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Interfacial properties between perovskite layers and metal electrodes play a crucial role in
the device performance and the long-term stability of perovskite solar cells. Here, we report a comprehensive study of the interfacial degradation and ion migration at the interface
between CH3 NH3 PbI3 perovskite layer and Ag electrode. Using in situ photoemission spectroscopy measurements, we found that the Ag electrode could induce the degradation of
perovskite layers, leading to the formation of PbI2 and AgI species and the reduction of
Pb2+ ions to metallic Pb species at the interface. The unconventional enhancement of the
intensities of I 3d spectra provides direct experimental evidences for the migration of iodide
ions from CH3 NH3 PbI3 subsurface to Ag electrode. Moreover, the contact of Ag electrode
and perovskite layers induces an interfacial dipole of 0.3 eV at CH3 NH3 PbI3 /Ag interfaces,
which may further facilitate iodide ion diffusion, resulting in the decomposition of perovskite
layers and the corrosion of Ag electrode.
Key words: Perovskite solar cells, Interfacial degradation, Ions migration, Photoemission
spectroscopy

sults indicate that the environmental effects are not the
only crucial factors determining device stability, but the
intrinsic factors also facilitate the degradation. Therefore, it is necessary to understand the role of interfaces
in stability of perovskite solar cells to achieve highly
stable devices.
Typically, perovskite solar cells have a sandwich
structure. The top electrode, as one of the most essential components, has a direct impact on the device performance and long-term stability [15–17]. Silver (Ag)
is one of the most commonly used electrode materials
in p-i-n perovskite solar cells due to the low-cost and
favorable energy level alignment compared to Au electrode. Recent studies have demonstrated that the reactivity between the metal electrode and perovskite is
the main degradation route, which directly influences
the chemical stability of the devices [18–20]. Han et
al., for example, studied degradation of encapsulated
planar CH3 NH3 PbI3 perovskite solar cells with the Ag
back-contact electrode layer using scanning electron microscopy (SEM) and X-ray diffraction (XRD). They observed the corrosion of Ag electrode and appearance of
PbI2 and AgI species under the conditions of high temperature and humidity [14]. Kato et al. also studied
the corrosion of Ag electrode on CH3 NH3 PbI3 /spiro-

I. INTRODUCTION

Perovskite solar cells are considered as one of the
most promising candidates for the next generation photovoltaic technology due to the high power conversion
efficiency (over 22.7%) and low cost fabrication [1, 2].
However, despite these advantages, the long-term stability issues inhibit the further commercial development
[3, 4]. In order to address these issues, numerous research efforts have been made to understand the degradation mechanisms caused by the halide perovskite itself and charge transport materials as well as interfaces of the devices [5–8]. The inorganic-organic hybrid halide perovskite materials are extremely sensitive
to environmental conditions, such as moisture, temperature, ultraviolet irradiation, and oxygen atmosphere
[9–11]. However, considerable degradation of perovskite
solar cells was still observed even when the encapsulation techniques were applied to perovskite solar cells
to avoid these environmental factors [12–14]. These re-
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MeOTAD by XRD and X-ray photoelectron spectroscopy (XPS). They claimed that Ag electrode was
corroded to produce AgI species owing to the migration of methyl ammonium iodide through the spiroMeOTAD layer under the assistance of H2 O in air [21].
In addition, Li et al. used time-of-flight secondary
ion mass spectroscopy (TOF-SIMS) to investigate the
thermal stability process of perovskite devices with Ag
electrode. They have shown that the I− ions from
the CH3 NH3 PbI3 layer diffused through the PCBM to
the Ag back-contact surface and demonstrated that the
thermal degradation was induced by Ag electrode [22].
All these studies emphasize the importance of interfacial interaction and ion migration between perovskite
layers and Ag electrode. However, due to the relatively
low activation barrier (0.1 eV) of iodide migration [23–
25], the iodide ions migration can be easily changed by
external environmental factors (e.g. moisture or temperature) [21, 22]. It is still unclear how the Ag electrode induces the interfacial interaction with perovskite
layers in the absence of the external environmental factors. Therefore, an in-situ study on the reaction of the
Ag internal interfaces is essential to the understanding
of the exact origin of stability issues.
In this work, we focus on the effects of the interfacial structures of Ag electrode with the perovskite layers on the degradation of perovskite layers. The corrosion of Ag electrode and the decomposition of perovskite layers were in situ investigated by high resolution synchrotron radiation photoemission spectroscopy
(SRPES) and XPS. The PbI2 and AgI species at the
CH3 NH3 PbI3 /Ag interface are identified by XRD and
XPS, respectively. The migration of iodide ions towards
Ag electrode is directly confirmed by the anomalous enhancement of I 3d XP spectra intensity, which is possibly facilitated by an interfacial dipole of 0.3 eV at the
CH3 NH3 PbI3 /Ag interface.

