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1. Deliverable description 

This deliverable calls for the application of best identified scaffold material combined with the best 
pigment identified from the work package 2 to the development of high performance perovskite solar 
cells.  

 

2. Summary 

The remarkable potential of metal trihalide perovskite light absorbers has recently been demonstrated in 

the production of efficient perovskite solar cells (PSCs). Recent investigations have shown that the 

performance of the PSCs can be further improved by identifying an inorganic semiconductor material that 

can effectively extract electrons. Herein we present a mesoscopic oxide double layer as electron selective 

contact, which consist of a scaffold of TiO2 nanoparticles covered by a thin film of SnO2. We investigated 

three different SnO2 layers, namely the amorphous (a-SnO2), crystalline (c-SnO2), and nanocrystalline 

(quantum dot) form (SnO2-NC). It was found that the band gap of a-SnO2 features a higher conduction 

band edge energy, which aligns perfectly with the conduction band edges of the triple cation perovskite 

and the TiO2 scaffold. As a result, a very fast electron extraction from the light perovskite is fostered, 

suppressing the hysteresis in the current-voltage (J-V) curves as well as the nonradiative charge carrier 

recombination. This results in a gain of a remarkable 170 mV in open circuit voltage (Voc) for the 

amorphous a-SnO2 phase. Although the band gap of our SnO2-NC particles is 0.4 eV larger than that of 

bulk SnO2, this leads to the shift of their conduction band edge to higher energy, hence despite increasing 

the Voc, SnO2-NC pose a barrier for electron injection into the TiO2 scaffold. Consequently, SnO2-NC 

decrease the fill factor of the device and lowers the PCE. On the contrary, introducing the a-SnO2 onto the 

mp-TiO2 scaffold as electron extraction layer increases the Voc as well as the PCE of the solar cells. 

Moreover, it renders the corresponding devices resistant to UV light, being of interest to  

outdoor applications. 
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3. Introduction 

There have been numerous studies on perovskite solar cells (PSCs) and solid-state dye-sensitized solar 

cells focusing mainly on optimizing methods for film formation and compositional engineering to achieve 

high power conversion efficiency (PCE) as well as stability of perovskite solar cells (PSCs), culminating in a 

certified PCEs of 22.7%.[1–8] Studies on electron-selective layers (ESLs) have improved the device 

performance. For example, Sargent et al. used chlorine-capped TiO2 nanoparticles to enhance the device 

performance, realized primarily due to passivation of defect along the interface between perovskite layer 

and the charge selective contact.[9] Other studies of TiO2 modification with metal halides also showed 

improvement in terms of stability and performance of planar PSCs.[10–14] Nevertheless, today’s most 

efficient devices employ still a mesoscopic TiO2 scaffold as electron selective layer (ESL) despite significant 

progress on planar PSCs.[2,9,15–17] Although the mesoporous TiO2 scaffold is considered to be beneficial for 

PSCs as an electron transport material, there are only a few studies of the effect of its architecture and 

surface modification on the PSC performance. Indeed, mesoscopic perovskite solar cells so far use 30 nm 

sized TiO2 nanoparticles that constitute the mesoscopic scaffold acting as ESL. However, they lack any 

porosity with their surfaces being composed of smooth facets with mainly (101) and (001) orientations. 

By contrast, there have been several encouraging reports about introducing mesopores in the TiO2 

particles in the area of dye-sensitized solar cells (DSSCs) where this resulted in improved device 

performance.[18,19] Another issue with TiO2 is that electron trapping by coordinatively unsaturated Ti(IV) 

ions is likely to occur at its interface with the perovskite, which hampers charge transport and enhances 

radiationless charge carrier recombination as well as the appearance of a hysteresis in the J-V curves.[20] 

Theoretical calculations for TiO2 suggest that electrons prefer to localize just below the surface being 

trapped by oxygen vacancies and Ti(IV) ions.[21,22] One of the most effective methods to reduce the trap 

states in the TiO2 is surface or bulk doping, which has been widely investigated for mesoporous TiO2 

electrodes in dye-sensitized solar cells and more recently in PSCs.[23–25] Some dopants reduce the charge 

recombination and increase electron transport by passivating oxygen defects in the TiO2 lattice and 

reducing trap states below the conduction band (CB) of TiO2 in PSCs. Another effect of doping is the 

stabilization of power conversion efficiency and the suppression of hysteresis in PSCs.[25–30]  

