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Abstract 

Defining low-temperature engineering protocols for efficient planar perovskite solar cells (PSCs) 

preparation is important for fabrication simplification and low-cost production. In the present work, we 

have defined a low-temperature (123°C) protocol for the preparation from a solution of SnO2 layers 

which are efficient for an application as electron transporting layer (ETL) in PSCs. Thin, conformal and 

transparent layers have been obtained. The related PSCs have shown best devices with a power 

conversion efficiency of 18.22% and low hysteresis J-V curves (hysteresis index of 6.7%). Charge 

injection has been thoroughly studied by photoluminescence decay measurements. The decay curves 

followed a bi-exponential function. The injection of holes into the Spiro-OMeTAD layer was found very 

fast and is a no-limiting step. On the other side, the charge injection into the oxide ETLs depends on its 

structure and on the oxide. The time constants for the low-temperature SnO2 layer are close to that of 

the mesoporous benchmark layers with a fast (surface) and slow (bulk) components at 11ns and 129 ns 

with relative contributions calculated at 13% and 87%, respectively. Phenomena occurring at longer 

time-scale have been investigated by impedance spectroscopy. The SnO2 cell spectra showed no 

intermediate frequency inductive loop. The very low frequency part of the spectra was characterized by 

the beginning of an arc of circle at the origin of a very large resistance over a large applied potential 

range. This resistance, along with an intermediate frequency resistance, has been assigned to a 

recombination resistance and they explain the very large Voc achievable with SnO2 PSCs. The existence 

of a capacitance at intermediate frequency with a noticeable low value at about 0.2 mF.cm-2 is linked 

with the low hysteresis of the devices.  
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1. Introduction 

Over the last few years, hybrid organo-lead perovskites (HPs) have emerged as one of the most 

promising family of materials for an application in highly performant opto-electronic devices.1 These 

semiconductors have revolutionized the fields of light emitting diodes, lasers, photodetectors and 

photovoltaic solar cells.1-18 The record efficiency for solar irradiation power conversion of the latter 

systems has raised rapidly to achieve a current certified world record of 22.7%.19 In the most popular 

architecture delivering high efficiency and stable power output, a TiO2 mesoporous structure, deposited 

on top of a TiO2 hole blocking layer is employed.20 The HP absorber layer is placed in-between this 

layer and a p-type one usually made of a molecular semiconductor. The oxide layer blocks the hole 

transfer and ensures the electron transport.20 On the other side, the p-type contact layer blocks the 

electrons and ensures the transport of holes between the absorber and the back contact.21,22 The drawback 

of TiO2 is that it requires a high temperature sintering step (>450°C) which is incompatible with the 

fabrication at low cost and with flexible devices. On the other hand, there has been a lot of research 

effort to develop simplified devices without mesoporous layer with the planar n-i-p cell structures. The 

n-type oxide hole blocking layer is pivotal for planar PSC. Such kind of device employing TiO2 electron 

transporting material (ETM) suffers from lower efficiency and large hysteresis of their J-V curves 

compared to the mesoscopic ones. 

Recently, SnO2 has emerged as the most promising n-type wide bandgap semiconductor to replace 

TiO2 in planar PSCs.23-33 The advantages of SnO2 compared to TiO2 are a deeper conduction band 

minimum, a wider bandgap (above 3.6 eV) and a high transparency over a large wavelength range as 

requested to maximize the solar light collected by the HP absorber. Moreover, SnO2 has a high electron 

mobility (up to 240 cm2/(V.s) compared to ≈ 0.1−1 cm2 /(V.s) for TiO2)34-36 and it can be prepared at 

much lower temperature than TiO2. In the literature, the main techniques employed for the preparation 

of SnO2 layers are atomic layer deposition (ALD), spin-coating, chemical bath deposition (CBD) and 

electrodeposition.23-33 In 2015, Baena et al.24 fabricated planar PSCs based on SnO2 layers formed by 

ALD at 120°C. They show that planar PSC using TiO2 are inherently limited due to conduction band 

misalignment when SnO2 achieves a barrier-free energetic configuration. These cells were almost 

hysteresis-free. Jiang et al.25 developed the spin-coating of a colloidal solution of SnO2 for the 

preparation of the SnO2 layer. The layers were annealed at 150°C. A PCE close to 20% was achieved 

almost free of hysteresis. They suggested that the SnO2 deep conduction band, the high electron mobility 

and then the reduction of the energy barrier at the perovskite/electron transporting layer (ETL) interface 

enhances the electron extraction and eliminates the J-V curve hysteresis. Mg –doping into high 

temperature proceeded SnO2 yield better PCEs than the undoped ones.26 The PSC J-V curve parameters 
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and PCE improvement was assigned to higher electron mobilities. Li-doping27 and Al-doping28 have 

also been reported to be beneficial for the PSC performances. Other works have focused on the SnO2 

surface engineering. Using a 3-aminopropyltriethoxysilane self-assembled monolayer (SAM) has 

demonstrated multifunction29: decrease of the work function of SnO2 for an enlarged built-in potential; 

formation of high quality perovskite; passivation of trap states and hidering of electron back transfer 

and recombination reduction. On the other hand, surface fullerene layer has been described as promoting 

the electron transfer, passivating the SnO2/perovskite interface and perovskite grain boundaries.30 The 

use as the ETL of a SnO2 layer two-step prepared (spin-coating and chemical bath deposition) and 

annealed at 180°C has resulted in PSCs with a Voc as high as 1214 mV and a 20.7% PCE.31 

