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ABSTRACT: Organometal halide perovskites are mixed electronic−ionic semiconductors. It is imperative to develop a deeper understanding of how ion-migration behavior in
perovskites impacts the long-term operational stability of solar cells. In this work, we found
that ion penetration from the perovskite layer into the adjacent organic hole-selective layer
is a crucial cause of performance degradation in perovskite solar cells. The monovalent
cation, namely, methylammonium (MA+), is the main ion species that penetrates into the
organic hole-selective layer of Spiro-MeOTAD because of the built-in electric ﬁeld during
operation. The incorporation of MA+ induces deep-level defects in the Spiro-MeOTAD
layer and thereby deteriorates the hole-transporting ability of Spiro-MeOTAD, degrading
solar cell performance. Our work points to two ways to improve the stability of perovskite
solar cells: one is to insert a compact ion-blocking layer between Spiro-MeOTAD and
perovskite, and the other is to ﬁnd a hole-selective layer that is insensitive to extraneous
ions (MA+).

■

INTRODUCTION

Although Al/Ag electrodes are not necessarily responsible for
device degradation, it remains to be clariﬁed whether and how
ionic motion in perovskite ﬁlms aﬀects the charge-selective
layers in perovskite solar cells with Au electrodes. The most
common hole-selective layers (HSLs) in highly eﬃcient
perovskite solar cells consist of conjugated organic materials
such as 2,2′,7,7′-tetrakis(N,N-di-4-methoxyphenylamino)-9,9′spirobiﬂuorene (Spiro-MeOTAD), poly(triarylamine) (PTAA),
and their derivatives.27−29 Hole transport depends on chemical
doping and modiﬁcation with trace additives such as lithium
salts. Ion-migration behavior in perovskite polymorphs and
consequent device degradation thus demands an understanding
of how this behavior aﬀects the organic HSL in perovskite solar
cells, especially under device operating conditions.30
In this work, we found that over half of the eﬃciency loss in
perovskite solar cells after operation originates from the
degradation of the HSL. This performance loss can occur
without any discernible perovskite decomposition. Through
time-of-ﬂight secondary-ion mass spectrometry (ToF-SIMS),
we observed the evident penetration of methylammonium ions
(MA+) from the methylammonium lead iodide (MAPbI3)

Organometal halide perovskite solar cells require further
progress to achieve long-term device stability. The decomposition of perovskite ﬁlms due to moisture, oxygen,
illumination, and other environmental factors has been
explored and addressed in signiﬁcant ways;1−4 however,
degradation of perovskite solar cells can still occur even
without the decomposition of the perovskite absorber layer.5−8
This suggests that the degradation of interfaces and chargeselective layers can also contribute to the fate of perovskite
solar cells over time.
Ionic motion is a suspected cause of instability in perovskitebased devices because of the low energy barriers to ionic
transport in organometal halide perovskites.9−19 The activation
energy for the migration of I, MA+, and Pb2+ ions ranges from
0.1 to 1 eV.10,13,19 Previous studies have shown that ion
migration strongly inﬂuences the physicochemical properties of
perovskite ﬁlms by introducing deep-level defects,14,20−22
doping eﬀects, and polarization ﬁelds,9,12,13,20 and that these
eﬀects can potentially cause gradual eﬃciency losses during
device operation. Ion-migration-related degradation was also
reported to be caused by redox reactions between metal
contacts and iodide for silver and aluminum electrodes in both
normal and inverted structures of perovskite solar cells.23−26
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Figure 1. Current density−voltage (J−V) characterization of perovskite solar cells with diﬀerent perovskite compositions: MAPbI3 and
(MAPbBr3)0.15(FAPbI3)0.85. (b) XRD patterns of MAPbI3 (gray) and (MAPbBr3)0.15(FAPbI3)0.85 (purple) perovskite ﬁlms in initial and degraded
cells.