This work introduces a mesoscopic oxide double layer as an electron selective contact consisting of a 

scaffold of TiO2 nanoparticles coated by a thin film of SnO2 using solution deposition. As a result, we find 

that notorious hysteresis is suppressed and nonradiative carrier recombination retarded yielding a very 

high open circuit photovoltage (Voc) of 1.2 V, which is specific to a-SnO2 and is not observed upon 

converting it to a crystalline form. Furthermore, the a-SnO2 coating also prevents UV degradation of the 

PSC devices retaining 97 % of their initial PCE after 60 h exposure to the UV light.[31]  
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4. Materials and methods 

All reagents were purchased from commercial vendors and used as received. 

 

4.1 Device fabrication  

FTO glasses (NSG-10) were chemically etched using zinc powder and HCl solution (2 M), followed by four 

steps ultrasonic cleaning using Triton X100 (1 vol% in deionized water), DI water, acetone, and ethanol, 

respectively. All substrates were further cleaned by ozone plasma for 15 min, before deposition of each 

EEL. To prepare TiO2 compact layer, a precursor solution of titanium diisopropoxide (Sigma-Aldrich) in 

ethanol was deposited on the substrates at 450 °C using spray pyrolysis process, followed by 30 min 

annealing at 450 °C. Thereafter, a 150 nm-thick mesoporous TiO2 was spin coated on compact TiO2 (4000 

rpm for 15 s with a ramp rate of 2000 rpm/s) from a diluted TiO2 paste (Dyesol 30 NR-D) in ethanol, 

followed by annealing the substrates at 450 °C for 30 min. To modify the surface of mp-TiO2, SnO2 

precursor solution (0.1 M SnCl2.2H2O in ethanol) was spin-coated on top of mp-TiO2 with a 20 s delay time 

to allow for full impregnation before spinning at 6000 rpm for 40 s. Subsequently, the film was annealed 

at 180 °C for 1 hour. We converted the a-SnO2 to crystalline phase (c-SnO2) by annealing the film at 450 

°C for 1 hour. The SnO2 quantum dots (SnO2-NC) had a size of 3-5 nm and were deposited on top of the 

mp-TiO2 by spin coating at 5000 rpm for 20 s with 2000 rpm/s ramp-rate, followed by annealing at 150 °C 

for 1 hour.  

For deposition of perovskite film a precursor solution of (FAPbI3)0.87(MAPbBr3)0.13was first prepared by 

mixing FAI (1.05 M, Dyesol), PbI2 (1.10 M, TCI), MABr (0.185 M, Dyesol) and PbBr2 (0.185 M, TCI) in a mixed 

solvent of DMF:DMSO = 4:1 (volume ratio). Then, a 5 vol% of 1.5 M CsI solution in DMSO was added into 

the perovskite solution in order to have a triple cation perovskite. The solution was spin-coated at 1000 

rpm for 10 s and, continuously at 4000 rpm for 30 s. During the second phase, 200 μL of chlorobenzene 

was dropped on top of the film 10 s before end of spinning. Thereafter, the film was annealed first at 120 

°C for 10 min followed by 40 min at 100 °C. After annealing and cooling the samples, spiro-OMeTAD 

solution in chlorobenzene (70 mM) containing a solution bis(trifluoromethylsulfonyl)imide lithium salt (Li-

TFSI, Sigma-Aldrich) in acetonitrile (200 mg/400 µL) and (4-tert-butylpyridine-Sigma-Aldrich) with molar 

ratios of 0.5 and 3.3, respectively, was prepared and spin-coated at 4000 rpm for 20 s (using a ramp rate 

of 2000 rpm/s). Finally, 80-nm thick gold was thermally evaporated as a back contact to complete the 

device structure with a masked active area of 0.16 cm2.  

