser beam (with a diameter of
10 pm) to illuminate the cell and the photo current is recorded by
a source meter (see Figure S3, Supporting Information, for the
measuring setup). The obtained images are shown in Figure 2
and Figure S4, Supporting Information, for the light-aged and
shelf-aged cells, respectively. For the pristine cell, few visible
spots can be seen in the optical images (a2 in Figure 2). As the
measured photocurrent is homogeneously distributed over
the entire device area as seen from the LBIC image (al in
Figure 2), these spots seen in the optical images are then ascribed
to the dust on the electrode or surface defects that are not harm-
ful to the device performance. After aged for 15h under light
illumination, more defects can be clearly seen from the LBIC
image (b1) and optical image (b2). Note that defects are randomly
distributed within the device area; the formation of defects can-
not be due to the penetration of H,0 and/or O, from the edge of
the electrode. We also found that the distribution of defects in the
optical image corresponds well to the LBIC low current sites, sug-
gesting that the Jsc decay is directly correlated to the defect on the
electrode. With the increase in aging time, larger defects area and
lower photocurrents were measured in some specific area (c and
d series in Figure 2), indicating the growth of defects during
aging. It worth pointing out that high photocurrent area can still
be measured for the cell aged for 36 and 57 h (the red area in c1
and dl), indicating that degradation of the cell is spatially
inhomogeneous and some parts of the cell are still working well.
In contrast, defect growth is much slower for the cell aged in
the dark (Figure S3, Supporting Information), corresponding
well to the degradation kinetics of this type of cells (Figure 1c).
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Figure 1. a) The device structure of the p-i-n type perovskite solar cells and the J-V curves of the best performance solar cell; b) histogram of efficiencies
measured for 64 devices; c) the evolution of the perovskite solar cells aged in the dark at room temperature in a nitrogen atmosphere or at 45 + 2 °C under
1 sun continuous illumination in a nitrogen atmosphere. Note that the aging time axis is broken from 400 to 1000 h; d) comparison of the Jsc decay

and the loss of effective area under aging.

These results indicate that performance decay of this type of
perovskite solar cell is more correlated to the defects on the
top electrode rather than under the metal electrode.

To quantify the proportion of defects in the entire device area,
we transfer the optical image to a black-and-white binary image
using the open-source Image ].*® The resulting images are
shown in Figure 2 (a3-d3), where the defect region is indicated
as black, and the effective region is indicated as white. The
proportion of the defect area to the total area of the cell was
then calculated and plotted against aging time (Figure 1d).
Interestingly, we found that Jsc decay is in good consistency with
the decrease in the effective area of the cell, indicating that
electrode defect is the most important reason causing the Jsc
decay. As the cells are aged in an inert atmosphere and the defect
formation is not due to the penetration of H,O and/or O,
through the edge of the electrode (vide supra), such a perfor-
mance decay is then recognized as an intrinsic process of this
type of cell.

2.3. lon Migrations within the Cell during Aging

We then performed ToF-SIMS measurements to check the ele-
ment distribution of the cells to understand the ion migration
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behaviors within the cell. For comparison, we checked element
depth profiles on regions both without any obvious defect
(named intact region) and with surface defects (named defect
region), in as shown Figure 3ab, respectively. As shown in
Figure 3a, relatively high mass spectra (MS) signals of CN™
and I~ were obtained over PCs;BM layer even for the freshly pre-
pared cell. Based on the fundamental components used in the
perovskite solar cells, the measured CN™ and I™ signals probably
have been come from CH3;NH;I layer. The finding suggests that
CH;3NH;I will diffuse into the PC4;BM layer during the prepa-
ration of cells. Moreover, a slight difference was observed
between profiles of CN™ and I", where CN™ is almost constant
over the whole PCy;BM layer, whereas I~ is higher at the
PCs1BM /perovskite interface. This may be due to a lower diffu-
sion rate of I~ than CH;NH;™, owing to the complex capability
of I” with PC4;BM layer. Upon aging, no much difference was
found of element profiles within perovskite layer in intact
regions, suggesting that perovskite film does not degrade much
under light illumination for some special area, which is also in
good agreement with the high measured current in the LBIC
image. Furthermore, higher CN™ and I" signals were detected
on the surface of the metal electrode, indicating that CH;NH;I
further diffused through PCgBM/Al layers and reached
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Figure 2. LBIC (al-d1) and optical microscope (a2—d2) images for the a) pristine, b) aged 15 h, c) aged 36 h and d) aged 57 h cells. The cells aged under 1
sun continuous illumination in a nitrogen atmosphere at 45 + 2 °C. The corresponding binary images obtained from the optical microscope images are
shown in a3-d3, and the square framework indicates the device area with a dimension of 3 mm x 3 mm.