under AM1.5 irradiation (100 mW cm−2). The light intensity
was calibrated with a Newport calibrated KG5-ﬁltered Si
reference cell. We used a black mask to deﬁne the cell area, and
the masking eﬀect was conﬁrmed by testing the short-circuit
current (Jsc) with and without it, which gave a 5% Jsc diﬀerence.
The J−V curves are measured from 1.5 to −0.2 V with a scan
velocity 20 mV/s. The masked active area was 9 mm2. For the
steady-state eﬃciency measurements, the applied voltage was
ﬁxed at 0.7 V, and the current value was recorded every 0.1 s.
After about 3 s, the current increased slowly when the light was
turned on.
For XRD measurements, X-ray powder diagrams were
recorded on an X’Pert MPD PRO instrument from PANalytical
equipped with a ceramic tube (Cu anode, λ = 1.54060A), a
secondary graphite (002) monochromator, and an RTMS
X’Celerator detector and operated in Bragg−Brentano
geometry. The samples were mounted without further
modiﬁcation, and the automatic divergence slit and beam
mask were adjusted to the dimensions of the thin ﬁlms. A step
size of 0.008° was chosen, along with an acquisition time of up
to 7.5 min/°. A baseline correction was applied to all X-ray
powder diagrams to remove the broad diﬀraction peak arising
from the amorphous glass slide.
The surface morphology of the perovskite thin ﬁlm was
characterized by scanning electron microscopy (SEM)
(Nano430, FEI). The instrument used an electron beam
accelerated at 15 kV.
Time-resolved ﬂuorescence spectra were recorded with a
high-resolution streak camera system (Hamamatsu C10910).
We used an ampliﬁed mode-locked Ti:sapphire femtosecond
laser system (Legend, Coherent) and a two-stage optical
parametric ampliﬁer (OperA Solo, Coherent) to generate the
pump beam with a repetition rate of 1 kHz. All of the samples
were excited at 517 nm at room temperature with a dose of
∼110 nJ cm−2. The top side of the perovskite layers (in contrast
to the FTO side) was illuminated by the incident light.
ToF-SIMS measurements were made wit a time-of-ﬂight
secondary ion mass spectrometer (TOF.SIMS 5) from
IONTOF company. Ar-ion clusters were used to bombard
and etch the ﬁlm; Bi ions were used to form negative or
positive electrical segments.
The impedance spectrum was measured using a potentiostat/
galvanostat (SP-150, Bio-Logic, Seyssinet-Pariset, France) at
diﬀerent biases. The FTO/TiO2 side was the negative electrode
for biases larger than 0 V, which was the same as for our
current−voltage scan. The frequency was tuned from 0.1 Hz to

perovskite layer into the HSL. During device operation, the
penetration of the organic cation can lead to increased deeplevel defects and reduced doping concentrations in the HSL,
leading to a loss of performance in devices.