Electrodeposition has also been employed for SnO2 ETL preparation. This solution-based (<100°C) 

processing method to synthesize crystalline SnO2 has permitted to achieve a much lower PCE of 

13.8%.32 However, to our knowledge, in-depth investigations of the functioning and electrical response 

of efficient SnO2-based PSCs are very scarce in the literature. A noticeable exception is the work by 

Guerrero et al..37 These authors measured the impedance spectra of SnO2 solar cells over a large applied 

potential range. The SnO2 layer of the cell was prepared by ALD. However, they presented an inductive 

loop in the intermediate frequency range that we have reported as the signature of not optimized cells in 

our previous work.20 This electrical feature could be due to aging since the cells were store several 

months before to be characterized. 

In the present paper, we develop the preparation from a precursor aqueous solution of a low 

temperature (123°C) proceeded SnO2 blocking layer which work efficiently, gives rise to a PCE as high 

as 18.2% and low hysteresis. Both CH3NH3PbI3 and a methylammonium/formamidinium mixed cation 

hybrid perovskites (HPs) have been employed as solar light absorber materials.14 We have investigated 

these structures to fully understand the remarkable effectiveness for charge carrier generation and 

collection. We have also investigated their electrical response to an ac signal by impedance spectroscopy 

in order to better understand the high efficiency and low hysteresis of the cells. A deep understanding 

has been achieved by comparing the SnO2 planar solar cells with planar TiO2 and mesoscopic TiO2 solar 

cells. These comparisons have helped the interpretation of the results.   

 

2. Experimental 

The F-doped tin oxide coated glass (TEC7, Pilkington) was cut, and etched patterned using HCl 

10% and Zn powder. It was then cleaned for 20 min in a concentrated 2.5 mol.L-1 NaOH ethanolic 

solution, rinsed with water, cleaned with a detergent, rinsed with MilliQ water and dried with 

compressed air. The substrates were then annealed 30 min at 500°C on a hotplate. 
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The SnO2 layer was prepared by spin-coating a precursor colloidal dispersion of tin (IV) oxide 

colloids (Alfa Aesar, 15% in H2O) diluted to 2.35% with H2O. This solution was stirred at least 30 min 

before use. 45 μL of this solution was spin-coated on the substrate at 3000 rpm for 30 s. and the layer 

was then annealed at 123°C for 1h30. This step was repeated then once. The TiO2 blocking layer (noted 

spr-TiO2) was prepared by an aerosol spray pyrolysis technique as described by some of us in Ref.16. 

A precursor solution was prepared by mixing 0.6 mL of titanium isopropoxide (TTIP), 0.4 mL of acetyl 

acetone in 7 mL of isopropanol. The substrate was placed on a hotplate at 455°C for 20 min prior to 

start spraying. The deposited layer was then annealed at 455°C for 40 min before to be let to cool down. 

The mesoporous TiO2 layer was prepared on the spr-TiO2 samples by diluting the NR30-D paste from 

Dyesol with ethanol (1:8 mass ratio). 40 μL of the solution was deposited on the blocking layer and 

spin-coated 20s at 5000 rpm. The layer was then dried on a hotplate at 100°C for 10 min and 

subsequently annealed at 500°C for 30 min under air flux. These samples and the related solar cells are 

noted meso-TiO2. 

The FA0.83MA0.17Pb(I0.87Br0.17)3 (FAMA) precursor solution contained 0.1719 g (1M) FAI, 0.0223 

g (0.2M) MABr,  0.507 g (1.1M) PbI2 and 0.0807 g (0.22 M) PbBr2 dissolved in 0.8 mL a of N,N-

dimethylformamide (DMF) (Sigma Aldrich) and 0.2 mL dimetyl sulfoxide (DMSO) (Alfa Aesar) 

solvent misture (4:1 volume ratio). 45µL of the perovskite precursor solutions was spin-coated on the 

oxide underlayers at 1000 rpm for 10 s (acceleration 200 rpm/s) and then at 6000 rpm for 35 s 

(acceleration 4000 rpm/s). During the second step, after 25s, 100 µL of chlorobenzene was dripped on 

the sample. The perovskite layer was finally annealed at 100 ºC for 1 h. The CH3NH3PbI3 (MAPI) 

precursor solution was prepared by dissolving 461 mg of PbI2 (TCI) and 159 mg of MAI (Dyesol) in 