the metal electrode surfaces. Also, the accumulation of I at
PCgBM/Al interface was detected, which might be due to the
formation of All; at the PCyq;BM/Al interface.

In defect region, on the contrary, two to three orders of mag-
nitude increase of CN™ and I signals were presented over entire
Al/PC¢BM layers upon aging (Figure 3b), and high Al signal
intensity was also measured within the perovskite film. As the
determination of each layer is based on a comprehensive consid-
eration of the distribution of various elements such as Pb, C,
In Al, and so on (see Figure S5, Supporting Information), rather
than just relying on the results of the freshly prepared sample,
the broadening of the distribution of I, CN, and Al elements
could not be attributed the formation of pinholes during
aging,*?*% but to the ion migrations. In other words, the SIMIS
results indicate that large amounts of CH3;NH;I penetrated
through PC4;BM and reaches aluminum layers, whereas AI**
ions diffuse through the PCyBM and get inside the perovskite
films. Knowing that CH3;NH;!I is highly acidic, the measured
APP* should be due to the chemical reaction of Al with
CH;NH;" which includes the following two steps:

the oxidation of aluminum

Al — AB* (1)

Energy Technol 2020, 2000250

2000250 (4 of 11)

the reduction of methylammonium anion
2CH3NH3+ — ZCH?,NHZ T +H2 T (2)
and the overall reaction of

6CH;NH;I + 2A1 — 6CH;NH, 1 + 2AlI; + 3H, 1 3)

Together with the decomposition of perovskite film, the over-
all decomposition of the perovskite solar cell owing to the
chemical corrosion of aluminum electrode can be described
as following

6CH;NH;PbI; +2A1— 6Pbl, +2All; +6CH;NH, T+ 3H, T (4)

Figure 4a shows the optical image of the electrode surface
aged for 10h, where volcano-like defects in a 50-100 pm scale
can be clearly seen. ToF-SIMS surface imaging showed high I
concentration on the defect area (Figure 4b), indicating
that the main component on the defect is metal halide.
Interestingly, no obvious CN signal was measured on the elec-
trode surface (Figure 4c). We ascribed this to the high volatility
of CH;NH,, which leaves the electrode surface after CH;NH; " is
reduced (Equation (2)).
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Figure 3. ToF-SIMS element profiles of the perovskite solar cells on the a) intact region and b) defect region. The layer boundaries are determined by the

element distribution of Al, C, Pb, and In of a fresh cell.
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Figure 4. a) Optical photo image of the electrode surface of an aged cell and surface element distribution of element b) | and c) CN measured by
ToF-SIMS. The devices aged at 45 + 2 °C under 1 sun continuous illumination in a nitrogen atmosphere.