4.2 Film characterization 

The morphology of perovskite film and device structure were studied using a ZEISS Merlin high resolution 

Scanning electron microscopy (HRSEM). The quality and crystal structure of perovskite films were 

characterized by using X-ray diffraction (Bruker D8 X-ray Diffractometer, USA) utilizing a Cu Kα-radiation. 

Transmission electron microscopy (JEOL (2010F) under an accelerating voltage of 200 volts) was employed 

to take images from SnO2 nanocrystals. 
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For optical absorption measurement, a Varian Carry 500 spectrometer (Varian, USA) was used. To record 

steady-state photoluminescence spectra, an Edinburgh Instruments FLS920P fluorescence spectrometer. 

For time resolved measurements (TRPL), we employed a picosecond pulsed diode laser (EPL-405, 

excitation wavelength 405 nm, pulse width 49 ps) was PL decay curves were fitted to the exponential 

function: I(t) = I0exp(−(ti/τi)βi), where τi is the decay lifetime and βi is a stretching parameter. 

4.3 Device characterization 

The solar cells were measured under AM1.5G sun simulator (a 450 W Xenon lamp (Oriel), with intensity 

of 100 mWcm-2, equipped with a Schott K113 Tempax sunlight filter (Praezisions Glas & Optik GmbH) to 

simulate the emission spectra of AM1.5G standard in the region of 350-750 nm. Calibration of the lamp 

was performed using standard Silicon solar cell (KG5-filtered Si reference cell). To measure the current 

density-voltage (J-V) curves, a 2400 series source meter (Keithley, USA) instrument was employed. The 

voltage range for J-V sweeps was between 0 and 1.2 V, with a step increment of 0.005 V and a delay time 

of 200 ms at each point. External quantum efficiency (EQE) spectra were measured with a commercial 

apparatus (Arkeo-Ariadne, Cicci Research s.r.l.) based on a 300 Watts Xenon lamp. 

5. Results and discussion 

5.1 Characterization of amorphous SnO2 film deposited over mesoporous TiO2 film 

The morphology of the SnO2 film was analysed by scanning electron microscopy (SEM). Top-view SEM 

images of perovskite films on different ETLs are shown in Figure 1. It is apparent that the grain size of 

perovskite film on amorphous SnO2 (a-SnO2) is slightly larger than perovskite films on top of mesoporous 

TiO2 (mp-TiO2) and nanocrystalline SnO2 (SnO2 NCs).  

 
Figure 1. Top-view SEM images of perovskite film deposited on (a) mp-TiO2 (b) mp-TiO2/SnO2 NCs, and (c) mp-TiO2/a-SnO2. The grain size 

of perovskite film on amorphous SnO2 (a-SnO2) is notably larger. 

The structural characteristics of the films were further investigated by X-ray diffraction (XRD). XRD spectra 

of SnO2 films deposited from solution and nanocrystals colloid are shown in Figure 2a. The SnO2 film 

annealed at 180 °C indicates amorphous nature, while the sample annealed at 450 °C and SnO2 NCs film 

are fully crystalline.  The XRD spectrum of annealed sample at 450 °C matches closely with those observed 
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for SnO2 NCs layer deposited from commercial SnO2 colloids with 3-5 nm size, followed by annealing at 

150 °C. 

 

Figure 2. (a) XRD patterns of SnO2 films (annealed at 180 °C and 450 °C) and SnO2 NCs film, indicating that after annealing the SnO2 film 
at 180 °C, the film is in an amorphous state. (b) UV-visible and photoluminescence (PL) spectra, and (c) time-resolved PL (TRPL) curves of 

perovskite films deposited onto mp-TiO2, mp-TiO2/SnO2 NCs, and mp-TiO2/a-SnO2. 