723 μL DMF and 81 μL DMSO. The molar ratio between PbI2 and MAI was 1:1 and the concentration 

1.24 M. 45 μL of this solution was spin-coated onto the SnO2 layer by using a two-step program at 1000 

rpm for 10 s and 4000 rpm for 20 s. During the second step, after 8s, 110 μL of chlorobenzene was 

slowly dripped onto the rotating substrate producing a surface aspect changed to turbid caused by the 

rapid vaporization of DMF. The perovskite film was finally heated at 105°C for 1h.38,39 

The hole transporting material (HTM) solution was prepared by dissolving 72 mg of Spiro-

OMeTAD (Borun New Material Technology) in 1 mL of chlorobenzene. Then, 17.5µL of 

bis(trifluoromethylsulfonyl)imide lithium salt solution (LiTFSI) (Sigma Aldrich) solution (520 mg in 1 

mL ACN), 28 µL of TBP (tert-butylpyridine) (Sigma Aldrich) and 6 µL of tris(2-1H-pyrazol-1-yl)-4-

tert-butylpyridine)-cobalt(III)-tris(bis(trifluoromethylsulfonyl)imide) (Dyesol, FK209) (300 mg in 1 mL 

acetonitrile) were added to this solution. 35 µL of the HTM solution was spin-coated at 4000 rpm for 

20 s. Finally, the device was completed by thermally evaporating a 70-80 nm thick gold back contact on 

the Spiro-OMeTAD layer. The solar cell surface area delimited by the back contact was about 0.24 cm2.  
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The J-V curves were recorded by a Keithley 2410 digital sourcemeter, using a 0.625 V.s-1 voltage 

scan rate. The solar cells were illuminated with a solar simulator (Abet Technology Sun 2000) filtered 

to mimic AM 1.5G conditions.40 The illuminated surface was delimited by a black mask with an aperture 

diameter of 3 mm. The power density was calibrated to 100 mW.cm-2 by the use of a reference silicon 

solar cell.41 The impedance spectra were measured at room temperature, between 600 kHz and 20 mHz, 

using a PGSTAT 20 apparatus from Autolab. All the measured cells had the same contact geometries. 

The AC signal was 20 mV. All the impedance spectra were measured at room temperature, over a large 

applied voltage range under a ~1 sun light power provided by a halogen Schott lamp.42 These spectra 

were analyzed using the Z-view software from National Instrument. 

The scanning electron microscopy (SEM) experiments were performed on a GeminiSEM 300 from 

ZEISS. The images were acquired at 5kV with the In-lens SE detector. Samples did not undergo any 

treatment. The atomic force microscopy (AFM) experiments were performed in the Peak Force QNM 

mode with a Dimension ICON microscope from Bruker. Measurements were carried out in air at room 

temperature with a tip model ScanAsyst (k = 0.4 N/m, Bruker). The structure of the organolead 

perovskite film was characterized by a PANanalytical X-Pert high-resolution X-ray diffractometer 

(XRD) operated at 40 kV and 45 mA and using the CuKα radiation with λ = 1.5406 Å. The film specular 

absorbance was measured by a Cary 5000 UV-Vis-NIR spectrophotometer. The photoluminescence 

(PL) measurements were performed under microscope observation (numerical aperture 0.7). The PL 

spectra and decay curves of the perovskites were studied on layers spin-coated on glass substrate, on 

layers deposited on the oxide ETLs and on layers deposited on glass and covered by the Spiro-OMeTAD 

layer. The HPs were excited by a 470 nm diode laser (Picoquant) either directly or through the Spiro-

OMeTAD covering the FAMA layer on glass. The emission was filtered by a 488-nm longpass filter 

and analyzed either (i) for photoluminescence spectra, by a Horiba Triax 190 monochromator and a 

QImaging Retiga EXi CCD camera, used with 0.24 µW continuous excitation power or (ii) for 

photoluminescence decay, by a PerkinElmer SPCM avalanche photodiode combined with a Picoharp 

acquisition card (500 ps characteristic time of the total system response function) used with the laser in 

a pulsed mode at a 0.14 µW excitation power (pulse duration 70 ps). 

