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ABSTRACT 

The moisture-induced degradation in perovskite solar cells is thoroughly investigated by 

materials (SEM, EDX, XRD) and device characterization (impedance and intensity 

modulated photocurrent spectroscopies). Both the influence of the perovskite composition 

and the nature of the hole selective material were analyzed. The degradation rate is found 

to be significantly slower for mixed perovskites and P3HT-based devices. However, for a 

fixed degradation degree (defined as a 50% drop of the initial photocurrent), all 

configurations show similar features in the small-perturbation analysis. Thus, a new mid-

frequency signal appears in the impedance response, which seems to be related to charge 

accumulation at the interfaces. In addition, faster recombination, with a more important 

surface contribution, and slower transport is clearly inferred from our results. Both features 

can be associated with the deterioration of the contacts and the formation of a greater 

number of grain boundaries.  

 

INTRODUCTION 

Over the last decades, the research community has paid special interest to the development 

of advanced, efficient and low-cost photovoltaic technologies. In this context, hybrid 

organic-inorganic metal halide perovskite materials have attracted much attention owing 

to their excellent optoelectronic properties.1–5 As a result, since the first report of the 

perovskite material as sensitizer in dye-sensitize solar cells (η = 3.8%),6 a significant 

improvement of photovoltaic conversion efficiency has been achieved with a current 



efficiency record of η = 21.1%7 for full perovskite solar cell devices. This figure is 

comparable to photovoltaic performances of other thin-film photovoltaic technologies 

based on Si, CdTe and GaAs. This remarkable development was possible due to intensive 

research focused on device-engineering and material design.8–12 However, in spite of this 

progress, the lack of a long-term stability restricts its outdoor photovoltaic applications13 

and as a consequence its commercialization. 

It is well-known that the stability of perovskite solar cells (PSCs) and therefore their 

photovoltaic performance are intimately associated to the degradation of perovskite layer. 

As it was previously reported, the main causes behind perovskite degradation are related 

to different environmental factors,14–16 such as moisture, temperature, oxygen and UV light, 

which could give rise to different degradation pathways. For instance, Niu et al. suggested 

that the perovskite degradation starts with the deprotonation of the methylammonium 

cation by water to produce methylamine, hydrogen iodide and lead iodide.17 Yang et al. 

proposed the formation of colorless hydrated (CH3NH3)4PbI6·2H2O as a result of perovskite 

hydration and the formation of lead iodide as final product.18 Haque et al. described the 

perovskite degradation by the coupled effect of molecular oxygen and light suggesting that 

reactive oxygen species and the organic cation of perovskite react among themselves.19 In 

any case, many approaches have been developed in order to prevent the perovskite 

degradation and guarantee the device stability. Among them stand out the effective 

passivation of devices by the use of hydrophobic polymers layers, the employment of 

photopolymerized fluorinated coatings, hydrophobic hole-selective materials, hydrophobic 

carbon electrodes and a thin blocking layer between perovskite and electron-selective 

layers.20–25  

Nevertheless, the impact of these environmental factors on perovskite degradation kinetics 

depends on other intrinsic properties such as thermal and electrical stability, which is 

determined by the perovskite composition. Hybrid organic-inorganic metal halide 

perovskites are defined by the chemical formula ABX3, where A is an organic or inorganic 

cation (MA = CH3NH3
+, FA = HC(NH2)2

+, Cs+),  B is a metal (Pb, Sn) and X is a halide (I-, Br-, Cl-

). The chemical nature of these elements does not only influence the photoelectronic 

behavior, but also the structural properties defined by the tolerance factor (t)26 

 𝑡 = (𝑟𝐴 + 𝑟𝑋)(√2(𝑟𝐵 + 𝑟𝑋)) 

 

where rA, rB and rX are the ionic radii of the different elements A, B and X, respectively. 