2.4. Surface Morphology of the MAPbI; and MAPbI;/PCgBM
Films

To further understand why the electrode corrosion happens non-
uniformly upon aging, the surface morphology of the MAPDI;
and MAPDI3/PCsBM films were measured by atomic force
microscope (AFM). Figure 5a,b show the AFM topological
images of these two films. It can be seen that the MAPbI; film
showed a very rough surface with a root-mean-surface roughness
(RMS) of 17.8 nm, and the maximum peak-to-valley height of
~120 nm, whereas the MAPbI;/PCs;BM film showed a smooth

Energy Technol 2020, 2000250

2000250 (5 of 11)

surface with an RMS of 3.4 nm and much smaller peak-to-valley
height of ~20 nm. Note that the layer thickness of the PCs;BM
film spin-coated from the same solution is around 60nm.
The rather smooth MAPDI;/PCs;BM surface indicates that
the perovskite surface is not homogenously covered by the
PCsBM layer, and some parts of the perovskite crystal peak
might be covered by a very thin PC4;BM film. To confirm this,
the cross-sectional scanning electron microscopy (SEM) image
of the freshly prepared perovskite solar cell was measured.
As seen from Figure 6, the thickness of the PCsBM layer is
not homogenous on top of perovskite film, and the thinnest spot
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Figure 5. AFM topological images of a) MAPbl; b) MAPbI3/PCg;BM. The 1D surface profile marked by the red line in the AFM images is placed under the

AFM images.

S4800 3.0kV 7.9mm x50.0k SE(U)

Figure 6. A cross-sectional SEM image of the fresh prepared perovskite
solar cell showing that the thickness of the PC¢1BM layer is not homoge-
nous on top of perovskite film.

of the PCg;BM layer is difficult to be distinguished. Such a
non-uniform coverage of the perovskite by PCs;BM was also
reported by other research groups,?®***! which can be
ascribed to the rough perovskite surface, as well as the low
PCsBM layer thickness and the aggregation of PCgBM.
The thinnest PC4s;BM spots on the perovskite film become
the most easily penetrated positions for halogen ions, which
initiates the chemical corrosion of metal electrode. With the
increase in the aging time, further corrosion of the electrode
leads to the growth of apparent defects and reaching up
to 100 pm, which are easily seen by optical microscope
(Figure 2 and 4).
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2.5. Light Driving Chemical Corrosion of Metal Electrode by
CH3NH;l

As discussed at the very beginning, light illumination promotes
the degradation of perovskite solar cells. Also, we tested the
degradation kinetics of the perovskite cells aged at different load
conditions, including short circuit, maximum power output
point (mpp), and open-circuit conditions, and found that the cells
decay much faster at open circuit than at short-circuit condition
(Figure S6, Supporting Information), which is consistent with
the previous reports.***2*3 These results indicate that both light
illumination and external load are the key factors influencing the
diffusion of CH3NH;l. Maier et al. reported orders of magni-
tudes enhancement of I” migration within the perovskite film
under light illumination (in both vertical and horizontal
directions),* which was ascribed to the photon generated iodine
vacancies within the perovskite film that relies on concentration
of photon generated electron-hole pairs. Therefore, faster halo-
gen ion migration is expected when the cell is illuminated at
open-circuit condition because the higher concentration of the
photogenerated electron-hole pairs formed at open-circuit condi-
tion, similar to that found in polymer solar cells.*" However, this
does not answer the question of the driving force for the ion
migration toward the electrode. The SIMS results (Figure 3)
of the cells in the defect region showed high CN and I
concentration both in the top metal electrode and the bottom
PEDOT:PSS layer, indicating that there is no preferential direc-
tion for CH3;NH;I diffusion. Therefore, we attribute the ion
migration behaviors to a concentration difference at different
layers. Based on these, a chemical corrosion of aluminum elec-
trode by the diffused CH;3;NH;I was proposed as shown in
Figure 7, and the detailed chemical reactions involve the follow-
ing key steps: 1) perovskite film decomposed to form CH;NH;I;
2) CH;3NH;I diffused through the thinnest PCq;BM region and
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Figure 7. Proposed chemical corrosion of aluminum electrode of the
p—i—n type perovskite solar cell by the diffusion of CH3NHj;l.