■

METHODS
Device Fabrication. All chemicals were purchased from
Sigma-Aldrich or J&K Scientiﬁc Ltd. unless otherwise stated.
The photovoltaic devices were fabricated on ﬂuorine-doped tin
oxide (FTO) coated glass (Pilkington, Nippon Sheet Glass).
First, laser-patterned FTO-coated glass substrates were cleaned
in deionized water, acetone, and ethanol and then subjected to
an ultraviolet treatment for 10 min. Then, a compact 30-nm
TiO2 layer was deposited on the FTO by spray pyrolysis at 450
°C from a precursor solution of titanium diisopropoxide
bis(acetylacetonate) in anhydrous ethanol. After the spray
coating, the substrates were left at 450 °C for 45 min and
allowed to cool to room temperature. MAPbI3 was prepared
from methylammonium iodide (MAI)/lead acetate (PbAc2)
(Sigma-Aldrich) (3:1) precursor solution (215 and 172 mg
mL−1 for MAI and PbAc2, respectively) with an extra 4 μL of
H3PO2 (Aladdin). Then, the solution was spin-coated onto the
plasma-cleaned FTO/TiO2 substrate. The ﬁlm was sintered at
100 °C for 50 min in nitrogen ambient. The hole-selective layer
was spin-coated onto the perovskite ﬁlm at 3000 rpm for 40 s.
The spin-coating formulation was prepared by dissolving 72.3
mg of 2,2′,7,7′-tetrakis(N,N-p-dimethoxyphenylamino)-9,9′spirobiﬂuorene (Spiro-MeOTAD), purchased from Yingkou
OPV Tech New Energy Co. Ltd., 30 μL of 4-tert-butylpyridine
(tBP), and 20 μL of a stock solution of 520 mg mL−1 lithium
bis(triﬂuoromethylsulfonyl)imide (Li-TFSI) in acetonitrile in 1
mL of chlorobenzene. Finally, 90-nm-thick gold electrodes were
deposited by thermal evaporation. The active area of the
electrode was ﬁxed at 16 mm2.
For the lateral structure Au/perovskite/Au device, the wellestablished photoetching technique was used to prepare the 50μm channel. After the evaporation of 150 nm of Au, these
plates were immersed in acetone overnight and then washed
with acetone and distilled water. Before spin-coating of the
perovskite ﬁlm, a 3-min oxygen plasma treatment was used to
remove the residual organic material and decrease the defects
on the surface of the plates.
Device Characterization. The current density−voltage
(J−V) characteristics were obtained using an Agilent B2900
Series precision source/measure unit, and the cell was
illuminated with a solar simulator (Solar IV-150A, Zolix)
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Figure 2. J−V measurements of initial cells, degraded cells, and corresponding healed cells obtained by replacing the HSL in degraded cells for
perovskite compositions of (a) MAPbI3 and (b) (FAPbI3)0.85(MAPbBr3)0.15.

shown in Figure 2a (J−V for MAPbI3), Figure2b [J−V for
(MAPbBr3)0.15(FAPbI3)0.85], Figure S3a (steady-state performance for MAPbI3), Figure S3b [steady-state performance
for(MAPbBr3)0.15(FAPbI3)0.85]. Table 1 provides a summary

1 MHz with 70 data points, and at each point 200
measurements were averaged to smooth the impedance spectra.
All samples were measured under 10 mW cm−2 using a 1/10
optical attenuator. The capacitance as a function of frequency
was extracted using a resistor−capacitor (RC) circuit, and the
eigen-relaxation time or recombination time can be obtained
from either a Bode plot (frequency of the maximum phase
angle) or a Nyquist plot (1/RC). The details of obtaining the
trap density can be found in ref 34. For the identiﬁcation of the
energy levels of defects, we cited the conversion parameter
between the applied frequency and energy level,42 considering
the same device architecture and contacting layer.
Galvanostatic standard measurements were performed using
a potentiostat/galvanostat (SP-150, Bio-Logic, SeyssinetPariset, France) with a Au/MAPbI3/Au structure. In the
beginning of a cycle, the current value was preset at 20 nA, and
then the current was switched oﬀ. The experiments are
conducted in a nitrogen glovebox unless otherwise stated.

■

Table 1. Summary of the Power Conversion Eﬃciencies
(PCEs) of the Same Batch of Devices at Diﬀerent Stages
(Initial, Degraded, and Healed)
PCE (%)
device

MAPbI3

initial
degraded (air)
healed by new HSL (air)
degraded (N2)
healed by new HSL (N2)