Empirically, for the most stable perovskite, t shows values between 0.8 and 1 giving rise to 

cubic crystal structure. However, for t < 0.8 the tetragonal or orthorhombic crystal structure 

are more probable.26,27 As a consequence, special attention has been paid to the perovskite 

composition in order to achieve a more stable crystal structure and guarantee a long-term 

stability by the entire or partial inclusion of different ions with different sizes. For instance, 

it has been demonstrated the beneficial effect in terms of stability of a partial insertion of 

bromine into the perovskite structure.28,29 Similar results were found for the inclusion of 

chloride.30 In the both cases, the smaller ionic radii of Br and Cl with respect to I leads to a 

more compact structure in which the organic cations are less exposed. More recently, Petrus 



and coworkers reported the impact of the excess of PbI2 as precursor on perovskite stability 

against moisture exposure.31 In relation to the organic cations, t values of 0.88 and 0.83 were 

found for perovskites containing MA and FA, respectively.32 The higher thermal stability 

found for FAPbI3 was associated with the more-stable cubic crystal phase with respect to 

the tetragonal one attributed to MAPbI3, which could be related to the different interaction 

of these cations with the inorganic matrix.27 Similar results were found by Snaith et al. when 

they compared CsPbI2Br and MAPbI2Br and demonstrated the stability of the former owing 

to the appropriate ionic radii of Cs+.33 More recently, the stability of triple cation perovskite 

(MA, FA and Cs) has also been investigated.34 

Up to the date, previous studies related to the perovskite stability have mainly investigated 

the different perovskite degradation mechanisms under environmental factors or different 

approaches to prevent the perovskite degradation. SEM and STEM images, EDS mapping, 

UV-Vis absorbance, XRD diffraction patterns, Raman and IR spectroscopy have been 

techniques commonly used to characterize the extent of perovskite degradation and its 

kinetics. However, to the best our knowledge, this is the first report where small-

perturbation optoelectronic techniques have been used to investigate the impact of 

moisture on the electronic processes that determine the photovoltaic performance. This is 

important to better assess how the perovskite improvements investigated in the literature 

really affect the functioning of the device in terms of stability and efficiency. In order to 

correlate the moisture effect on this, we have analyzed the electron transport and 

recombination processes using impedance spectroscopy (IS) and intensity-modulated 

photocurrent spectroscopy (IMPS). In this work, we have investigated both the influence of 

the perovskite composition (MAPbI3 = MAI and Cs0.05(MAPbBr3)0.15(FAPbI3)0.85 = MIX) and 

the influence of the hole selective material (HSL: 2,2´,7,7´-Tetrakis(N,N-di-p-

methoxyphenylamine)-9,9´-spirobifluorene = Spiro-OMeTAD and poly(3-hexylthiophene-

2,5-diyl) = P3HT) on the device stability.  In particular, a faster degradation rate was found 

for MAI perovskite and Spiro-based devices. Regardless of the device configuration, our 

results point to a faster recombination after moisture exposure due to the coupled effect of 

the bulk recombination and the surface-mediated recombination. The greater contribution 

of the latter in degraded devices is revealed by interfacial charge accumulation processes 

and slower electron transport inside the perovskite layer. 

EXPERIMENTAL SECTION 

Fabrication of Perovskite Solar Cells 

Perovskite solar cells devices were fabricated on FTO-coated glass (Pilkington–TEC15) 

patterned by laser etching. Prior to use, the substrates were cleaned using Hellmanex® 

solution and rinsed with deionized water and ethanol. Followed this they were 

ultrasonicated in acetone, rinsed using 2-propanol and dried by using compressed air. TiO2 

compact layer was deposited by spray pyrolysis at 450oC using titanium diisopropoxide 

bis(acetylacetonate) precursor solution (75% in 2-propanol, Sigma Aldrich) using O2 as a 

carrier gas. The TiO2 blocking layer was then annealed for further 30 minutes at 450 ºC for 

the formation of anatase phase. Once the samples achieve room temperature, a TiO2 

mesoporous layer (Dyesol, 30NRD) was deposited by spin coating (4000 rpm for 30 s) and 

the samples were annealed at 450 ºC. Subsequently, pure methylammonium (MAPbI3 = 

MAI) or mixed cation perovskite (Cs0.05(MAPbBr3)0.15(FAPbI3)0.85 = MIX) was then deposited 



(see the Supporting Information, Figure S1). Pure methylammonium perovskite precursor 

solution was prepared mixing 1.2M MAI and PbI2 (1:1.15) in DMSO. Mixed cation perovskite 

were prepared by dissolving FAI (1.01M), MABr (0.20M), PbI2 (1.21M) and PbBr2 (0.20M) 

in a mixture of solvents DMSO/DMF (1:4, v/v). After that, CsI (5 wt %) were added (from a 

stock solution 1.5M in DMSO) to the precursor solution. The perovskite solution was spin 

coated in a two steps setup at 1000 and 6000 rpm for 10 and 20s respectively. During the second step, 110μL of chlorobenzene was dropped on the spinning substrate 15 seconds 

before the end of the spinning program.  The samples were then annealed (100°C) for 1h in 

an Argon filled glove box. Later perovskite deposition, 35 μL of a Spiro-OMeTAD or P3HT 

solution was then spin coated at 4000 rpm for 20 seconds as hole transporting material. 