reached the top metal electrode; 3) the CH3;NH;l at the
Al/PC¢BM interface reacts with aluminum yielding All;,
CH;3NH,, and H,; 4) the generated H, gas will expand the
electrode forming bubbles!*” on the electrode and eventually
form volcano-like surface defects; 5) A" ions diffuse into the
perovskite layer causing the further decomposition of perovskite
(Figure S7 Supporting Information), whereas the low CH3;NH;I
concentration at the Al/PCqsBM enhances the diffusion of
CH;3NH;I toward the aluminum electrode to balance the
chemical reaction.
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2.6. Stability Improvement of the Cell by Inserting a
Thin BCP Layer

Based on the degradation mechanism shown in Figure 7, we sup-
pose that depositing an additional electron transporting layer on
top PCg;BM should be able to increase the distance between
perovskite and metal electrode, which should be able to slow
down the diffusion of CH3;NH;I and consequently improve
device stability. This concept has been proved by various inter-
layers, including ZnO,*Y Ti0,,*! MoS,,*®! and Cr203/Cr.[24]
Bathocuproine (BCP; see Figure 8a for the chemical structure)
as the most widely used hole blocking layer in OLED!”) has been
used in perovskite solar cells as well for improving the device
performance.*®**! Chen et al. reported that device stability
was improved by introducing a thin BCP layer owing to the
hydrophobic property of the BCP layer.*”) However, there is
no article discussing the effect of BCP on blocking ions diffusion
in perovskite solar cells. We fabricated perovskite solar cells hav-
ing an additional BCP layer on the top of PCs;BM, and checked
the performance and stability of these cells. The layer thickness
of BCP film was achieved by spin-coating BCP solution with dif-
ferent concentration. The J-V curves and EQE spectra of the
champion devices with difference BCP layer thickness are shown
in Figure 8c,d, respectively, and the photovoltaic data are shown
in Table 1. In cooperation of a thin BCP layer increases the device
performance slightly (15.33% vs 15.05%), which is similar to that
reported in the literature and is ascribed to the improvement of
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Figure 8. a) Chemical structure of BCP, b) energy-level diagram of the device, c) J-V curves, and d) EQE of the cells with different spin-coated from

different BCP solution.
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Table 1. Summary of photovoltaic parameters for devices with different concentration BCP.

Entry BCP? Voe V] Jse [mA cm™? FF PCE [%] Tao® 1200/10° PCE [co]? o z [h)?
1 w/o BCP 1.00+0.01 19.36 +0.41 0.77 £0.01 15.05 +0.55 32h 0.29 0.10 0.90 120
2 0.5g L' BCP 0.98 +0.01 19.97 +0.12 0.77 £0.01 15.0140.21 40h 0.43 0.33 0.65 169
3 1.0g L' BCP 1.01+0.01 19.83 +0.15 0.77 £0.01 15.33 +0.45 133h 0.71 0.47 0.51 310
4 15g L' BCP 0.99 +0.01 19.50 £ 0.09 0.77 £ 0.01 14.85 +0.24 -2 - -9 -9 -9
5 2.0g L' BCP 0.98 +0.02 19.66 £ 0.17 0.75 +0.01 14.49 +0.30 -2 - -9 -9 -9

AThe concentration of BCP solution used for the preparation of BCP thin film; b)The time that reaches the 80% of its initial PCE; o: PCE of the cell before aging, 7200: PCE
of the cell after aging for 200 h; ®)Simulated numerical results obtained by fitting the PCE decay curves to the exponential decay model (Equation (5)); ®Not measured.

the contact between the ETL and the aluminum electrode by the
BCP.*®*% The EQE shapes (Figure 8d) of each cell are basically
the same, indicating that the spin coating of the buffer layer has
no effect on the perovskite active layer.