II. EXPERIMENTS

CH3 NH3 PbI3 layers were fabricated in a glove box,
as described in a previous report [26]. Briefly, the
precursors were prepared with 1 mmol CH3 NH3 I and
1 mmol PbI2 , dissolved in 1 mL mixed solvent of
dimethyl formamide (DMF):dimethylsulfoxide (DMSO)
(7:3, V /V ). The mixture was stirred in the glove box
at 60 ◦ C overnight, then filtered with a 0.45 µm filter, and finally spin-coated onto the indium tin oxide
(ITO)/NiO substrates at 4000 r/min for 20 s. In addition, 70 µL chlorobenzene was added dropwise onto
the substrates, in order to wipe off the redundant solvent. The ITO/NiO/CH3 NH3 PbI3 samples were annealed at 100 ◦ C for 10 min, and subsequently transferred to the ultra-high vacuum (UHV) chamber with
a base pressure larger than 2×10−10 mbar for analysis.
The deposition of Ag metal (99.999%, Alfa Aesar) on
the CH3 NH3 PbI3 surface was carried out in a molecDOI:10.1063/1674-0068/cjcp1808189

ular beam epitaxy (MBE) chamber at 3×10−9 mbar.
There is no report about the sticking probability of Ag
on the CH3 NH3 PbI3 surface, thus the thickness of the
evaporated silver was defined by a quartz crystal microbalance (QCM).
The SRPES and XPS experiments were performed
at the Catalysis and Surface Science Endstation at the
BL11U beamline of National Synchrotron Radiation
Laboratory (NSRL), Hefei, China. The detailed description of the beamline and endstation can be found
elsewhere [27]. The core levels of Ag 3d, N 1s, C 1s, and
Pb 4f spectra were measured in situ immediately after
each metal deposition with photon energies of 480 eV,
400 eV, and 200 eV, respectively, which were calibrated
using the bulk Au 4f7/2 core level located at 84.0 eV as
the reference. The valence-band spectra were measured
with a photon energy of 40 eV and referenced to the
Fermi level determined from a bulklike Ag layer on the
sample. A sample bias of −5.0 V was applied in order to
observe the secondary electron cut-off. The peak fitting
was performed by using the XPS Peak 41 program with
Gaussian functions after subtraction of the linear background. XRD patterns of the samples (before and after
Ag deposition) were recorded on a Rigaku Miniflex-600
operating at 40 kV voltage and 15 mA current with Cu
Kα radiation (λ=0.15406 nm).

III. RESULTS AND DISCUSSION

FIG. 1(a) presents the XPS survey spectrum of the
pristine CH3 NH3 PbI3 layer (red curve), the peak assignments are in good agreement with the elemental
compositions of the CH3 NH3 PbI3 layer. After depositing 64 Åthick Ag on the CH3 NH3 PbI3 surface, the Ag
3d peak shows up in the XPS survey spectrum (blue
curve). In addition, no O 1s signal is observed, indicating that the degradation of perovskite layers induced
by residual oxygen or moisture does not happen during
the measurements. Moreover, after 64 Å Ag deposition,
the Pb 4f signal is still obvious and the Ag 3d signal is
not very strong, which may be relative to the low condensation coefficient of Ag on CH3 NH3 PbI3 surface at
elevated temperature, just like Ag evaporating on the
polymer surface [28, 29]. In order to prove this speculation, the parallel controlled experiments were performed by depositing Ag on CH3 NH3 PbI3 surface at
various temperatures (100, 200, and 300 K), and got
surface sensitive information by changing the detection
angles. The results are shown in FIG. S1 (supplementary materials). Obviously, the Ag 3d signal at 100 K is
much stronger than that at 300 K, indicating that the
condensation coefficient of Ag at 300 K is much lower
than that of Ag at 100 K. In addition, at the same
thickness and temperature, the Ag 3d signal collected
at grazing emission (θ=60◦ , with respect to the surface normal) is much stronger than that at the normal
emission (θ=0◦ ), as shown in FIG. S2 in supplemenc
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FIG. 1 (a) XPS survey spectra of the pristine CH3 NH3 PbI3 layer (red curve) and the sample deposited with 64 Å of Ag
(blue curve). The inset shows the schematic architecture of the sample ITO/NiO/CH3 NH3 PbI3 /Ag. (b) The evolution of
Pb 4f XPS as a function of the Ag thickness.