Spiro-OMeTAD material (70mM) were dissolved in 1 mL of chlorobenzene using standard 

additives as 17.5 μL of a lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) stock solution 

(520 mg of LiTFSI in 1mL of acetonitrile), 21.9 μL of a FK209 (Tris(2-(1H-pyrazol-1-yl)-4-

tert-butylpyridine)cobalt(III)Tris(bis(trifluoromethylsulfonyl)imide))) stock solution (400 

mg in 1 mL of acetonitrile) and 28.8 μL of 4-tert-butylpyridine (t-BP). In the case of P3HT 

material, 15 mg/mL solution in chlorobenzene was prepared and doped with 6.8ml of a 28.3 

mg/mL stock solution of LiTFSI in acetonitrile. Finally, 80 nm of gold was deposited by 

thermal evaporation under a vacuum level between 1·10-6 and 1·10-5 torr. All solutions were 

prepared inside an argon glove box under controlled moisture and oxygen conditions (H2O 

level: <1 ppm and O2 level: <10 ppm). For simplicity we will use the following notation to 

refer to the different device configurations studied: MAI/Spiro, MAI/P3HT, MIX/Spiro and 

MIX/P3HT 

 

Characterization of films and devices 

The devices were characterized using current-voltage characteristics by two different light 

sources: (1) a solar simulator (ABET-Sun2000) under 100mW/cm2 illumination with AM 

1.5G filter and (2) a white light emitting diode (LED, LUXEON). The light intensity was 

recorded using a reference solar cell with temperature output (Oriel, 91150). The current-

voltage characteristics were determined by applying an external potential bias to the cell 

and measuring the photocurrent using an Autolab/PGSTAT302N potentiostat.  

The illumination for the different Impedance Spectroscopy (IS) measurements was 

provided by white, red and blue LEDs (λblue = 465 nm and λred = 635 nm) over a wide range 

of DC light intensities. This allows for probing the devices at different positions of the Fermi 

level in the semiconductor and for different optical generation profiles. COLOR PAPER A 

response analyzer module (PGSTAT302N/FRA2, Autolab) was utilized to analyze the 

frequency response of the devices. To avoid voltage drop due to series resistance, IS 

measurements were performed at the open circuit potential, the Fermi level (related to the 

open-circuit voltage) being fixed by the DC illumination intensity. A 20 mV perturbation in 

the 106-10-2 Hz range was utilized to obtain the spectra. IMPS measurements were 

performed at short-circuit in the 106 to 10-2Hz range with a light perturbation 

corresponding to 10% of the DC background illumination intensity. To avoid any additional 

degradation process related to the moisture, the measurements were carried out under N2-

atmosphere. The NOVA 1.7 software was used to generate IS data. Z-view equivalent circuit 

modeling software (Scribner) was used to fit the spectra.  



For the structural characterization, perovskite films were prepared by spin coating onto Si 

wafers. Scanning electron microscope (SEM) images of the samples were performed using 

a Zeiss GeminiSEM-300 microscope working at 2KeV. Electron Backscatter Diffraction 

(EBSD) images were obtained using NordlysMax3 detector (Oxford Instruments).   Energy 

Dispersive Spectroscopy (EDS) was performed using a Silicon Drift Detector (Oxford 

Instruments).  X-ray diffractograms were recorded on a Rigaku diffractometer using CuKα 
source. The measurements were performed at grazing angle geometry. The samples were 

mounted without any further modification and the divergence slit were adjusted to the 

dimension of the films. A scan range from 10° to 60° was selected with an acquisition time 

of 3 degree/min. A baseline correction was applied to the diffractograms to compensate for 

the noise arising from the substrate. X-Ray Photoelectron Spectroscopy (XPS) 

characterization was performed in a Phoibos 100 DLD X-ray spectrometer from SPECS. The 

spectra were collected in the pass energy constant mode at a value of 50 eV for the general 

spectra and 30 eV for the different peaks using a Mg Kα source. C1s signal at 284.5 eV was 
utilized for calibration of the binding energy in the spectra.  Static water contact angle 

(WCA) measurements were provided by a Data Physics setup by depositing bidistilled water drops of 1μL. The given values correspond to a statistics over 10 values. The WCAs 

were evaluated for pinning droplets several seconds after the contact with the surfaces.  