16.1 ± 1.5
4.9 ± 2.3
11.2 ± 1.9
6.5 ± 1.9
11.5 ± 1.6

FAPbI3)0.85(MAPbBr3)0.15
18.9
13.5
15.7
18.5
17.8

±
±
±
±
±

1.4
2.4
1.9
1.6
1.8

of the eﬃciencies for the same batch of devices at diﬀerent
stages (initial, degraded, and healed). The PCEs of the initial
and degraded (after ∼8 min operating in air with ∼35% RH)
MAPbI3 cells were found to be 16.1% and 6.2%, respectively.
The eﬃciency increased by 4.5% (absolute) after the
replacement of the HSL. Performance recovery after replacement of the HSL was observed in the high-eﬃciency, hysteresisfree (MAPbBr3)0.15(FAPbI3)0.85 perovskite solar cells as well.
Because the replaced HSLs were rougher, this process of SpiroMeOTAD replacement would inevitably lead to a ∼1%
absolute eﬃciency loss compared to devices without degradation (Table 1). The eﬃciency recovery indicates that at least
half of the eﬃciency loss arose from the degradation of the HSL
itself.
The HSL-related degradation rate was higher in MAPbI3
devices than in (FAPbI3)0.85(MAPbBr3)0.15 devices, and it could
also be increased by moisture, as shown in Table 1. To gain
further insight into the degradation mechanism of the HSL, we
used ToF-SIMS to examine the possibility of ion penetration
from the perovskite ﬁlm into the adjacent HSL. We sought, in
this way, to analyze the chemical depth proﬁle of fresh and
degraded devices. First, by analyzing the ToF-SIMS spectra
layer by layer (Figure S4), we conﬁrmed that CH3NH3+, Pb+,
and I2+ can well represent perovskite, whereas C7H8O+ and Ti+
represent HSL and TiO2, respectively. The chemical depth
proﬁles of ions through the fresh and degraded MAPbI3 cells
(Au/HSL/MAPbI3/TiO2) are shown in Figure 3a,b. Note that
C7H8O+ shows two peaks in the plot: the ﬁrst peak corresponds
to the HSL, and the second peak originates from perovskite, as
shown in Figure S4. These results clearly show that the MA+
has little overlap between the perovskite layer and the HSL in

RESULTS AND DISCUSSION

We studied two types of perovskite solar cells both with the n-ip planar architecture FTO/TiO2/perovskite/Spiro-MeOTAD/
Au. One type was a MAPbI3 perovskite solar cell deposited on a
high-temperature-sintered compact TiO2 electron-selective
layer (ESL); the other was a (MAPbBr3)0.15(FAPbI3)0.85
mixed perovskite solar cell with Cl-capped TiO2 as the
ESL.31 As shown in Figure 1a, the MAPbI3 device had a
power conversion eﬃciency (PCE) of 16.1% under reverse scan
and showed strong hysteresis. The (MAPbBr3)0.15(FAPbI3)0.85
device had a PCE of 19.9% without obvious hysteresis. Both
devices exhibited performance degradation after working at the
maximum power point under humid ambient conditions
(Figure S1a,b). The faster degradation in air might be
correlated with moisture-assisted CH3NH3+ migration, demonstrated by Leijtens et al.20 To examine whether the degradation
was caused by perovskite decomposition, we measured X-ray
diﬀraction (XRD) patterns of the perovskite ﬁlms in the initial
and degraded devices. Note that the Au and the HSL were
removed before XRD measurements. No extra PbI2 was
observed in the degraded cells (Figure 1b), indicating negligible
decomposition of the perovskite ﬁlms.
Because TiO2 and inert metallic Au should be stable, we
posited that the vulnerable organic HSL (Spiro-MeOTAD in
our devices) might degrade during solar cell operation. To
verify this hypothesis, we replaced the Spiro-MeOTAD layer in
the degraded devices with a fresh ﬁlm, as illustrated in Figure
S2. The corresponding J−V curves and steady-state performance of the initial cells, degraded cells, and healed cells are
14519
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Figure 3. (a,b) Counts versus sputtering time for diﬀerent ions in the Au/HSL/perovskite/TiO2/FTO architecture in (a) fresh cells and (b)
degraded devices with over 60% eﬃciency loss. (c) Schematic of the electric ﬁeld distribution in perovskite solar cells and the corresponding
direction of ion migration.