 

3. Results and discussion 

The developed SnO2 layer was prepared by spin-coating and we focused our study on an optimized 

layer for which the annealing temperature was as low as 123°C. Figure 1a and 1b show SEM views of 

the bare SnO2 substrate and of the substrate after the deposition of the SnO2 layer, respectively. The 

FTO layer was made of large grains with an average size of 200-250 nm. After the SnO2 coating and 

annealing, the aspect of the surface changed significantly and the FTO underlayer was covered by a 
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featureless layer of SnO2. The layer was crack-free. Further morphological characterizations were 

carried out by the AFM technique. Pictures in Figure 1(c,d) show that the SnO2 layer deposition occurred 

preferentially at the troughs of the FTO grains and a consequence was the obliteration of the FTO 

underlayer. This effect has been quantified by measuring the change in surface roughness defined as the 

ratio between the scanned surface over the projected geometrical areas. This parameter was reduced 

from 1.215 to 1.12 after SnO2 deposition and at the same time, the root-mean-squared roughness of the 

layer decreased from 38.9 nm to 23.6 nm. It is interesting to compare these layers to the optimized TiO2 

layer developed for the application by some of us and prepared by spray pyrolysis. Its optimization has 

been reported in the previous work of some of us. 20 Figure 1e is a SEM top view of the spr-TiO2 blocking 

layer which perfectly conformaly covers the FTO substrate. More characterizations are available in 

Ref.20. 

 

 

Figure 1. SEM top views of the (a) bare FTO substrate and (b) after the SnO2 layer deposition. AFM 
images of (c) the bare FTO substrate and (d) after the SnO2 layer deposition: (top) : 2μm x 2μm image; 
(bottom): 800 nm x 800 nm image (the vertical scale was 300nm for all images). (e) SEM top view of 
the sprayed TiO2 layer (spr-TiO2). (f) Absorbance spectra of the bare FTO substrate and SnO2, spr-TiO2 
and meso-TiO2 layers on FTO. 

 

The optical properties of the oxide layers were characterized by measuring their absorbance curves. 

Figure 1f compares the SnO2 layer with the spr-TiO2 layer and spr-TiO2/meso-TiO2 bilayer. The 

specular absorbance of the SnO2 layer is close to the substrate FTO/glass sample and its absorption edge 
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lies below 350 nm. They are highly transparent over the visible/near infra-red wavelength spectral range. 

On the other hand, the sprayed TiO2 has an absorption edge red-shifted compared to the spr-SnO2 layer 

due to the lower bandgap of TiO2. The absorbance edge analysis resulted in an indirect bandgap of spr-

TiO2 measured at 3.45 eV (Figure S1, Supporting Information). In Figure 1f, the spr-TiO2/meso-TiO2 

bilayer absorbance spectrum presents lower absorbance in the visible region compared to the other 

samples due to less diffuse light and more specular transmission. The absorption edge is slightly shifted 

and the Tauc analysis in Figure S1 (Supporting Information) gives an optical bandgap at 3.15 eV.    

  

Figure 2. (a) Absorbance spectra and (b) XRD patterns of FAMA and MAPI layers prepared on various 
oxide ETLs. 

 

The absorbance spectra of FAMA and MAPI deposited on various oxide substrates are shown in 

Figure 2a. The organo-lead halide compounds absorb across the whole visible region with an edge at 

780 nm. Figure 2a shows that FAMA is slightly more absorbing when prepared on the SnO2 underlayer 

compared to the TiO2 ones. The main difference between the spectra occurs below 500 nm. We also 

observe that the MAPI absorbance curve is close to that of the FAMA curves. A zoom view of the 

absorption edge shows a slightly steeper edge in the case of MAPI compared to FAMA (Figure S2a, 

Supporting Information). The Tauc plot gives a direct optical bandgap (Eg) at 1.59 eV-1.60 eV for both 

FAMA and MAPI (Figure S2b, Supporting Information). The structural characteristics of the HP 

samples are shown in Figure 2b. XRD patterns are indexed with the tetragonal HP structure peaks and 

those of the FTO substrate. The perovskite is well-crystallized. For FAMA, we note the presence of the 

(001) PbI2 diffraction peak at 12.7° in all cases. The intensity of this peak and the crystallinity of the HP 

are similar for the spr-TiO2/FAMA and spr-TiO2/meso-TiO2/FAMA samples showing that the meso-

TiO2 layer has no influence on the FAMA compound. On the other hand, the PbI2 peak is less intense 

on SnO2 compared to TiO2 and then less PbI2 impurity is formed on this substrate. The first stages of 

(a) 
(b) 
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the perovskite formation, that are its nucleation and initial growth, are influenced by the interaction of 

the precursors with the oxide substrate and then is influenced by its chemical nature. It is noteworthy 

that MAPI on SnO2 is pure phase with no PbI2 impurity (Figure 2b). The perovskite surface morphology 

has been probed by AFM (Figure S3a, Supporting Information). Larges grains are observed for MAPI. 

FAMA on SnO2 and meso-TiO2 have a similar aspect. The roughness quantification yields similar values 

for the various FAMA samples (Figure S3b, Supporting Information). The MAPI layer on SnO2 is 

smoother and the layer is made of large grains with a 210 nm mean size. The FAMA grains have similar 

size, ranging between 126-155 nm, for the various oxide underlayers. 

