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been successfully commercialized, large-
scale deployment of PSCs is hindered 
by performance degradation. Although 
≈4 months of stability have recently been 
demonstrated,[3] a 25–30 year lifetime is 
required to achieve a low levelized cost of 
energy which will allow PSCs to compete 
with other more established PV and con-
ventional power generation technologies.

Tremendous effort has been devoted 
to understanding the decay mechanisms 
and developing appropriate solutions to 
improve PSC device stability.[3–5] Degrada-
tion can be due to humidity,[6] oxygen,[7] 
light,[8] and heat.[9] In nearly all studies, 
water has been implicated as a key cul-
prit in causing instability in materials and 
devices. In early studies, the degradation 
of PSCs was attributed to hydrolysis reac-
tions in which water molecules reacted 

with organic species in the parent material to drive decompo-
sition and the release of gas phase HI and CH3NH2.[10] More 
recently, it has been revealed that hydrated perovskite phases, 
CH3NH3PbI3 • H2O and (CH3NH3)4PbI6 • 2H2O, may be 
formed during the initial degradation process.[11] Interestingly, 
the formation of the monohydrate phase can be fully reversed 
by exposing the hydrated perovskite to a dry environment.[11,12] 
To date, PSC degradation has been investigated by monitoring 
the current–voltage (J–V) behavior as a function of time under 
controlled temperature and humidity conditions.[4] Changes in 
the PV performance were correlated with general structural and 
compositional changes in the materials.[4] While instructive, 
this approach provides little information about the mechanisms 
and processes that control the causes and evolution of degrada-
tion on a microscopic level.

Recent advancements in imaging photocurrent, open cir-
cuit voltage, and recombination in thin-film solar cells with 
nano- and micro-scale resolution provide information on the 
performance of materials and devices[13] and their responses 
to environmental variation.[14] The understanding of the effects 
of spatially inhomogeneous chemical composition and crystal-
linity is particularly critical for designing strategies to improve 
the stability of PSCs. To elucidate the details of PSC failure 
mechanisms and develop pathways to produce stable devices, 
we performed in situ laser beam induced current (LBIC) map-
ping on state-of-the-art PSCs in the presence of moisture. Very 

After rapid progress over the past five years, organic–inorganic perovskite 
solar cells (PSCs) currently exhibit photoconversion efficiencies comparable 
to the best commercially available photovoltaic technologies. However, insta-
bilities in the materials and devices, primarily due to reactions with water, 
have kept PSCs from entering the marketplace. Here, laser beam induced cur-
rent imaging is used to investigate the spatial and temporal evolution of the 
quantum efficiency of perovskite solar cells under controlled humidity condi-
tions. Several interesting mechanistic aspects are revealed as the degradation 
proceeds along a four-stage process. Three of the four stages can be reversed, 
while the fourth stage leads to irreversible decomposition of the photoactive 
perovskite material. A series of reactions in the PbI2-CH3NH3I-H2O system 
explains the interplay between the interactions with water and the overall 
stability. Understanding of the degradation mechanisms of PSCs on a micro-
scopic level gives insight into improving the long-term stability.

1. Introduction

Organic-inorganic perovskite solar cells (PSCs), mostly based 
on methylammonium lead iodide (CH3NH3PbI3), have shown 
remarkable progress in the past five years. In addition to power 
conversion efficiencies exceeding 22%,[1] PSCs are easily pro-
cessed and promise low manufacturing costs.[2,3] Consequently, 
PSCs are now considered as a viable alternative to other more 
established photovoltaic (PV) technologies such as crystalline Si, 
CdTe, and CuIn1–xGaxSe2. While these latter technologies have 
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few LBIC studies have been performed on PSCs to date,[14,15] 
and this is the first detailed LBIC investigation of perovskite 
degradation processes.