Figure 4. (a,b) Capacitance versus frequency in (a) fresh and (b) degraded cells. The arrow in panel b indicates the transition point where the
capacitance value becomes negative at −0.4/−0.5 V bias. Note that we use absolute values in panel b and that the transition point indicates a value
change from negative to positive. (c) Defect distributions in fresh, degraded, and healed cells. (d) Recombination time constants (RrecCrec) of fresh,
degraded, and healed cells at diﬀerent biases.

the I− distribution also shows an overlap with the HSL
distribution in the degraded device. We also compared the
signal of MA+ (Figure S6a) and the HSL (Figure S6b)
distribution together in the fresh and degraded cells. This
comparison clearly demonstrates the striking diﬀerence in MA+
distribution between the fresh and degraded cells (Figure S6c).

the fresh cells. However, in the degraded devices, there is an
obvious overlap between the HSL and MA+ distributions,
especially close to the HSL/perovskite interface (purple area).
Quantitative analysis of the distribution is presented in Figure
S5 by means of a Gaussian ﬁtting. This overlap clearly shows
the penetration of MA+ ions from the perovskite ﬁlm into the
Spiro-MeOTAD layer during solar cell operation. Meanwhile,
14520
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As illustrated in Figure 3c, the MA+-ion penetration into the
HSL can be explained by the ion motion with the electric ﬁeld
under illumination. Under the electric ﬁeld, directed from the
TiO2 toward the HSL, MA+ cations migrate from the perovskite
into the HSL, whereas I− tends to move toward the TiO2. Here,
we cannot exclude the possibility of I− intrusion into the HSL
because of the small overlap between the I− distribution and the
HSL in degraded cells. Compared to the MA+ signal, the
intensity of I− counts was about 3 orders of magnitude lower.
The small amount of I− overlap with the HSL is not driven by
the built-in electric ﬁeld from the perovskite layer and might be
related to the volatile nature of HI formation in the perovskite
ﬁlm under illumination and heating (CH3NH3I → CH3NH2 +
HI, and HI could enter the HSL). We did not observe an
obvious diﬀerence in the gold distributions between the fresh
and degraded devices (yellow circles in Figure 3a,b), indicating
that gold migration was not involved in the irreversible
degradation in our devices.32
To further reveal how MA+-ion penetration deteriorates
device performance, impedance spectra (IS) of MAPbI3 solar
cells at three stages (initial, degraded, and healed) were
analyzed under 0.1-sun irradiation. IS is a well-established and
widely used technique in dye-sensitized solar cells,33 organic
solar cells,34 and perovskite solar cells.35,36 Electronic
parameters, such as capacitances and resistances in photovoltaic
devices, can be decoupled by analyzing the frequencydependent alternating-current response with appropriate
equivalent circuits. Figure S7e shows the equivalent circuit
used for our curve ﬁtting, where the subscripts ext, rec, i, geo,
and inter stand for external, recombination, internal, geometry,
and interface, respectively. At the initial stage, the radius of the
semicircle increases at a larger applied negative bias in the
impedance plots of fresh cells (Figure S7b) and healed cells
(Figure S7d), consistent with the presence of a widened space
charge region. However, the degraded device presented the
opposite tendency (Figure S7c). We also observed negative
capacitance at −0.4/−0.5 V in the degraded cells below 1 kHz
(Figure 4b), whereas the initial cells did not exhibit negative
capacitance (Figure 4a), and the negative capacitance
disappeared again in the healed cells (Figure S7a). Negative
capacitance is closely related to sub-band-gap defects.21,22,37−39
Then, the density of defect states can be derived from the
angular-frequency-dependent capacitance using the equation40,41
⎛ Vbi − Vapp ⎞ ⎛ dC ⎞
⎟ω
Nt (ω) = −⎜
⎟⎜
⎝ qWkT ⎠ ⎝ dω ⎠