 

RESULTS AND DISCUSSION 

Power conversion efficiencies in the range 12-16% were obtained under standard 

conditions (1 sun - AM 1.5 illumination) for the different PSCs studied (Figure S2). Current-

Voltage characteristics of the different PSCs were measured in reverse scan (from open-

circuit condition to short-circuit condition) at a scan rate of 100mV·s-1 with a waiting time 

of 30 s at 1.2V. In particular, average efficiencies of 15.3%, 13.2%, 13% and 12.5% were 

obtained for MAI/Spiro, MAI/P3HT, MIX/Spiro and MIX/P3HT devices, respectively (see 

Supporting Information, Table S1[BMAI1]).  In line with the literature,35–37 these results 

highlight the impact of the perovskite composition and the material used as HSL on the 

photovoltaic performance. For both perovskite compositions, better efficiencies were found 

when Spiro-OMeTAD was used as HSL with respect to P3HT as a result of the higher VOC. 

Additionally, in spite of showing similar JSC and VOC  for the both HSL, worse efficiencies were 

obtained for MIX devices due to its lower fill factor. These different devices will be used for 

the following discussion. 

In order to investigate the impact of the moisture exposure [BMAI2]on the device stability, 

the photovoltaic performance of the different PSCs were measured inside a hermetic 

chamber-holder with a constant flow of air with a RH > 90%. Figure 1 shows current-voltage 

characteristics of PSCs measured by cyclic voltammetry before and during the moisture 

exposure. The measurements were started with a reverse scan after a poling of 10 s at 1.2 

V, and were then continued with a forward scan.  



 

 

Figure 1. Normalized I-V curves for the different PSCs (blue) before and (black, red) during the 

moisture exposure measured in the reverse scan and forward scan (cyclic voltammetry) under light 

intensity of 10 mW·cm-2 (white LED). The measurements were performed with a scan rate of 

100mV·s-1 at room temperature. 

 

As shown Figure 1, moisture exposure negatively affects the photovoltaic performance of 

the different PSCs. Both VOC and JSC tend to decrease with respect to the moisture exposure 

time. In particular, an efficiency drop of 51% and 19% after 10 min for MAI-based devices 

and 60% and 42% after 160min for MIX-based devices were recorded when Spiro and P3HT 

were used as HSL, respectively. From these results, the following trends could be extracted. 

Firstly, focusing on the impact of the perovskite composition, the degradation process was 

faster when pure perovskite (MAI) was employed as active layer in contrast to degradation 

rate found for MIX perovskite. The same result was found when Spiro as well as P3HT were 

used as HSL. As it has been previously reported, the longer device stability obtained for MIX 

samples was not only due to the partial inclusion of bromine anions,28,29 but also to the 

combination of MA, FA and Cs cations.34 This combination gives rise to a more thermally 

and structurally stable perovskite. And secondly, in relation to the nature of the HSL, Spiro-

based devices are significantly less stable than those with P3HT as HSL.  



In order to cast light into the perovskite degradation kinetics obtained for the different PSCs, 

scanning electron microscope (SEM) was used to investigate the effect of moisture exposure 

on the device stability. Figure 2 shows SEM images obtained for bare perovskites and 

MAI/HSL films deposited on Si/cTiO2/mTiO2 before and after moisture exposure. 

 

Figure 2: Plane-view scanning electron microscopy (SEM) images for the MAI, MIX, MAI/Spiro and MAI/P3HT 

layers after moisture exposure (RH= 90%) for 1 and 5h at room temperature. 

 

Before moisture exposure, both uncovered perovskites layers formed homogeneous and 

free-pinholes films, with larger grain size for MIX perovskite. However, after moisture 

exposure remarkable morphological changes were observable in both cases. In the case of 

bare MAI layers, large perovskite crystals with well-defined faces appeared leading to 

extensive pin-holes after 1 hour under moisture exposure. For longer times (5 hours), larger 

structures with dendritic shape were formed. In contrast, as it was expected according to 

the literature,28,29,34 no significant change was observed for MIX layers for at least 1 hour 

under moisture exposure.  However, after 5 hours, large perovskite crystals with reduced 

pin-holes around them were produced. The formation of these large perovskite structures 

seems to be related to the perovskite aggregation process (Figure S3 in Supporting 

Information). In contrast to a previous report,38 EDX analysis showed the same Pb/I ratio 

for fresh and degraded samples.  