Figure 9 shows the evolution of photovoltaic parameters of the
cells under light illumination. As seen here, the decline of Jsc in
BCP based devices is significantly slower than the cells without
BCP. Ty, the time that the cell reaches 80% of its initial PCE, "
was measured to be 32, 40, and 133 h for the BCP-free, 0.5 and
1g L™ BCP-based cells, and the efficiency of the cell after aging
for 200 h compared with its initial value (17200) are 0.29, 0.43, and
0.71, respectively. To further quantitatively analyze the decay
kinetics, the PCE decay curves were fitted using an exponential
decay model asP®"

PCE(t) = PCE() + a X exp(ff) (5)

T

where 7, a, and PCE(o0) represent the mean lifetime, preexpo-
nential factor, and the intercept, respectively. The fitting curves
are shown in Figure S8, Supporting Information, and the fitted
parameters are shown in Table 1. As seen here, the mean lifetime
71is 120h, 169h, 310h for the BCP-free, 0.5, and 1 g L~! BCP-
based cells, respectively. These results unambiguously confirm-
ing the stabilization effect of the BCP layer.

Huang et al. reported that accumulation of charge carrier at
the interface would lead to fast performance decay in perovskite
solar cells,*? and thin BCP layer is able to increase the photo-
current by increase the electron injection efficiency,*®*¥! this
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Figure 9. Evolution of photovoltaic parameters of the p—i—n cells with or without BCP interface with time. The cells were aged inside the glove box under 1
sun continuous illumination with a dynamic external load to meet the mpp point. The temperature of the cells was measured to be 45 +2°C.
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Figure 10. ToF-SIMS element profiles of the perovskite solar cells on the
cell with BCP interfacial layer. The elements such as Al, C, Pb, and In
depicted in the bottom graph is taken from the fresh cell.

could be one of the reasons for the stability improvement of BCP
layer. Since CH3NH;I migration and the following chemical
corrosion of metal electrode is proposed to be the main reason
for the performance decay of perovskite solar cells, we perfor-
mance SIMS measurements on the BCP based cells before and
after aged for 35h. Figure 10 depicts the experiment result.
The peak signal of the CN element can be clearly seen between
the aluminum electrode and the ETL, indicating that BCP was suc-
cessfully deposited on top of the PCs;BM layer. By comparing the
ToF-SIMS results of BCP devices before and after aging, we can
see that the distribution of I and CN in the entire device is basically
consistent, indicating that BCP does inhibit the migration of
CH;NH;I. In addition, no visible electrode defect can be seen
for the BCP coated cells (Figure S10, Supporting Information,
confirming that the BCP layer is able to protect the aluminum
electrode from the chemical corrosion by CH3;NH;I.

3. Conclusion

In summary, we have systematically studied the degradation
behaviors of the perovskite solar cells under operation
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conditions. By combining the detection of micro defects on
the electrode and the changes of element distribution within
the cell during aging, we confirmed that chemical corrosion
of the aluminum electrode by the diffusion CH3NH;l is the main
reason for the formation of defects on the aluminum electrode,
which cause the loss of effective area and the consequent Jsc
decay of the cell. The diffusion of CH3NH3I toward the metal
electrode was attributed to the insufficient coverage of perovskite
film by the PC4;BM layer. Based on the understanding of the
degradation mechanism, we establish an effective method to
improve device stability by introducing an additional thin BCP
layer, which on the one hand, proves the proposed degradation
mechanism, on the other hand, provides an effective way to
improve the stability of the perovskite solar cells.

4. Experimental Section

Materials:  Poly(3,4-ethylenedioxythiophene):poly(styrene  sulfonate)
(PEDOT:PSS Al 4083) was purchased from Heraeus Precious Metals
GmbH & Co. KG. PbCl, (99%), Pbl, (99%), BCP (98%), and methylam-
monium iodide (MAI; 99.5%) were supplied by Xi'an Polymer Light
Technology Corp. Phenyl-Cgy-butyric acid methyl ester (PCq;BM) was
purchased from Solenne B.V. All these materials were used as received
without further purification.