2. Results and Discussion

Spatially resolved external quantum efficiency (EQE) maps were 
obtained at 25 °C using LBIC (Figure S1, Supporting Informa-
tion). The devices were ≈5 mm × 5 mm in size and were fab-
ricated in the so-called n-i-p superstrate configuration on glass 
(see the Experimental Section). The initial device efficiencies 
were in the range of 16%–19%, as previously reported.[16] Each 
LBIC map was constructed by measuring the photogenerated 
current induced by a 40 micron wide 532 nm laser beam that 
was scanned across the device. The laser power was adjusted 
to be ≈0.01 mW to avoid heating. The measured current values 
were converted to EQE using a calibrated Si reference cell. EQE 
maps were measured in 6 min intervals and individual frames 
were assembled into videos that allow the temporal and spa-
tial evolution of the LBIC signal to be visualized (Supporting 
Information). The PSCs were examined during exposure to the 
flowing N2 gas containing moisture at relative humidity (RH) 
values of 50 ± 5% and 80 ± 5%.

The EQE maps in Figure 1 show four distinct behaviors for 
devices exposed to a RH of 50% (1.6% H2O in N2). During 
Stage 1, the EQE of the PSCs increased slightly and peaked 
after a few minutes of exposure to humidity. During Stage 2, 
a rather uniform drop in photocurrent collection efficiency was 
observed over a time period of 18 to ≈105 min. Stage 3 is char-
acterized by the propagation of a front that sweeps from the 
periphery of the device over ≈2 h and a dramatic reduction in 
the EQE. Stage 4 occurred more slowly and, surprisingly, dis-
played a temporary increase in the EQE at some locations in the 
device. Note that although variations from sample to sample 
were observed, all devices showed the same general behaviors.

A thorough analysis of the findings provides an under-
standing of the processes underlying each stage. In Stage 1, 
the EQE is not constant across the entire area even for these 
near-record devices (Figure 1a). Despite the fact that great care 
was taken to form uniform layers during processing, and to 
eliminate moisture during device manufacture (see the Experi-
mental Section), defective areas are observed as well as signifi-
cant spatial variation in the EQE from ≈60 to ≈80% in regions 
of the device that appear to be defect-free. Thus, there is signifi-
cant potential for improving the performance of these devices 
simply by improving the uniformity of the current collection. 
For example, if the EQE across the entire area of the device was 
optimized to give the maximum value (83%), this particular 
16.2% device would have an efficiency of 18.5%.

Although not easily discerned in the maps of Figure 1a, the 
spatially averaged EQE shown in the inset of Figure 1b exhibits 
a clear peak ≈5–10 min after the onset of humidity exposure. 
This somewhat surprising result can be explained by consid-
ering that recombination centers at the interface between spiro-
OMeTAD and perovskite can be passivated by water molecules. 
Recently, it has been reported that uncoordinated ionic species 
on perovskite grain boundaries can be deactivated by hydrogen 
bonding with water, leading to reduced surface trap states 

and better carrier extraction.[17] Water has also been found to 
improve the crystallinity and morphology of films during depo-
sition, leading to better device performance.[18] In the present 
case, the devices were prepared under rigorously dry conditions 
and the performance rapidly improved upon exposure to water 
vapor. The route for water ingress could be diffusion along 
the pervoskite/spiro-OMeTAD interface from the edges of the 
device. Note that the gold back-contact is dense and continuous 
and, therefore, should be impervious to water.