Cells have been prepared by completing these structures by a doped Spiro-OMeTAD layer and by 

a gold back contact. The planar architecture (Figure 3a) has been used for SnO2 and spr-TiO2, whereas, 

for the sake of comparison, we have also studied in parallel the mesoscopic TiO2 cells (meso-TiO2) 

which structure is presented in Figure 3b. Figure 3c is a cross-sectional view of the planar SnO2/FAMA 

cell. It shows the large grains of FAMA and the absorber layer thickness is estimated at 380 nm. The 

cells have been electrically characterized under one sun illumination by measuring their J-V curves 

under reverse and forward voltage scan directions. The results are gathered in Table 1 and Figure 3d 

shows the J-V curves for the best cells. 

 

Table 1. Photovoltaic parameters of SnO2-based, TiO2-based planar solar cells and of meso-TiO2 based 
solar cells under 100 mW.cm-2 AM 1.5G illumination. The numbers in brackets are the standard 
deviations. 

  Voc (V) Jsc (mA.cm-2) FF (%) PCE (%) HI (%)a 

SnO2 planar 
(FAMA) 

Max (Rev) 1.05 23.03 75.44 18.22 6.7 Max (For) 1.04 23.02 71.21 17.03 
Avg (Rev) 1.04 (0.01) 22.79 (0.44) 72.61 (4.36) 17.18 (1.44) 6.7 Avg (For) 1.03 (0.01) 22.76 (0.48) 68.19 (3.75) 16.06 (1.22) 

SnO2 planar 
(MAPI) 

Max (Rev) 1.01 21.92 68.84 15.28 23.4 Max (For) 0.97 21.98 56.40 12.08 
Avg (Rev) 1.01 (0.03) 20.25 (1.72) 62.22 (4.76) 12.71 (1.83) 18.6 Avg (For) 0.97 (0.02) 20.91 (0.89) 52.02 (3.10) 10.55 (1.08) 

TiO2 planar 
(FAMA) 

Max (Rev) 1.01 22.49 77.50 17.65 52.8 
Max (For) 0.90 22.43 50.86 10.28 
Avg (Rev) 1.01 (0.02) 20.71 (1.12) 66.91 (8.60) 14.08 (2.14) 61.2 Avg (For) 0.94 (0.03) 20.59 (1.19) 38.64 (10.44) 7.48 (1.89) 

TiO2 meso 
(FAMA) 

Max (Rev) 1.02 24.05 76.1 18.67 36.4 Max (For) 1.01 23.24 55.02 12.92 
Avg (Rev) 1.01 (0.008) 23.34(0.665) 75.93(1.33) 17.93(0.49) 43.2 Avg (For) 0.989(0.0136) 23.27(2.60) 50.72(2.60) 11.55(0.823) 

a) AVG

FORREV

)PCE(
)PCE()PCE((%)HI −

=
 with (PCE)REV, (PCE)FOR and (PCE)AVG the power conversion efficiencies 

determined on the reverse scan, forward scan and by averaging both, respectively. 
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Figure 3. (a) Planar and (b) mesoscopic PSC architectures. (c) Cross-sectional SEM view of a planar 
SnO2/FAMA solar cell. (d) J-V curve under simulated AM 1.5 G illumination of the best cells with 
various assemblies. 

 

In Table 1, the J-V curve parameters and the PCE of cells prepared using the SnO2 ETL combined 

with either FAMA or MAPI are reported. Actually, SnO2/FAMA cells presented high performances, 

with a PCE reaching more than 18.2 %. Interestingly, these cells were almost hysteresis-free (hysteresis 

index, HI, at 6.7%) (Table 2 and Figure S4, Supporting Information).22 These cells were also 

characterized by a high Voc. It has been pointed out by some authors that the bottom of the conduction 

band of the HP must be closely aligned to the CB of SnO2 to reach such high Voc.24   

With MAPI, the efficiency was lower at 15.28 % and the hysteresis was rather high (HI at 23% for 

the best cell). Compared to the SnO2/FAMA cells, the three J-V curve parameters were degraded and it 

suggests a worse energy matching and more recombination in this case.  

SnO2 cells have been compared to TiO2 cells. We have found that the maximum PCE of the meso-

TiO2 cells (18.67 %) was higher than with SnO2 but the hysteresis was much larger (HI equal to 36 %). 

Moreover, the key advantages of the planar SnO2 cells are a simplified structure and a low temperature 

processing. Actually, the SnO2 layer was annealed at a temperature as low as 123°C which is compatible 

with substrates that do not stand high temperature such as the plastic ones. In Table 1, we also report the 

performances of planar TiO2 cells. If the performances were high (maximum at 17.65 %), these cells 

suffered from a very large hysteresis. This behavior is completely different to the one of the planar SnO2 

devices which showed a low HI.   