To investigate the influence of the HSL on the device stability, the most unstable perovskite 

(MAI) was used as active layer. As shown Figure 2, as a result of the perovskite degradation, 

an increased number of emerging structures coming from the underlying perovskite layer 

appeared when Spiro was used as HSL. These new formed crystals led even to the fracture 



of the Spiro layer. In contrast, after 5 hours under moisture exposure the P3HT layer 

appears unchanged. This behavior can be ascribed to the hydrophobic character of P3HT 

layer[BMAI3],25 which makes the penetration/percolation of water molecules towards the 

underlying perovskite layer more difficult. Table S2 gathers the water contact angles 

(WCAs) for the different configurations showing WCAs > 90º, i. e. a hydrophobic character, 

for the P3HT surfaces on both MAI and MIX perovskites. Similar behavior was previously 

reported using UV-Vis and FTIR spectroscopy.18,39 On the other hand, Spiro devices 

presented hydrophilic surfaces with WCAs < 80º for MAI/Spiro and MIX/Spiro samples. 

Therefore, it seems reasonable to assume that the short stability obtained for MAI/Spiro 

devices was connected to both the perovskite decomposition process, higher affinity to 

water and consequent degradation of the Spiro layer.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. X-ray diffraction for the different (MAI and MIX) perovskite layers with and without the HSL (Spiro 

and P3HT) deposited on the top (blue line) before and (red line) after moisture exposure for 1 hour. The 

positions of the XRD peaks for (purple star) PbI2 and (green circle) hydrated complex are marked in the graphs. 

 

Figure 3 shows XRD patterns of the two perovskites (MAI and MIX) with and without HSL 

(Spiro and P3HT) before and after moisture exposure. The characteristic diffraction peaks 

of tetragonal perovskite phase (14.1°, 28.5° and 31.9°)31,40 were obtained for fresh samples, 

which remained at the same position when the samples were subjected to humidity (RH > 

90) for 1 hour. As it was previously reported, any additional peak appears as a consequence 

of HSLs. Nevertheless, additional diffraction peaks previously related to the formation of 

hydrated perovskite complex and PbI2 were found after moisture exposure at 10.5° and 

12.7°, respectively.31,40–42 Focusing the attention on these two diffraction peaks, different 

behavior can be observed depending on the perovskite composition and/or HSL. Firstly, for 

uncovered perovskite layers these two peaks were only observable for MAI perovskite after 

moisture exposure. And secondly, contrary to what it could be expected, higher signal 

intensities for these two diffraction peaks were found for MAI/Spiro with respect to the 



uncovered MAI sample. Similar behavior was found for MIX perovskite. In this case, the 

signal previously attributed to PbI2 was only found for MIX/Spiro sample after moisture 

exposure, whereas it was not observed for bare MIX and MIX/P3HT samples. Therefore, the 

rapid degradation kinetics found for MAI/Spiro samples (Figure 1) could not only be related 

to the perovskite composition and/or the degradation of the Spiro (Figure 2), but also to a 

possible interfacial interaction of both layers.43 We have further analyzed the chemical 

composition of the device by XPS for as-prepared and exposed surfaces. See Table S? 

[BMAI4]for the comparison of the atomic percentages of the different elements in surface (Pb, 

I, O, C, N, S, F and Ti).  It is interesting to stress several aspects; first, after exposure of the 

MAI perovskite surface to humidity part of the TiO2 interface is revealed, meanwhile MIX 

surface composition only varies in the relative atomic percentage without appearance of 

any new contribution. After exposition to humidity, a percentage below the 1% of I appears 

in all the surfaces except for the MIX/P3HT that only presents a slightly variation in the C 

and S contributions.  Bearing in mind these results, the following trend can be established 

to define device stability: MAI/Spiro < MAI/P3HT < MIX/Spiro < MIX/P3HT. These results 

bring to light the importance of device engineering in the development of this technology 

for its outdoor application. 

 Once the impact of the moisture exposure on the device stability has been assessed 

according to the perovskite composition and the material employed as HSL, we focus our 

attention on the electronic processes determining the photovoltaic performance. To study 

the effect of moisture exposure on the device performance, we analyze the impedance 

response in the form of Nyquist and frequency-dependent capacitance plots (Figure 4). At 

this point, it is important to remark that the different PSCs were subjected to different 

moisture exposure times bearing in mind the different degradation kinetics demonstrated 

above. Therefore, in order to safely isolate the effect of the degradation rate, a photocurrent 

drop of 50% was employed as criterion for the exposure time. After the moisture exposure, 

the PCSs were flushed with dry nitrogen for 1 hour before starting the characterization by 

impedance spectroscopy. 