The LBIC results of Stage 2 are characterized by a uni-
form decline in the photocurrent across the device. The 
EQE decreases quickly during the first hour, and then stabi-
lizes before the onset of Stage 3. While the background EQE 
decreases, relatively large defects, such as the one seen at the 
left of the Stage 2 images in Figure 1a, may partially heal, 
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Figure 1. a) LBIC EQE maps (at 532 nm) of a typical perovskite solar cell 
after exposure to 50 ± 5% RH. b) Areal average LBIC EQE (at 532 nm) as 
a function of time after exposure to humidity. c) LBIC images for Stage 4 
(480–1320 min) shown with a higher resolution color scale.
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presumably due to passivation by water, as seen in Stage 1. 
Overall, the spatially averaged data in Figure 1b show that the 
EQE drops from ≈72% to ≈56% during Stage 2. To explain this 
we first consider that the conductivity in spiro-OMeTAD is pro-
duced by doping, which is achieved by oxidizing the molecular 
backbone.[19] In the present case, a lithium salt (e.g., lithium 
bis(trifluoromethanesulfonyl)imide) is used to promote an oxi-
dative reaction between pristine spiro-OMeTAD and oxygen to 
produce mobile holes in the organic matrix.[19–21] Water incor-
poration has been shown to affect the electronic structure and 
hole mobility of doped spiro-OMeTAD in field effect transistor 
measurements,[22] so it is reasonable to expect water to impact 
the ability of spiro-OMeTAD to collect holes in the PV device 
configuration as well. The time constant for the phenomena 
responsible for Stage 2 is much slower than the time required 
for the Stage 1 enhancement, so the water transport mecha-
nism is likely to be different. The spiro-OMeTAD layer has an 
amorphous structure and possesses internal channels that can 
efficiently transport O2 and H20,[4,21] but the rate of transport 
is evidently slower than the transport along the perovskite/
spiro-OMeTAD interface. Because the degradation occurs in a 
rather uniform manner across the area of the device, the water 
concentration in the film at any time should also be uniform. 
To develop more insight, we performed optical transmission 
spectroscopy (Figure S2, Supporting Information) and observed 
changes in the optical transmittance that were consistent with 
water incorporation and a loss in the degree of oxidation of the 
spiro-OMeTAD.[20] Fourier transform infrared spectroscopy 
(FTIR) (Figure S3, Supporting Information) revealed reversible 
water-induced quenching of the NH+ functionality that is indic-
ative of hole conductivity. Consequently, it seems clear that the 
change in EQE can be ascribed to bulk changes in the doping 
state and hole collection efficiency of the spiro-OMeTAD layer.

After stabilizing at the end of Stage 2, Stage 3 commences 
at ≈105 min with a very large drop in EQE from ≈56% to a pla-
teau at ≈6% where the EQE stabilizes once again. In contrast to 
Stages 1 and 2, Stage 3 degradation begins primarily at the top 
of the image and progresses downward (Figure 1a). In some 
cases, the degradation front propagates from the edges toward 
the center of the device (Figure S4, Supporting Information). 
The speed at which the degradation front spreads is determined 
by the humidity, regardless of whether the carrier gas is dry air 
or N2, indicating that the degradation reaction is indeed related 
to the concentration gradient of water. With the capability 
to resolve the speed of propagation of the degradation front, 
which most likely corresponds to the rate of diffusion of water 
molecules in the perovskite film, degradation rates of 0.36 and 
1.48 μm s−1 under 50% and 80% RH, respectively, were deter-
mined (Figure S5, Supporting Information).

The X-ray diffraction (XRD) results (Figure S6, Supporting 
Information) revealed that the dramatic EQE drop during Stage 3  
is related to the formation of hydrated perovskite phases, 
consistent with other recent findings.[12] The intercalation of 
water molecules disrupts the long range order in the 3D per-
ovskite structure by producing low-dimensional hydrated per-
ovskites.[23] The development of degradation fronts for Stage 3 
(Figure 1 and Figure S4) is a consequence of the creation of 
more efficient avenues for water transport in the active layer 
film as the CH3NH3PbI3 • H2O chains are formed. Figure S7 

(Supporting Information) shows a schematic diagram of the 
cell as well as optical micrographs that show several of the 
device layers near a scribe line that is used to expose the front 
contact of the device for electrical connection. Evidently, Stage 3 
response for the sample of Figure 1a is due to enhanced water 
ingress at the exposed CH3NH3PbI3 surface. In situ J–V meas-
urements (Figure S8, Supporting Information) shows that the 
formation of the monohydrated perovskite phase dramatically 
decreases the short circuit current (JSC) and fill factor (FF) of 
the PSCs.