(d) 
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Photoluminescence measurements can substantially improve our understanding of the complex 

nature of charge-carrier processes in metal-halide perovskites. These technologies have been 

implemented to study the charge injection at the selective contacts and to understand the effect of the 

oxide ETM and layer assemblies on the cell performances. Time integrated PL spectra of FAMA 

supported on various substrates are reported in Figure 4a. They are characterized by an emission 

centered at 774 nm. The maximum emission is measured for the FAMA layer deposited on blocking 

glass substrate. The PL intensity is lowered in the presence of an ETL due to charge transfer. Higher 

transfer is found for a contact made of planar SnO2 compared to the planar spr-TiO2 layer.  This indicates 

a much efficient charge separation in the case of the SnO2 contact. Figure 4a also shows that adding the 

mesoporous layer improves dramatically the quenching of the FAMA photoluminescence. Indeed, the 

mesoporous layer increases dramatically the contact area with FAMA. Also, this layer likely has a 

beneficial effect to optimize the energy barrier and contact between the two layers. The effect of the 

various selective contacts has also been investigated by time-correlated single-photon counting 

(TCSPC) measurements. The curves are displayed in Figure 4b and in Figure S5 (Supporting 

Information). They have been fitted with a bi-exponential decay function as described in the Section-A 

of the Supporting Information. The luminescence decay dynamics reflected by the fast-decay 

component, τfast, was assigned to free-carrier recombination at the surface and the slow-decay 

component τslow was assigned to the free-carrier recombination in the bulk for carriers propagating 

deeper in the material.43,44 The measured values for the various systems are gathered in Table 2. For 

pristine FAMA on glass, a fast lifetime constant was found at 82 ns and a slow one at 620 ns with a very 

high relative contribution (RC) of the latter (90.4%). The large values obtained show the good quality 

of the prepared perovskite material. For pristine MAPI we found τfast=29 ns and τslow=301 ns (Table 2). 

The fast component was close to the bulk single crystal one measured at 22 ns in Ref.43 while the slow 

lifetime was much shorter at 301 ns (while 1032 ns was reported for MAPI single crystal43). Higher 

carrier lifetime for FAMA confirms that this material is better suited for high efficiency due to less 

defects. Contacting FAMA to Spiro-OMeTAD had a dramatic effect on the decay curve (Figure S5, 

Supporting Information). The carrier lifetimes were then measured at 2 ns (46% RC) and 88 ns (54% 

RC) (Table 2). It shows a highly efficient charge injection into the HTM. For the ETM contact, the SnO2 

planar layer was found to act efficiently since the time constants of FAMA decreased markedly when it 

was stacked with this material (11 ns and 129 ns) (Table 2). Planar SnO2 is shown much more efficient 

than the planar spr-TiO2 contact for which time constants were higher. Interestingly, our experiments 

show that a mesoporous TiO2 layer is required to get highly efficient electron injection into TiO2. Then, 

a slightly better charge injection than for SnO2 was attained. It can explain the higher photocurrent 

achieved for the former cells (Figure 3d and Table 1). The highly efficient electron transfer from FAMA 

toward the SnO2 layer developed here is remarkable since this oxide layer was prepared from a precursor 

solution at low temperature (123°C), whereas the meso-TiO2 bilayer required high temperature 
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annealing up to 455°C to operate more efficiently. Therefore, SnO2 appears as the most interesting oxide 

ETM for the fabrication of efficient planar and flexible cells.  

We have also employed the PL techniques to investigate the electron injection from MAPI to SnO2. 

The spectra and decay curves are presented in Figure S6a and S6b (Supporting Information), 

respectively. The PL spectra are centered at about 770 nm and their intensity is reduced by the presence 

of the SnO2 layer due to the ability of the SnO2 to collect electronic charges. The MAPI TCSPC curves 

have been fitted by a biexponetial decay function which parameters are gathered in Table 2. The two 

time constants are markedly shortened when MAPI is contacted by the SnO2 layer and therefore SnO2 

allows the charge separation for the electrons photogenerated in MAPI.  

 

Figure 4. (a) Emission spectra of the FAMA layer on glass and supported on various oxide substrates. 
(b) Time-correlated single-photon counting curves of the photoluminescence. Same samples as (a). 

 

Table 2. Parameters of PL decays determined from the bi-exponential TCSPC curve fitting. Fast and 
slow lifetimes and relative contributions of the fast and slow components. 

Perovskite Sample τfast (ns) RCfast(%)a τslow (ns) RCslow(%)a 

FAMA 

Glass/FAMA 82.0 9.6 619.8 90.4 

SnO2/FAMA 11.1 12.6 128.7 87.4 

spr-TiO2/FAMA  15.9 12.6 233.8 87.4 

Meso-
TiO2/FAMA 
 

11.8 16.9 113.7 83.1 

Spiro/FAMA 1.98 45.8 17.7 54.2 

MAPI 
Glass/MAPI 28.7 17.2 300.9 82.8 

SnO2/MAPI 4.8 0.9 110.1 99.1 

(a) (b) 
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a Relative contribution (see section A-Supporting Information for its definition and calculation). 