tary materials, which suggests that Ag atoms mainly
distribute on the CH3 NH3 PbI3 surface, and just small
part of Ag atoms diffuse downward.
In order to get further insights into the interfacial interaction, the evolution of the Pb 4f spectra as a function of Ag thickness was monitored, as presented in
FIG. 1(b). For the pristine perovskite layers, the Pb
4f7/2 spectra only present one component at 138.6 eV,
which is attributed to Pb2+ ions in the CH3 NH3 PbI3
layer [30]. With increasing Ag thickness, a new small
peak appears at the lower binding energy side and becomes more remarkable after 32 Å thick Ag was deposited. This new peak at 136.7 eV is assigned to metallic Pb species [30]. This result indicates the chemical
reaction of Ag electrode with perovskite layers. However, it should be noted that the thermal radiation from
the evaporator may also cause the degradation of perovskite layer to form metallic Pb species [31]. In order
to exclude this possibility, a parallel experiment was
carried out by placing a pristine sample at the same
evaporation position with the empty evaporator. After the sample was thermally irradiated at the same
evaporation temperature (740 ◦ C) for 1 h, no obvious
changes can be observed in Pb 4f spectrum compared
to that before the thermal radiation (see FIG. S3 in
supplementary materials). This suggests that the appearance of metallic Pb caused by thermal radiation
can be excluded. Therefore, it is concluded that the
metallic Pb species originates from the interfacial interaction between Ag electrode and CH3 NH3 PbI3 layers.
The XRD experiments were also performed for the
samples before and after Ag deposition. The results are
shown in FIG. 2. For the pristine sample, the XRD pattern shows peaks at 2θ=14.37◦ , 20.29◦ , 23.71◦ , 24.74◦ ,
28.72◦ , 32.14◦ , and 40.91◦ . They can be attributed to
the (110), (200), (211), (202), (220), (310), and (224)
planes of the tetragonal structured CH3 NH3 PbI3 crysDOI:10.1063/1674-0068/cjcp1808189

FIG. 2 The XRD patterns of the pristine CH3 NH3 PbI3 sample and the sample deposited with 64 Åthick Ag. The inset
is the partialy enlarged view of the XRD pattern (from 37.9◦
to 39.7◦ ). The characteristic peaks at 2θ=38.35◦ and 38.95◦
correspond to metallic Ag and AgI species, respectively. The
peak at 2θ=12.89◦ corresponds to PbI2 species.

tal, respectively [32, 33]. After 64 Å thick Ag is deposited, a new peak appears at 2θ=12.89◦ , which can
be assigned to (001) plane of PbI2 phase [34]. In addition, from the partially enlarged XRD pattern (inset of
FIG. 2), two small peaks at 2θ=38.35◦ and 38.95◦ , attributed to the Ag and AgI species, respectively [21],
can be observed. Therefore, the XRD results further confirm the occurrence of the decomposition of
CH3 NH3 PbI3 layers induced by Ag electrode deposition
and formation of AgI and PbI2 phase.
FIG. 3 (a) and (b) show the evolution of Ag 3d
and I 3d core-level spectra for different thickness of Ag
onto the CH3 NH3 PbI3 layer, respectively. As shown in
FIG. 3(a), with increasing the Ag thickness, the shift
c
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FIG. 3 The evolution of (a) Ag 3d, (b) I 3d core-level spectra as a function of the Ag thickness. Representative peak ﬁtting
results of (c) Ag 3d5/2 and (d) I 3d5/2 for Ag deposition on perovskite surface with diﬀerent thicknesses.