After the first three stages of degradation (≈330 min), the 
average EQE across the device was decreased from 71% to 6%, 
resulting in a completely failed device (Video S1, Supporting 
Information). These first three stages are, however, fully revers-
ible (vide infra). These three stages, however, are followed by 
an irreversible fourth stage that has not yet been investigated 
in detail. During Stage 4, the average EQE begins to increase at 
≈500 min from the Stage 3 plateau value of 6% to a maximum 
of ≈14% at 900 min. At longer times, the EQE then declines 
to 0% (Figure 1b). Video S2 (Supporting Information) clearly 
shows the microscopic changes during this stage of aging. 
Figure 1c shows the Stage 4 response with an increased EQE 
contrast. As the EQE begins to peak we see individual grains 
within the device becoming more effective at generating sig-
nificantly higher photocurrents than the average for the cell. 
After ≈700 min, these spots increase in intensity (higher EQE), 
while the background currents decreased. The high intensity 
EQE at spots indicates that the material at specific locations is 
becoming more effective at photocurrent generation as the deg-
radation proceeds, possibly due to disproportionation and phase 
separation to produce unhydrated perovskite grains and poorly 
photoactive materials such as perovskite hydrates or PbI2. With 
continuing hydration (beginning at ≈930 min) these unhy-
drated perovskite grains are evidently consumed as well. Then, 
the inactive regions expand, leading to morphological changes 
and, subsequently, to complete device failure (at ≈1300 min). 
At this point, the color of the material has changed from dark 
brown to yellow (Figure S9, Supporting Information).

Stages 1 and 2 are clearly determined by the changes in 
charge carrier extraction (surface recombination) and trans-
port (hole mobility) properties of the spiro-OMeTAD layer and 
the perovksite interfaces, suggesting possible improvements 
through the development of improved hole-transporting mate-
rials. Stages 3 and 4 are, on the other hand, related to reactions 
between water and the perovskite material and the resultant 
reactions and phase transformations. The hydration of perovs-
kite responsible for Stage 3 behavior is a reversible reaction.[12] 
When the humidity is reduced, the metastable monohydrated 
perovskite phase loses crystalline water and converts back to 
CH3NH3PbI3.[23] To investigate this reversibility with LBIC we 
mapped the photocurrent generation from devices subjected 
to hydration–dehydration cycles. Figure 2a shows images for 
the EQE recovery of a device that was hydrated under a RH of 
80 ± 5% (3.4% water). Note that the higher humidity leads to 
a faster degradation rate (Figure 1b and Figure S10). In this 
case, the feature of Stage 2 cannot be separately distinguished 
due the rapid transition to Stage 3. This finding highlights 
that the rates of the two processes have different dependen-
cies on the water concentration. When the atmosphere above 
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the device was subsequently purged with dry air for ≈4 h, the 
photocurrent completely recovered. Unlike the hydration which 
propagated along water diffusion pathways, the recovery of the 
photocurrent initiated at nuclei of recrystallized dehydrated 
perovskite grains and spread outward from there (Video S3, 
Supporting Information) as the photocurrent across the entire 
device increased gradually. The hydration–dehydration cycles 
were repeated several times without significant loss of current 
generation (Figure 2b). With multiple, deep hydration/dehydra-
tion cycles some degree of irreversibility begins to appear as 
defects form in the recrystallized CH3NH3PbI3 grains. Under 
these conditions, morphological changes arise during the 
recrystallization of perovskite crystals (Figure S11, Supporting 
Information), along with permanent deterioration in the cur-
rent generation.[24]

Note that the degradation caused by the hydration of 
CH3NH3PbI3 is reversible only for the monohydrate phase 
that forms after short-time exposure to a low vapor pressure of 
water. Longer exposure times or exposures to higher H2O vapor 
pressures can quickly lead to irreversible damage to the devices. 
Therefore, the Stage 4 degradation must consist of at least one 
irreversible reaction, most likely a water-catalyzed decomposi-
tion that leads to solid PbI2 and volatile products.[10–12,24]

In general, the reactions between water and CH3NH3PbI3 can 
be explained by a series of equilibria within the PbI2-CH3NH3I-
H2O system (Figure 3). As described by Equations (1)–(4), four 
primary reactions can be considered: (a) the perovskite forma-
tion reaction, (b) the reversible formation of a monohydrated 

chain of perovskite, (c) the formation of dihydrated perovskites 
with reduced dimensionality, and (d) water-catalyzed decompo-
sition to return to the starting components. 