 

To gain deeper insights into the effects of the ETL oxide material and architecture on the cell 

functioning and electrical response, the various devices were thoroughly investigated by impedance 

spectroscopy (IS). In the recent years, various works have shown that IS is a powerful technique for the 

investigation of PSCs.14,20,42,45-57 For instance, we have employed this non-destructive technique to 

investigate various TiO2 blocking layers,20 the use of various monovalent cations in the organo-lead 

perovskite,14 the effect of doping of the HTM on the PSC functioning21,22 and so on. The phenomena of 

charges (ions, electrons/holes) transfer and accumulation can be thoroughly investigated and followed 

by IS. The cells were analyzed under light illumination, over large applied voltage and frequency ranges. 

Figure 5a-d show Nyquist plots of spectra recorded in the 600 kHz-20 mHz range at 0.0V and 0.6V 

applied voltages. The spectra of the whole cells were characterized by two main loops. One can point 

out that our SnO2 cells did not show an inductive loop at the intermediate frequency. It confirms that 

large intermediate frequency inductive loop is a signature of poorly working cells. On the Nyquist plots, 

we can note that the low frequency loop had a different shape in the case of the SnO2/FAMA cells with 

a rise below 1Hz which draw the beginning of a new loop. To better distinguish the various resistance 

and capacitance features in the spectra, other spectral representations have been employed. Figure 5e 

and 5f are the real part of the complex impedance as a function of the frequency for an applied potential 

of 0.0V and 0.6V, respectively. Three main resistive features are observed. At very high frequency, Rs 

is the series resistance due to wires and the resistances of the contacts. We also note the presence of a 

plateau at 100Hz-2kHz which corresponds to the high frequency resistance R2, defined by the first arc 

of circle. A low frequency resistance is defined by extrapolating the spectra at very low frequency. The 

very low frequency behavior of SnO2/FAMA results in a large resistance at the steady state and then a 

high FF.  

We have also calculated the complex capacitance of the spectra defined as: 

C*=C’+iC"= 
1
𝑍𝑍𝑍𝑍𝑍𝑍

  (1) 

with i the square root of -1 and ω the angular frequency related to the ordinary frequency as f=ω/2π. 

Figure 5g and 5h figure out the real part of the complex capacitance (C’) for the various cells at 0.0V 

and 0.6V applied voltages. A first capacitive process is found at high frequency. It defines the 

capacitance C2. This parameter does not change significantly for the various cells and it is now well-

assigned to the bulk capacitance of the perovskite.14,20-22,37 Interestingly, we note on these figures a 

different shape for both FAMA/SnO2 and MAPI/SnO2 cells, with a capacitive feature in the 0.5Hz-10Hz 

region which is noted C3. At very low frequency, C4 is defined for all the cells.  
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Figure 5. (a,b) Nyquist plots of the impedance spectra of cells with various ETL and HP assemblies. 
(c,d) High frequency zoom views of the spectra. (e,f) Real part of the complex impedance plotted versus 
the frequency. (g,h) Real part of the complex capacitance plotted versus the frequency. (a,c,e,g) Applied 
potential: 0.0V; (b,d,f,h) Applied potential: 0.6V. (i) Full equivalent electrical circuit used to fit the 
impedance spectra. 

 

Based on these observations, the full electrical equivalent circuit (ECC) used to fit the spectra is 

presented in Figure 5i. Because the arcs of circle are not semicircles, they have been fitted using R//CPE 

circuits with CPE being a constant phase element. The actual capacitances were extracted from the CPE 

parameters as described in our previous works.14,20-22 The various resistances and capacitances have been 

determined from the spectrum fits and plotted as a function of the applied voltages. R2 is the high 

frequency resistance, plotted in Figure 6a. This parameter can vary in a large extent for cells with the 

same absorber (FAMA). It also varies in a large extent for cells with the same ETM layer and different 

HP. For instance SnO2/FAMA and SnO2/MAPI curves have the same shape but R2 is lower for MAPI 

compared to FAMA while they involve the same ETL. Therefore this resistance is complex and gathers 

several contributions. From our results it is clear that the main one is related to the interface between the 

oxide and the perovskite. Some authors have suggested that this resistance is a recombination resistance. 

In the present case, the curves for the SnO2 cells, with higher resistances for the SnO2/FAMA cells which 

deliver a higher Jsc and FF, could be consistent with that interpretation. On the other hand, R2 of the 

TiO2 cells would be more complex.  

R3 and R4 could be determined accurately in the case of the TiO2 cells and of the SnO2/MAPI cell. 