We compared the defect states as derived from the angularfrequency-dependent capacitance43−48 (Figure 4c). Compared
to its initial state, the degraded device had a much higher
density of defects. After the HSL replacement (healed device),
the density of defects dropped signiﬁcantly again. Then, the
related recombination time constant (τrec = RrecCrec) can be
extracted from this IS modeling. The recombination lifetimes of
devices at various stages are shown in Figure 4d. Compared
with the initial and healed devices, the degraded device had a
much shorter recombination lifetime. The results here indicate
that the MA+-ion penetration mainly increased the defect
density in the HSL and thus led to the degradation of solar cell
performance as well.
In the high-frequency (∼1-MHz) region where only the bulk
resistance of the perovskite and HSL dominates, we observed a
2-fold increase in resistivity in the degraded cells (from ∼3 to 7
Ω cm2) (Figure S9a,b). The bulk resistance decreased after
HSL replacement (Figure S9c). A change in resistance in the
perovskite ﬁlm was excluded by cyclic galvanostatic measurements (Figure S9d).11,17,49 Considering that the TiO2 and Au
layers are robust, these sub-band-gap states and the increased
resistivity should be caused by the degradation of the HSL. To
demonstrate that MA+ caused the detrimental destruction of
Spiro-MeOTAD, we treated fresh devices with methylamine
vapor for a very short period of time. Surprisingly, the eﬃciency
dropped signiﬁcantly even after 1 s of such vapor treatment
(Figure S10b). Addition of 1 mg/mL MAI to Spiro-OMeTAD
solution also resulted in poorly performing devices (Figure
S10a). We found that the extent of device degradation resulting
from excess MAI was greater than that resulting from a single
MA vapor treatment. These results provide evidence that both
MA+ and I− are detrimental to the Spiro-MeOTAD layer, and
we could not exclude the possibility of I− reducing the device
performance in this work. However, Figure S10b provides
strong evidence that MA+ ion indeed play a role in destroying
Spiro-MeOTAD. On the other hand, from the results of our
ToF-SIMS experiments, MA+ is the main species that migrates
into the Spiro-MeOTAD layer. We summarize that the iodinediﬀusion-induced performance degradation in MAPbI3 and
(MAPbBr3)0.15(FAPbI3)0.85 solar cells should be negligible. The
detrimental eﬀect of excess CH3NH2+ or MA+ on the SpiroOMeTAD-based HSL might be related to a strong interaction
of Spiro-MeOTAD with MA+ because of the large dipole
moment of MA+,50 similar to the situation with poly(3,4ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).51

(1)

■

where Vbi, W, and Vapp represent the built-in voltage, the width
of the space charge region, and the applied voltage, respectively.
The frequency ω can be converted into the energy level of
defects (Ea) using the expression42
ω = AT 2 exp( −Ea /kT )

In summary, we have experimentally conﬁrmed that ion
penetration from the perovskite layer into the adjacent organic
HSL is one of the key factors leading to the performance
degradation of perovskite solar cells. The incorporation of MA+
ions into the HSL causes energy disorder and reduced
conductivity in the Spiro-OMeTAD layer, which results in
rapid performance degradation for perovskite solar cells. Our
work here highlights the need to ﬁnd a new hole-selective layer
that is insensitive to ion penetration or to insert an ion-blocking
layer between the HSL and the perovskite to alleviate the
eﬃciency loss during long-term operation.

(2)

This equation can be interpreted in terms of the emission rate
of carriers trapped by the defects at a speciﬁc energy level
(Figure S8). Finally, one can obtain the defect energy
distribution under diﬀerent applied bias voltages as
⎛ Vbi − Vapp ⎞ ⎛ dC ⎞
Nt (Ea) = −⎜
⎟ ⎜ ⎟f
⎝ qWkT ⎠ ⎝ df ⎠

CONCLUSIONS

(3)
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