PbI CH NH I CH NH PbI2 3 3 3 3 3+ ⇔  (1)

CH NH PbI H O CH NH PbI H O3 3 3 2 3 3 3 2+ ⇔ ⋅  (2)

n n4 CH NH PbI n CH NH PbI H O 2 H O
CH NH PbI 2H O 3PbI

3 3 3 3 3 3 2 2

3 3 4 6 2 2( )
( ) ( )− + ⋅ + −
⇔ ⋅ +

 
(3)

CH NH PbI 2H O PbI 4 CH NH I 2H O3 3 4 6 2 2 3 3 2( ) ⋅ ⇔ + +  (4)

Equation (1) (Figure 3a) specifies the basic formation (for-
ward) and thermal decomposition (reverse) reactions of stoi-
chiometric CH3NH3PbI3 in the absence of water. While there is 
a rather wide composition space for high efficiency pervoskite 
solar cells,[25] here we only consider the stoichiometric perovs-
kite phase. When a low concentration of water is introduced 
into the system, perovskite crystals can react to form monohy-
drated chains through Equation (2) (illustrated in Figure 3b). 
The reverse reaction can be driven by a reduction in the par-
tial pressure of water. Reaction between the monohydrate and 
dihydrated compounds occurs when the water vapor pressure is 
increased (Equation (3) and Figure 3c). The dimensional reduc-
tion from the 1D monohydrated chains to the 0D dihydrated 

perovskite phases requires the involvement of 
larger number of CH3NH3 cations, resulting 
in the formation of PbI2 as a byproduct. 
This process redistributes organic and inor-
ganic species, which causes an inhomoge-
neous composition, and alters the volume of 
the grains and the morphology of the film, 
and subsequently degrades the optoelec-
tronic properties of the devices. Meanwhile, 
the excess ions (CH3NH3

+ and I−) in the 
0D dehydrated phase are able to migrate to 
neighboring locations containing PbI2 nuclei, 
leading to the formation of CH3NH3PbI3. 
Thus, certain locations in the film can par-
ticipate in the actual formation reaction  
(Equation (1)) once again if the local water 
concentration is low. Under these conditions, 
individual CH3NH3PbI3 grains can co-exist 
with hydrated phases and PbI2 in locally phase 
separated regions. This phase separation 
likely accounts for the increase in photocur-
rent at local spots the in first part of Stage 4.  
If some of the reaction products are able to 
escape, the reaction becomes irreversible. For 
example, with gas flow removing CH3NH3I 
from the solid-state system, the reaction of 
Equation (4) moves to the right resulting in 
the irreversible formation of PbI2 (Figure 3d). 
In support of this mechanism, we note that 
white CH3NH3I residue was found at the gas 
outlet of our environmental chamber after 
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Figure 2. a) LBIC EQE maps of a hydrated perovskite device while purging with dry air. 
b) Areal average EQE (at 532 nm) of the perovskite device during hydration–dehydration cycles.
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≈30 devices were measured. As an aside, this suggests that 
CH3NH3I does not further decompose into CH3NH2 and HI in 
the presence of water as was suggested in early work,[10] which 
is consistent with reports of CH3NH3I stability in aqueous 
solutions.[26]