Device Fabrication: The perovskite solar cells were fabricated according
to the following procedure. Patterned indium tin oxide (ITO) substrates
were cleaned with detergent aqueous solution, deionized water, acetone,
and isopropanol, and finally ultraviolet-ozone (UVO) treating for 30 min.
Then the PEDOT:PSS solution was spin-coated on the top of the cleaned
ITO at 3500 rpm for 45 s and annealed at 130 °C for 10 min in the air. The
other layers, including the perovskite layers, PC¢;BM, and BCP layer were
deposited inside the N, glove box. In detail, perovskite precursor solution
was obtained by mixing CH3;NH;l (103.35 mg), Pbl, (306.56 mg), and
PbCl, (9.73 mg) in DMSO/GBL solution (volume ratio 3:7) and stirred
at 60 °C for 4 h. The precursor solution was spin-coated by a typical anti-
solvent method at 1000 rpm for 10's and 4000 rpm for 30 s. During spin-
coating, chlorobenzene (CB) (400 pL) was quickly dropped onto the films
with a delay time of 27 s after the beginning of the spin-coating. Then the
substrate is annealed at 100 °C for 10 min to obtain perovskite films. After
cooling to room temperature, the PCs;BM solution (20 mg mL™" in chlo-
robenzene) was spin-coated on the perovskite film at 1000 rpm for 60s.
BCP (1 mgmL~" in ethanol) solution was spin-casted onto PCg;BM at
4000 rpm for 15 s. Finally, a 100 nm Al layer was subsequently evaporated.

Characterization of Solar Cells: The current density—voltage (J-V) curves
were measured in a nitrogen glove box with a Keithley 2400 source meter
under simulated AM1.5G solar illumination (Verasol-2; 100 mW cm ™2,
LED 3A Sun simulator, Newport). The photovoltaic performance data
was obtained by the reverse scan from 1.2 to —0.5V with a scan speed
of 0.02V s™". The EQE of each cell was measured using a home-made
IPCE system consisting of a 150 W tungsten halogen lamp (Osram
64642), a monochromator (Zolix, Omni-I1300), an optical chopper, and
an |-V converter(QE-IV Convertor, Suzhou D&R Instruments) equipped
with lock-in amplifier (Stanford Research Systems SR 830). To better sim-
ulate the device under 1 sun condition, bias light from a 532 nm solid-state
laser was introduced to the cell simultaneously. A calibrated Si solar cell
was used as a reference. The degradation kinetics of the unencapsulated
perovskite solar cells was monitored by a decay testing system (PVLT-
G8100M, Suzhou D&R Instruments) in a glove box (H,O <10 ppm,
0, < 10 ppm) according to the condition of the 1SOS-L-11.5% The cells
were illuminated with white LED light (D&R Light, L-W5300KA-150, color
temperature of 5300 K, Suzhou D&R Instruments). Light intensity was
adjusted to meet the short-circuit current to simulate one sun aging
condition. Owing to the light heating effect, the surface temperature of
the device is around 45 £ 2°C. The LBIC images were measured using
a home-built microdefect detection system equipped with a laser
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(532 nm) from a beam size of 10 pm, and an X-Y moving stage with a
resolution of 0.5 um. Surface photography was obtained by using an
AFM (Dimension ICON) in the tapping mode. The cross section of perov-
skite solar cells were characterized by SEM (Hitachi S-4800). ToF-SIMS
(IONTOF TOF.SIMS 5-100) was utilized for surface imaging and depth
profile of perovskite solar cells. During depth profiling, sputtering
ion beam (Cs™ ion at 1keV) was raster scanned over an area of
200 x 200 pm?. The analysis ion beam consisting of Bi* pulses (30 keV
ion energy) was set in spectrometry mode and raster scanned over a
50 x 50 pm? area centered within Cs™ sputtered area. Image binarization
was performed on a Java-based image conversion software Image J. Color
image was imported into the Image] and then converted into 8-bit
grayscale images with 256 grayscales. The threshold to define the bound-
ary of black and white was set to a value that the defect region can be
clearly seen and the noise cannot be seen in the complete electrode
region. The ratio of dark area to the whole area was obtained directly from
this software.

Supporting Information

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