of the peak position of Ag 3d5/2 is observed. The initial peak position of Ag 3d5/2 locates at 367.9 eV when
the thickness of Ag is below 8 Å, and the peak position shifts towards higher binding energy with further
increasing Ag thickness. As the Ag thickness increases
up to 64 Å, the peak position of Ag 3d5/2 shifts to
368.1 eV. I 3d spectra shown in FIG. 3(b) have similar changes: the initial I 3d5/2 peak locates at 619.1
eV and then also shifts towards higher binding energy
with increasing Ag thickness. After 64 Å thick Ag is
deposited, the peak position of I 3d5/2 shifts to 619.4
eV. For both of the Ag 3d5/2 and I 3d5/2 spectra, the
spectral line shapes are slightly broadened with increasing the Ag thickness, indicating the new species forms
at the CH3 NH3 PbI3 /Ag interface.
In order to illuminate the detailed interfacial interactions, the deconvolution of spectra was carried out
for Ag 3d5/2 and I 3d5/2 spectra, respectively. According to the previous reports, the Ag+ state locates at
the lower binding energy than the Ag0 state, due to
the impact of extra-atomic relaxation and lattice potential [35, 36]. As shown in FIG. 3(c), after 4 Å thick
DOI:10.1063/1674-0068/cjcp1808189

Ag deposition, the Ag 3d5/2 peak locates at 367.9 eV,
which is attributed to Ag+ state (labelled “AgI”). With
further depositing Ag on the CH3 NH3 PbI3 layers, the
Ag 3d5/2 spectra can be decomposed into two components with a second peak at 368.1 eV, which is assigned
to metallic Ag species (labelled “Ag0 ”). Furthermore,
this metallic Ag component becomes dominated species
when the Ag thickness is above 16 Å. The peak-fitting
result from the sample deposited with 64 Å thick Ag is
fully consistent with the appearance of Ag and AgI signal in the XRD pattern. FIG. 3(d) displays the peakfitting results of I 3d5/2 XPS spectra. For the pristine CH3 NH3 PbI3 layers, the iodide ions peak (labelled
“I1 ”) locates at 619.1 eV, which is in good agreement
with that reported in Ref.[21]. After Ag deposition, a
new peak (labelled “I2 ”) appears at the higher binding
energy side (619.4 eV) with its intensity gradually increases. Because the electronegativity of Ag is smaller
than that of Pb, the I2 component can be attributed
to the AgI component [35, 37]. The observations of I
3d5/2 spectra are completely consistent with the results
of Ag 3d5/2 spectra.
We further analyzed the evolution of the integrated
c
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FIG. 4 The evolution of peak intensities of C 1s, N 1s,
and I 3d spectra as a function of Ag thickness on the
CH3 NH3 PbI3 surface. The break region of the horizontal
axis is from 17 Å to 48 Å. All the peak intensities are normalized to those from the pristine CH3 NH3 PbI3 surface.

intensities of C 1s, N 1s, and I 3d spectra as a function of Ag thickness on the CH3 NH3 PbI3 layers. The
results are shown in FIG. 4. All the peak intensities
are normalized to those from the pristine CH3 NH3 PbI3
surface. Upon Ag deposition, the intensities of C 1s and
N 1s spectra gradually decrease with almost the same
rate (C 1s and N 1s spectra are shown in FIG. S4 in supplementary materials). After 64 Å thick Ag deposition,
they decrease about ∼23%. In principle, the integrated
intensity of I 3d spectra should also decrease with a similar rate. However, the intensity of I 3d decreases only
by 13%. Interestingly, when the Ag thickness is less
than 8 Å, the integrated intensity of I 3d even increases
by about 4%, while those of C 1s and N 1s decrease
by 5%. This distinctive changes in the substrate element peak intensities provide a direct evidence that
the iodide ions migrate from the perovskite subsurface
towards Ag electrode. The in situ photoemission spectroscopy measurements show that the chemical reaction
occurs at the interface between Ag electrode and perovskite layers, and iodide ion migration may facilitate
the reaction occurrence. In previous studies, the diffusion of iodide ions was attributed to the induction by
external environmental factor, such as the moisture and
temperature [21, 22, 38]. However, under the ultra-high
vacuum conditions in our present case, the chemical reaction and ion migration were also observed.
To better understand the driving force of the iodide
ions migration, the valence band and secondary electron cut-off measurements were carried out to investigate the energy level alignment at the CH3 NH3 PbI3 /Ag
interface. FIG. 5(a) displays the valence band and secondary electron cut-off spectra before and after Ag deposition on the CH3 NH3 PbI3 surface, respectively. For
the pristine sample, the highest-occupied molecular orbital (HOMO) level is approximately 1.2 eV below the
Fermi level, and the work function is calculated to be
5.0 eV, similar to the reported results [39]. When the
DOI:10.1063/1674-0068/cjcp1808189