The optical properties of perovskite films deposited onto different ETLs were analyzed (Figure 2b–c). The 

triple cations perovskite film shows UV-Vis absorption onset at 760 nm, reflecting a band gap of 1.63 eV 

(Figure 2b). In order to understand the electron extraction efficiency, time-resolved PL(TRPL) of film is 

measured (Figure 2b). PL quenching effect was found to be significantly influenced by ETLs. The highest 

PL quenching is observed for mp-TiO2/a-SnO2 substrate, in accordance with the most efficient charge 

injection. The calculated values from bi-exponential equation indicate that the lifetime for perovskite film 

on mp-TiO2, mp-TiO2/SnO2 NCs, and mp-TiO2/a-SnO2 are 2.43 ns, 3.21 ns, and 1.93 ns, respectively. This 

suggests that the presence of amorphous SnO2 layer on mp-TiO2 improves the charge extraction from the 

perovskite film into the ETL, while the crystalline phase of SnO2 retards it slightly compared to mp-TiO2.  

5.2 Photovoltaic characteristics with the new amorphous SnO2 film scaffold 

Finally, to probe the photovoltaic performance, we fabricated perovskite solar cells endowed as explained 

in the experimental section. The device structure comprises FTO glass coated with a compact TiO2 layer, 

a 150 nm-thick mp-TiO2, a thin layer of SnO2, a perovskite film with 300 nm-thick, a 150 nm-thick spiro-

OMeTAD as a hole transfer layer (HTL), and a 80 nm gold back contact layer, as revealed by the cross-

section SEM (Figure 3). 



                

    

8 

 

 

Figure 3. Cross-sectional SEM image of perovskite solar cell based on mp-TiO2/a-SnO2. 

Current density-voltage (J-V) curves of devices under simulated (AM1.5G) solar irradiation are shown in 

Figure 4 for both backward and forward scanning directions for different electron transporting layers, 

along with the evolution of the PCE over time, as well as the external quantum efficiency (EQE). The PV 

metrics for best performing devices are listed in Table 1.  

 

Figure 4. (a) J-V curves, (b) Maximum power point tracking (MPPT), and (c) EQE spectra of PSCs based on mp-TiO2, mp-TiO2/SnO2-NCs, 
and mp-TiO2/a-SnO2. 

The PSC based on mp-TiO2/a-SnO2 led to the highest PCE of 20.4%, accompanied with a Voc of 1.17 V, Jsc 

of 22.51 mA/cm2, and fill factor (FF) of 0.776. This layer clearly outperformed the bare mp-TiO2 and mp-

TiO2/SnO2-NC films, considering the reference cell using mp-TiO2 gave a Jsc of 22.21 mA/cm2, Voc of 

1.098 V, FF of 0.785, and PCE of 19.14%. 
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Table 1. Photovoltaic metrics for best performing devices based on mp-TiO2, mp-TiO2/SnO2-NCs, and mp-TiO2/a-SnO2 with different scan 

directions 

Sample Jsc(mA/cm2) Voc(V) 
FF 

(%) 

PCE 

(%) 

Hysteresis 

index (%) 

Series 

resistance 

(Ω) 

mp-TiO2-forward 22.12 1.078 78.1 18.62 2.7 
7.8 

mp-TiO2-backward 22.21 1.098 78.5 19.14  

mp-TiO2/SnO2-NCs-

forward 
21.76 1.114 67.8 16.43 3 

28.4 
mp-TiO2/SnO2-NCs-

backward 
21.83 1.135 68.4 16.95  

mp-TiO2/a-SnO2-

forward 
22.47 1.171 76.8 20.21 1.1 

9.2 
mp-TiO2/a-SnO2-

backward 
22.51 1.168 77.6 20.4  

 

Finally, the ETL was shown to affect the stability of the devices, as a-SnO2 coating suppressed UV 

degradation of the PSC devices retaining 97% of their initial PCE after 60 h exposure to UV light (Figure 5). 

 
Figure 5. Evolution of PCE over time upon continuous UV light illumination at ambient temperature. 

6. Conclusion 

In summary, we introduced new and modified electron selective layers which hold a big potential for their 

application in mesoscopic architecture based PSCs. A thin layer of amorphous SnO2 (a-SnO2) was deposited 

on mp-TiO2 using solution process. The results show that fabrication of perovskite solar cell device after 

modification of ETL by a-SnO2 is the most effective way, not only to enhance the carrier collection and 

decrease charge recombination, but also mitigate the UV stability of the solar cell.  
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