Understanding of the reactions in the PbI2-CH3NH3I-H2O 
system allows the stability of the perovskite thin films to be 
predicted under different conditions. However, the perovskite 
layers are very thin (≈300 nm) so the interfaces with the charge-
transporting materials (TiO2 and spiro-OMeTAD) could alter 
the kinetics and thermodynamics of the system's equilibria. 
To investigate the impact of the hole-transporting material on 
reaction between water and CH3NH3PbI3, we compared the 

optical absorbance of two different film stacks, one with and 
one without a spiro-OMeTAD layer, at RH = 80% (the same 
conditions as in Figure 2). Surprisingly, the fluorine doped tin 
oxide (FTO)/TiO2/CH3NH3PbI3 sample was stable and exhib-
ited no significant change in absorption at the perovskite band 
(≈1.6 eV) edge after 8 h (Figure 4a). From this result, it seems 
that the TiO2 layer may render the perovskite film resistant to 
water uptake. This stability enhancement is likely due to the 
improved crystallinity of the perovskite film when deposited on 
the TiO2 layer instead of a glass substrate. By contrast, the FTO/
TiO2/CH3NH3PbI3/spiro-OMeTAD sample started to degrade 
immediately after water was introduced into the chamber 
(Figure 4b). Note that the loss of the band edge absorption is 
evidence for the formation of both mono and dihydrated per-
ovskite species, both of which have a band gap above 3.1 eV.[12] 
In addition, the increased absorption of photons with ener-
gies <1.5 eV indicates the presence of water in the film stacks. 
Clearly, the presence of spiro-OMeTAD plays a role in acceler-
ating the water ingress process and the decomposition of the 
perovskite material.

Although it has been reported that both spiro-OMeTAD 
itself and the hygroscopic Li-TFSI additive contribute to the 
instability of CH3NH3PbI3,[11,27] the microscopic nature or 
origin of the accelerated degradation has not been clear. Com-
bining the in situ LBIC and optical absorbance measure-
ments makes it clear that the degradation is inhomogeneous 
(Figure 1c). We speculate that the internal channels within 
the hygroscopic spiro-OMeTAD layer may provide microen-
vironments of varying effective water concentration in con-
tact with the perovskite films. This inhomogeneous water 
distribution would provide spatial variation that allowed 
partial or full hydration in some locations (Equations (2)  
and (3)), while other nearby environments with locally low H2O 
concentrations could pull Equation (4) to the right which could 
in turn drive the CH3NH3PbI3 formation reaction (Equation (1)).  
The fact that small molecules like H2O and CH3NH3I can be 
freely transported in open channels within spiro-OMeTAD sug-
gests that the microenvironments could be in communication 
with one another to support the behavior observed in Stage 
4. This speculation is consistent with XRD data which show 
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Figure 3. Schematic diagram of the phase equilibria in the 
PbI2-CH3NH3I-H2O system consisting of a) formation and decomposi-
tion of CH3NH3PbI3, b) hydration and dehydration between the dry and 
monohydrated perovskites, c) equilibrium between mono- and dihydrated 
perovskites, and d) equilibrium between PbI2, the dihydrate, CH3NH3I, 
and water.

Figure 4. Optical absorbance spectra of a) FTO/TiO2/CH3NH3PbI3 and b) FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD aged under RH = 80%. The time 
between spectra is 12 min.
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that the dihydrated phase is more likely to form when spiro-
OMeTAD is present (Figure S6, Supporting Information).

The phase equilibria in the PbI2-CH3NH3I-H2O system 
provide a comprehensive understanding of the stability of 
CH3NH3PbI3 in the presence of water, and, coupled with an 
understanding of water interactions with spiro-OMeTAD, can 
be used to understand device stability. To fabricate and main-
tain high efficiency devices it is critical to (1) reduce the water 
partial pressure to avoid the dimensional reduction from 1D 
monohydrate to 0D dihydrates, (2) avoid the use of hydroscopic 
materials in the device (e.g., spiro-OMeTAD), and (3) seal the 
device so that the volatile species cannot escape. Clearly, water 
impermeable encapsulation would provide an effective method 
to prepare devices with long-term stability. Note that devices are 
stable in dry air and exhibit no significant change in the EQE 
map after ≈1000 h (Figure S12, Supporting Information). How-
ever, due to the reversible nature of Stages 2 and 3, PSCs are 
compatible with processing in moderately humid air so long as 
the device is dried prior to encapsulation.