 



 

Figure 4. (A, B) Impedance spectra and (C, D) frequency-dependent capacitance obtained at open-

circuit condition and under white illumination for (A, C) fresh and (B, D) degraded PSCs. The 

excitation illumination intensity was fixed such a photopotential close to the 1-sun VOC is generated 

(Table S1).  

 
 

As shown in Figure 4A, the impedance spectra obtained for fresh PSCs were characterized 

by two signals (semicircles or arcs). These two signals will only be well-detected when the 

peak maxima on Bode plots are sufficiently well separated (see Supporting Information, 

Figure S4). As it was previously reported,44–48 the signal appearing at high frequencies (HF), 

the closest one to the origin and the largest semicircle, has been attributed to electronic 

transport/recombination processes, whereas the signal appearing at low frequencies (LF) 

has been related to ionic diffusion and charge accumulation at contacts. These two signals 

exhibit significant changes in the impedance spectra after moisture exposure. In particular, 

a distortion of the HF semicircle was found for degraded PSCs (Figure 4B). This behavior 

seems to be more remarkable for degraded P3HT-based devices. This feature could explain 

the non-symmetric shape of the HF peak in the Bode plots that was found for degraded PSCs 

(see Figure S4 in Supporting Information). The non-symmetric shape suggests that the time 

constant of a process previously hidden under the HF semicircle after degradation becomes 

now resolved or, alternatively, the appearance of a new capacitive process. The general 

response of the frequency-dependent capacitance for fresh and degraded devices is shown 

in Figure 4C and 4D, respectively. According to the literature,44,47,49,50 each plateau is related 

to a certain specific polarization process. In particular, the LF plateau was attributed to 

accumulation of majority carriers at the TiO2/perovskite interface, which seems to be 

related to the characteristic hysteretic behavior found in PSCs.50,51 On the other hand, the 

HF plateau was associated with the dielectric polarization of the perovskite in the bulk. In 

accordance to the different thicknesses of the perovskite layers (d) (see Figure S5 in the 

Supporting Information) and the expression for the bulk capacitance C = Aε/d, higher HF 

capacitance values were found for MAI-based devices. Focusing on the effect of the moisture 

exposure, although the capacitance values observed for HF and LF plateaus are in the same 



range (≈10-7 F/cm-2 and ≈10-2 F/cm-2, respectively) for fresh and degraded devices, the fact 

is that a new plateau in the range of 10-6 - 10-5 F/cm-2 was found at mid frequencies after 

moisture exposure. This effect seems to be more remarkable for P3HT-based devices. 

A similar behavior has been previously reported for PSCs with less efficient external 

contacts. In particular, impedance spectra and frequency-dependent capacitance plots were 

characterized by the presence of an additional MF component when TiO2 and Nb2O5 were 

employed as electron selective layer (ESL) in aged devices.44 Guerrero and coworkers 

associated this characteristic feature with the charge accumulation at the ESL/perovskite 

interface due to the low charge extraction efficiency of these selective contacts. Additionally, 

an interfacial recombination enhancement was suggested as a consequence of this charge 

accumulation process. Nevertheless, it should be considered that this charge 

separation/extraction process is not only determined by the ESL, but also by the perovskite 

itself and the material used as HSL. As it was reported, the interfacial interactions between 

the selective contacts and the perovskite layer affect the energetic barriers that determine 

the charge separation/extraction processes.50,52–55  Therefore, bearing in mind [BMAI5]that 

our devices are characterized by the same ESL, the MF component could be associated with 

an interfacial charge accumulation process due to the perovskite composition and material 

employed as HSL which can not only determine the charge extraction at the ESL/perovskite 

interface, but also at the perovskite/HSL interface. This interpretation could explain the 

difference found for Spiro and P3HT-based devices described above (Figure 4 and S4).  