For the SnO2/FAMA cell the upward bending of the spectra observed at very low frequency rendered 

the determination of R4 difficult and this parameter was underestimated in this case. The variation of R3 

with the applied potential is shown in Figure S7 (Supporting Information). We suggest that R3 and R4 

are recombination resistances. Their sum, plotted in Figure 6b, provides a good estimation of the 

recombination phenomena in the cells: the higher this parameter, the lower the recombinations. The 

curve of the SnO2/MAPI cell decreases more rapidly than those of the other cells and is in good 

agreement with the lower FF in this case. Adding the mesoporous layer to the spr-TiO2 one has a 

beneficial effect since it gives rise to higher resistances in good agreement with the higher performances 

(i) 
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of these cells. We can suppose that the presence of the mesoporous layer improves the HP crystal 

formation and that the quality of the interface with TiO2 is better due to less surface states.    

Figure 6. Variation of the solar cell resistance measured under light at various applied potentials. (a) 
R2; (b) R3+R4. 

 

Based on our previous IS studies of perovskite solar cells, C2 is assigned to the dielectric capacitance 

of the perovskite.14,20-22,37 The HP absorbance curves (Figure 3a) were about the same for the various 

cells and then the equivalent HP thickness was close for the various systems. The higher C2 of 

SnO2/MAPI cell compared to SnO2/FAMA is in good agreement with our previous results and shows a 

higher εr (relative permittivity) for MAPI compared to FAMA. Lower C2 in the presence of meso-TiO2 

can be related to the presence of the porosity. The C3 capacitance is clearly observed on the C’=f(Hz) 

curve (Figure 5g,h) for the planar SnO2 cells. This parameter has been determined for these cells and is 

plotted as the function of the applied voltage in Figure 7b. The main feature is the low value of this 

capacitance in the case of SnO2/FAMA. This observation can be correlated with the cell hysteresis 

results. Actually, the scan rate for the J−V curve measurement corresponds to an impedance frequency 

in the hertz range and at these frequencies the SnO2/FAMA cell has a capacitive behavior with a low 

capacitance value, in agreement with a small hysteresis. C4 is the very low frequency capacitance and 

has large values in every cases. It is plotted in Figure 7c and heavily varies with the applied potential. 

C3 and C4 could be accumulation capacitances. They are controlled by ionic defects and proportional to 

the amount of charge, but charge accumulation must be compensated for by moving ions, which is 

actually the reason why its effect is detected at lower frequencies instead of a higher one, as should be 

expected for electronic phenomena.57 

 

(a) (b) 
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Figure 7. Variation of the solar cell capacitances measured under light at various applied potentials. 
(a) C2; (b) C3; (c) C4. Note that C4 (green open symbol) for SnO2/FAMA is poorly-estimated due to a 
very low relaxation frequency IS feature. 

 

Conclusions 

In conclusion, we have defined a low-temperature (123°C) protocol using a colloidal solution 

of SnO2 for the preparation by twofold spin-coating of an efficient ETM layer for perovskite solar cells. 

The layer was crack-free and correctly covered the FTO substrate. The deposition occurred 

preferentially at the troughs of the FTO grains and the layer was highly transparent throughout the near-

UV and visible range. Planar cells have been prepared based on this layer and MAPI and FAMA 

perovskites. With FAMA absorber, the devices were highly efficient with a maximum PCE of 18.2% 

and an almost hysteresis-free behavior (6.7% HI). PL spectra measurements and TCSPC experiments 

have shown the very fast hole transfer from the perovskite layer into the Spiro-OMeTAD layer. The 

charge carrier injection was slower on the ETM side. Actually, TCSPC has shown that the electron 

transfer is highly dependent on the oxide used and its morphology. The planar SnO2 layer permitted a 

(a) (b) 

(c) 
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fast and efficient electron transfer, much faster than the planar TiO2. Moreover, the TCSPC technique 

also showed the less defective nature of the FAMA perovskite compared to the MAPI one. Phenomena 

occurring at longer time scales have been investigated by the impedance spectroscopy technique. The 

spectra were free of inductive loop. They have been fitted with an ad-hoc equivalent electrical circuit. 

Our results confirm that the well-working perovskite solar cells are free of significant intermediate 

frequency inductive loop. The R2 resistance has been shown to be complex and to combine several 

phenomena. The low frequency resistances R3 and R4 have been assigned to the recombination 

phenomena occurring at the contacts with the perovskite layer. For the SnO2/FAMA cells, the very low 

frequency part of the spectra was characterized by the beginning of an arc of circle at the origin of a 

very large R4 over a large applied potential range which explains the very large Voc achievable with 

SnO2 PSCs.31 The complex capacitance spectra of the SnO2-based solar cell showed the presence of 

intermediate C3 and low frequency C4 capacitances. The low-hysteresis in the J-V curves of the 

SnO2/FAMA cells has been linked with the capacitive behavior of the device in the 0.5-10 Hz range (C3 

capacitance) which values were noticeably low.  

 

Supporting Information 
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