3. Conclusion

In summary, we have investigated the spatial evolution of the 
EQE during the exposure of perovskite solar cells to humid 
atmospheres using LBIC measurements. The results show 
that the device behavior proceeds through two stages that are 
controlled by water-induced carrier extraction and transport 
changes in the spiro-OMeTAD layer and two stages that are due 
to phase transformation in the perovskite material. The changes 
in solar cell performance are explained by both reversible and 
irreversible processes. On the basis of these observations, we 
propose phase equilibria within the PbI2-CH3NH3I-H2O system 
to understand the water-induced degradation, and suggest that 
a dehydration process before device encapsulation will poten-
tially improve the stability of perovskite solar cells.

4. Experimental Section
General Methods: All the synthetic procedures and the device 

fabrications were carried out under a nitrogen atmosphere. All reagents 
and solvents were purchased from commercial sources and used 
without further purification unless otherwise noted.

Solar Cells Fabrication: Devices were fabricated on FTO coated glass 
substrates. The substrates were cleaned sequentially with Hellmanex 
soap in an ultrasonic bath for 30 min, then washed with acetone, 
isopropanol and finally cleaned in an oxygen plasma for 5 min. An 
≈30 nm thick TiO2 compact layer was deposited on FTO by spray 
pyrolysis at 450 °C from a precursor solution prepared with acetil 
acetone (0.4 mL, Aldrich), titanium diisopropoxide bis(acetylacetonate) 
solution (0.6 mL, 75% in 2-propanol, Aldrich), and ethanol (9 mL). 
After spraying, the substrates were left at 450 °C for 5 min, and were 
then left to cool down to room temperature. A mesoporous TiO2 layer 
was deposited by spin coating for 10 s at 4000 rpm with a ramp of 
2000 rpm s−1, using 30 nm particle paste (Dyesol) diluted in ethanol 
to achieve about 150 nm thick layer. After spin coating, the substrate 
was immediately dried at 100 °C for 10 min and then sintered again at 
500 °C for 30 min, under dry air flow. Mesoporous TiO2 was doped with 
lithium by spin coating a solution of bis(trifluoromethanesulfonyl)imide 
(Li-TFSI, 0.1 m, Aldrich) in acetonitrile at 3000 rpm for 30 s.[16] After spin 
coating, the substrate was immediately dried at 100 °C for 10 min and 

then sintered again at 500 °C for 30 min, under dry air flow. After cooling 
down to 150 °C, the substrates were immediately transferred into a 
nitrogen atmosphere glove box for depositing the perovskite films.

The perovskite films were deposited from a precursor solution 
containing methylammonium iodide (1.1 m) and lead iodide (1.2 m) in 
anhydrous dimethylformamide (DMF):dimethyl solfoxide (DMSO) 4:1 
(v:v). The perovskite solution was spin coated in two steps, at 1000 
and 4000 rpm for 10 and 30 s, respectively. During the second step, 
clorobenzene (100 μL) was poured on the spinning substrate 15 s prior 
to the end of the program. The substrates were then annealed at 100 °C 
for 1 h in the nitrogen-filled glove box.

After the perovskite annealing the substrates were cooled down for 
few minutes and a spirofluorene linked methoxy triphenylamines (spiro-
OMeTAD, Merck) solution was spun on at 4000 rpm for 20 s. The 
spiro-OMeTAD solution (0.07 m) was prepared in chlorobenzene, and 
doped with Li-TFSI (50 mol%) from a stock solution of Li-TFSI (1.8 m) 
in acetonitrile, tert-butylpyridine (tBP, 330 mol%, Aldrich) and Tris(2-
(1H-pyrazol-1-yl)-4-tert-butylpyridine)- cobalt(III) Tris(bis(trifluorometh
ylsulfonyl)imide) (Co-complex, 3 mol%, Dyesol) from a stock solution 
Co-complex (0.25 m) in acetonitrile.[19,28] Finally, 80 nm of gold was 
deposited by thermal evaporation under high vacuum, using a shadow 
masking to pattern the electrode.