FIG. 5 (a) Thickness dependent UPS spectra of Ag on
CH3 NH3 PbI3 coated on the NiO/ITO substrate including
the secondary cut-oﬀ region and the valence band edge region. (b) The schematic drawing of the energy level alignment diagram at the CH3 NH3 PbI3 /Ag interface. IP is the
ionization potential, EA is the electron aﬃnity, EH is the
hole transport barrier, WF is the work function, and ∆ is
the interfacial dipole.

Ag thickness reaches 64 Å, the Ag Fermi energy level
appears, and the work function reduces by 0.3 eV. The
energy level alignment at the CH3 NH3 PbI3 /Ag interfaces can be derived from these results. The position
of the lowest-unoccupied molecular orbital (LUMO) is
determined using the reported optical band gap 1.6 eV
[40] by ignoring the exciton binding energy. As shown
in FIG. 5(b), a downward interfacial dipole of 0.3 eV
is formed upon the contact of Ag electrode, which induces the decrease of the negative charge transport barrier from CH3 NH3 PbI3 layers to Ag electrode. Since
the activation barrier for iodide migration is as low
as 0.1 eV [23], thus the interfacial dipole of 0.3 eV at
CH3 NH3 PbI3 /Ag interfaces would facilitate the iodide
ions migration towards Ag electrode.
According to the above experimental observations, it
is concluded that the chemical reaction occurs between
the Ag electrode and perovskite layers, which is an important factor that influences the perovskite stability.
In particular, the direct evidence has been provided to
confirm the iodide ions migration and the interfacial
dipole would facilitate this migration process. The migration and accumulation of iodide ions induced two
c
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effects: the decomposition of perovskite layers and the
corrosion of the Ag electrode. Nevertheless, compared
with Au electrode, Ag is still a favorable electrode material with the advantages of low cost, low work function,
and the appropriate energy level alignment. Therefore,
in order to improve the device stability, charge transport layers should be applied between the top electrode
and perovskite layers to prevent the interfacial degradation [41, 42]. Because of the pinholes in spiro-MeOTAD
layer and high “solubility” of iodide ions in PCBM layer,
the blocking effect of these organic materials was not
obvious. In contrast, the inorganic charge transport
layers, such as MoO3 [19] and CuSCN [43], could form
a compact layer to prevent the Ag atom diffusion and
iodide ions migration. In addition, the interfacial dipole
should be considered to help solving the stability issue
induced by ion migration.

IV. CONCLUSION

In summary, in situ XPS and SRPES have been carried out to study the interfacial properties and the ions
migration at the CH3 NH3 PbI3 /Ag interface. Upon Ag
deposion onto the CH3 NH3 PbI3 surface, Ag atoms preferentially interact with iodide ions, leading to the formation of AgI species and the reduction of Pb2+ to Pb0
at the interface. The migration of iodide ions towards
Ag electrode is directly confirmed by the anomalous enhancement of the intensity of the I 3d XPS. Notably,
after 64 Å thick Ag deposition, the interfacial dipole of
0.3 eV between the CH3 NH3 PbI3 layers and Ag electrode possibly provides one of the driving forces for
the migration of iodide ions, which is detrimental for
the stability of CH3 NH3 PbI3 layers. Therefore, for the
fabrication of perovskite solar cells, introduction of an
ideal buffer layer between the metal cathode and perovskite layers which can prevent the chemical reactions
but keep excellent ohmic contact between Ag electrode
and CH3 NH3 PbI3 active layer is needed. We expect
that all the information obtained in this study will be
helpful for the reasonable design of the perovskite photovoltaic devices based on Ag electrode with high performances and excellent stability.
Supplementary materials: The results of parallel
controlled experiments and C 1s, N 1s spectra are
shown.
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