In order to cast light [BMAI6]into the origin of this new feature appearing at mid frequencies 

after moisture exposure, impedance spectroscopy was measured using two different 

illumination wavelengths to modify the charge generation profile inside the perovskite 

layer. Bearing in mind the absorption spectra widely reported in the literature and taking 

into account the Lambert-Beer Law, a different spatial penetration of the optical excitation 

inside the perovskite layer is expected for blue and red illumination. Photogenerated charge 

would show a concentration gradient governed by the absorption coefficient.56 In 

particular, a higher concentration of photogenerated charge would be expected at the 

ESL/perovskite interface than at the perovskite/HSL one under blue illumination. In 

contrast, the profile of photogenerated charge is more uniform under red illumination. A 

similar methodology was previously used to analyze the recombination processes.57 COLOR 

PAPER 

 

Figure 5. Frequency-dependent capacitance obtained at open-circuit condition and under illumination for 

(squares) fresh and (circles) degraded MAI/Spiro, MAI/P3HT and MIX/Spiro devices using the two excitation 

wavelengths of (blue) λblue = 465 nm and (red) λred = 635 nm. 

 



Figure 5 shows the capacitance-frequency response under blue and red illumination for 

MAI/Spiro, MAI/P3HT and MIX/Spiro devices before and after moisture exposure. In line 

with Figures 4C and 4D, the capacitance-frequency response obtained under blue and red 

illumination was characterized by the presence of a characteristic plateau appearing at mid 

frequencies (104–102 Hz) which overlaps with the HF plateau (bulk capacitance) after 

moisture exposure. For fresh devices the capacitance-frequency response was not affected 

by electron-hole generation profile produced as a result of the different optical excitation 

wavelengths employed during the impedance spectroscopy. A similar behavior was found 

for degraded MAI/Spiro and MIX/Spiro devices. In contrast, a significant difference was 

found at mid frequencies for degraded MAI/P3HT devices when the electron-hole 

generation profile was modified. In particular, higher MF capacitance values were found 

when the availability of the photogenerated charges was higher at the perovskite/HSL 

interface (red illumination) with respect to when charge was photogenerated preferentially 

in the vicinity of the ESL (blue illumination). This behavior is also brought to light in the 

Nyquist plots by the presence of the MF semicircle for degraded MAI/P3HT devices under 

red illumination (see Supporting Information, Figure S6). Therefore, a more important 

interfacial charge accumulation process seems to take place after moisture exposure when 

P3HT was used as HSL and, consequently, a poorer hole extraction is expected at the 

perovskite/P3HT interface with respect to  perovskite/Spiro. This possible interpretation 

could not only explain the distorted HF semicircle and/or the apparent MF semicircle found 

in Nyquist plot of impedance spectra for degraded devices, respectively (Figure 4B and 

Figure S6), but also the more remarkable MF capacitance plateau observed for P3HT-based 

devices (Figure 4D). On the other hand, as it was mentioned above, the energetic barriers 

that determine the charge extraction/separation process is also depending on the 

perovskite material. As shown in Figure 5C, when the Spiro was used as HSL the 

capacitance-frequency response obtained under blue and red illumination shows the same 

behavior before and after moisture exposure. Similar results were found for MAI/Spiro 

devices (Figure 5A). Nevertheless, this MF capacitance plateau seems to be less visible after 

moisture exposure which suggest a better electron and hole extraction in both interfaces 

even after moisture exposure. This robustness of the electronic properties of the Spiro 

contact explains the normally better photocurrents obtained in devices when this material 

is used.  

In order to understand the differences found in the Nyquist plot of impedance spectra under 

different optical excitation wavelengths for degraded devices (see Supporting Information, 

Figure S6), the recombination (HF) kinetics was investigated. Figure 6 shows the electron 

recombination resistance extracted by fitting the impedance response under blue and red 

illumination for fresh and degraded MAI/Spiro devices to a simple -RSer-(RLF,CPE1)-

(RHF,CPE2)- equivalent circuit. To be sure about the fitting, the time constant (τ) were 

estimated as (1) τ=Rrec·Cb, where Rrec is the electron (HF) recombination resistance and Cb is 

the bulk capacitance; and (2) τ=1/2πf, where f is the frequency peak maximum directly 

extracted from Bode plots. The same behavior was found for both fresh and degraded 

devices (see Supporting Information, Figure S7).  



 

 

 

 

 

 

 

 

Figure 6. Recombination (HF) resistance versus open-circuit potential as extracted from fittings of the 

impedance spectra using the two excitation wavelengths of (blue) λblue = 465 nm and (red) λred = 635 nm for 

(squares) fresh and (triangles) degraded MAI/Spiro device. 