LBIC Measurements: An LBIC system built in house was used to 
spatially resolve the current collection efficiency map.[13] A 532 nm 
Nd:YAG laser operating in the Q-switching mode at a repetition rate 
of 600 kHz was used to generate a light beam with an average power 
of 0.01 mW and a 40 μm diameter (corresponding to a power density of 
≈800 mW cm−2 or 2.14 × 1018 photons s−1 cm−2). Computer controlled 
over-head galvanometers were used to scan the laser beam across the 
solar cells at a speed of 1 mm s−1 with a 30 μm spacing between two 
lateral scans. The scanning area of an LBIC map was 8 mm by 8 mm. 
Individual devices were isolated by an electronic switch (Keithley 7001) 
and connected to a Keithley 2601 source meter. Light-induced current 
signals were collected at an acquisition rate of 5 kHz and converted 
into local external quantum efficiencies using a reference Si photodiode 
(Model: S2281-8D083) with a calibrated EQE (Figure S13, Supporting 
Information).

In Situ LBIC Measurement: An airtight environmental box 
(Figure S10, Supporting Information) was built to study the degradation 
of perovskite solar cells in humidity. The box was purged with a carrier 
gas (dry air or N2) through a water bubbler at a flow rate of 3 standard 
cubic feet per hour (SCFH) (0.083 m3 min−1). The gas bubbler was kept 
at 30 and 60 °C to maintain a 50 ± 5% and 80 ± 5% RH, respectively. 
The RH value was monitored by a commercial hygrometer stored in an 
airtight container that connected to the outlet of the environmental box. 
Time resolved LBIC maps were collected in 6 min intervals to study the 
evolution of the device degradation. A total of eight devices are discussed 
in this report, four of which were examined under 50% RH and four that 
were examined under 80% RH. The behavior was repeatable under each 
environmental condition, and consistent with other measurements that 
are not part of this study.

In Situ Current–Voltage Measurement: J–V measurements were 
recorded using a Keithley 2440 source meter and a solar simulator 
(Newport model 91195A-1000). A calibrated Si photodiode was used 
to configured the light intensity to simulate AM1.5 illumination. The 
environmental conditions were controlled in the same way as in the 
LBIC measurement. Time resolved J–V curves were measured from 1.2 
to 0 V at a sweep speed of 0.2 V s−1 in 12 min intervals.

Thin Film Stack Preparation: Thin films stacks of FTO/TiO2/
CH3NH3PbI3 and FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD were prepared 
following the same recipe as in the solar cells fabrication section, with 
the exception of the spiro-OMeTAD film, which contained Li-TFSI and 
tBP additives, but not the Co-complex. The spiro-OMeTAD film used for 
FTIR measurement was spin-coated on a sapphire substrate.

In Situ Optical Measurement: An environmental chamber (Figure S10,  
Supporting Information) was built to study the evolution of optical 
properties of the thin films stacks in humidity. Time resolved optical 
spectra were recorded by a spectrophotometer (Perkin Elmer 
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Lambda 1050) in the range of 350–2200 nm in 12 min intervals. The 
humidity conditions were controlled in the same method of the LBIC 
measurement. The extinction coefficient was calculated by k = λA/4πd, 
where λ is the wavelength, A is optical absorbance, and d is the thickness 
of the film stack.

Other Characterization Methods: An FTIR spectrometer (Nicolet 6700, 
Thermo Fisher Scientific) was used to measure the Fourier transform 
infrared spectroscopic spectra of spiro-OMeTAD films in the attenuated 
total reflection mode. The spectra were recorded with a 1 cm−1 
resolution. An X-ray diffractometer (Rigaku Ultima III) was used to 
measure XRD spectra of the film stacks in the range from 5° to 60° with 
a step size of 0.02° and a speed of 0.50° per minute. A field emission 
scanning electron microscope (Hitachi S-4800) was used to acquire 
scanning electron microscopy (SEM) images of aged devices.

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