 

In particular, the recombination resistance shows the same behavior for fresh devices 

regardless of the electron-hole generation profile. In contrast, a small difference was found 

after moisture exposure when the optical excitation wavelength was changed. For degraded 

devices, smaller values of electron recombination resistance were found when the red 

illumination was used as optical excitation. In other words, the photogenerated charge at 

the perovskite/HSL interface seems to recombine strongly than the photogenerated charge 

at the ESL/perovskite interface for a degraded device. On the other hand, a remarkable 

change of the slope of the recombination resistance for both optical excitations was 

observed with respect to fresh devices. Similar results were obtained for all devices when a 

white LED was employed as illumination source before and after moisture exposure (see 

Supporting Information, Figure S8). This observation suggests that the charge that has been 

mainly photogenerated at the ESL/perovskite and perovskite/HSL interface are subjected 

to different recombination mechanisms after moisture exposure. As it was previously 

reported by us, COLOR PAPER the results obtained for fresh devices suggest that the main 

recombination process is mediated via a trap-limited mechanism in the bulk of the 

perovskite.58–61 However, superficial recombination could be more important as a 

consequence of the perovskite degradation by the moisture.40,62,63  Therefore, the increase 

of this surface-mediated recombination seems to be intimately related to the larger 

interfacial charge accumulation described above (Figure 5). Similar results were expected 

for the rest of devices studied in this work as revealed by Nyquist and Bode plots obtained 

under both optical excitations showing the same behavior (see Supporting Information, 

Figure S6 and Figure S9, respectively). 

This interpretation seems to be in line with the conclusions previously reported by A. Leguy 

and coworkers.40 In particular, they related the efficiency drop after moisture exposure to 

the isolation of the perovskite grains which would reduce the charge transport leading to 

an increased recombination at the grain interfaces. In other words, the grain insulating 

effect could limit the charge transport and improve the charge recombination giving rise to 

shorter charge diffusion lengths.62,63 In order to consolidate this assumption, IMPS was 

measured to provide information about the different charge transport processes (Figure 7). 



 

 

 

 

 

 

 

Figure 7. IMPS frequency plot of the imaginary part for MAI/Spiro device (blue) before and (red) after moisture 

exposure obtained under white illumination. 

 
As shownpresented in Figure 7, IMPS frequency plot shows two well differentiated peaks 

with respect to the frequency scale which have been previously related to different charge 

transport processes characterized by different time constants.45,51,64 In particular, the HF 

peak (≈104 Hz) was associated with the electron transport inside perovskite layer, whereas the LF peak (≈1 Hz) was attributed to ionic motion. In addition, a peak at mid frequencies 

was also found and related to the electron transport process in the mesoporous TiO2 

matrix.51,64 Nevertheless, this MF peak was not resolved in our case (Figure 7). Paying 

attention to the HF peak only, a lower charge diffusion coefficient (Dn) is expected for 

degraded devices, since the HF peak appears at lower frequencies (Dn= Ld2/τHF, where Ld is 

the thickness of the perovskite layer and τHF is the HF time constant).65 A smaller diffusion 

coefficient gives rise to shorter charge diffusion lengths, in line with the faster 

recombination observed in the degraded samples.  

 

 

CONCLUSIONS 

 

We have investigated the effect of the moisture-induced degradation of perovskite solar 

cells using a combination of materials characterization techniques (SEM, EDX, XRD and XPS) 

and small-perturbation optoelectronic techniques (impedance and intensity modulated 

photocurrent spectroscopies). We studied the influence of the perovskite composition and 

material employed as HSL on the device stability. In particular, our results reveal a lower 

degradation rate for perovskite solar cells based on (Cs0.05(MAPbBr3)0.15(FAPbI3)0.85) as 

active layer and P3HT as HSL. On the other hand, the effect of the moisture-induced 

degradation on the electronic processes that determine the photovoltaic performance in 

perovskite solar cell was also investigated. Regardless of the device configuration, the 

charge recombination is governed by the bulk of the perovskite layer via a trap-limited 

mechanism. However, the moisture-induced degradation modifies the charge 

recombination mechanism.  The additional mid-frequency component recorded in both 

Nyquist and Bode plots after moisture exposure suggests an interfacial charge 

accumulation. This charge accumulation process can accelerate the charge recombination 

rate due to a greater contribution of a surface-mediated recombination route. Additionally, 

a slower electron transport in perovskite layers was also evidenced in the results, which can 



be traced back to the formation of more grain boundaries as a consequence of the moisture-

induced degradation. 
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