Ce-Doped SnO2 Electron Transport Layer for Minimizing Open Circuit Voltage Loss in Lead Perovskite Solar Cells
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Abstract
In the planar heterostructure of perovskite based solar cells (PSCs), tin oxide (SnO2) is a material that is often used as the electron transport layer (ETL). Because SnO2 ETL exhibits favorable optical and electrical properties in the PSC structures. Nevertheless, the open circuit voltage (VOC) depletion occurs in PSCs due to the defects arising from the high oxygen vacancy on the SnO2 surface and the deeper conduction band (CB) energy level of SnO2. In this research, cerium (Ce) dopant was introduced in SnO2 (Ce-SnO2) to suppress the VOC loss of the PSCs. The CB minimum of SnO2 was shifted closer to that of the perovskite after introducing the Ce doping. Besides, the Ce doping effectively passivated the surface defects on the SnO2 as well as improved the electron transport velocity by the Ce-SnO2. These results enabled the power conversion efficiency (PCE) to increase from 21.1% (SnO2) to 23.0% (Ce-SnO2) of the PSCs (0.09 cm2 active area) with around 100 mV improved VOC and reduced hysteresis. Also, the Ce-SnO2 ETL based large area (1.0 cm2) PSCs delivered the highest PCE of 22.9%.  Furthermore, VOC of 1.19 V with PCE of 23.3% was demonstrated by Ce-SnO2 ETL based PSCs (0.09 cm2 active area) that were treated with 2-phenethylamine hydroiodide on the perovskite top surface. Notably, the unencapsulated Ce-SnO2 ETL based PSC was able to maintain above 90% of its initial PCE for around 2000 h which was stored at room temperature condition (23~25°C) with relative humidity of 40~50%.
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1. Introduction
Within a very short-time, perovskite solar cells (PSCs) have abled to receive a special attention from the solar cell community and have become a strong contestant with silicon solar cells.1 The power conversion efficiency (PCE) of the lead (Pb) PSCs has promptly reached from an starting value of 3.8% to 26.1% within around ten years.2 Generally, the heterostructure of PSCs consists of the perovskite and charge extracting layers which is frequently described as p-i-n or n-i-p where p for hole transport layer (HTL) and n for an electron transport layer (ETL). Mostly, the highly efficient PSCs are n-i-p structures in which the n-type ETL plays a vital contribution to the performance of the PSCs.3,4  The n-type TiO2,5 ZnO 6,7, and SnO2 8,9 ETLs were used by a huge number of researchers. Among all ETLs, SnO2 stands out for having exceptional properties including extraordinary electron mobility (240 cm2V-1s-1),10 wide band gap (3.6–4.0 eV),11 utilize a low-temperature production technique,12 and great stability under UV light13, etc. Recently, Seok et al. reported the best PCE of 25.73% of the SnO2-based PSCs.14  
However, SnO2 films have inherent surface and bulk oxygen vacancies, which result in carrier recombination loss in the PSCs.15,16 Besides, the SnO2 ETL shows an energy level mismatch with the lead halide perovskite layer.17,18 These imperfections inevitably result in a significant amount of open circuit voltage (VOC) loss in the PSCs.3,4 An effective and facile way to adjust the energy level of semiconductor materials is element doping.19,20 In n-type SnO2 ETL, p-type doping may lower the density of electron in the conduction band (CB) and tune the band alignment of the SnO2 ETL.20 From the theoretical analysis, Duan et al. revealed that the CB of the SnO2 can be shifted to upward energy with the p-type doping.21 Furthermore, effective p-type doping may substantially reduce oxygen vacancies in SnO2 ETL, which may inhibit the interface (ETL/perovskite) charge recombination loss.22,23 To overcome the shortcoming associated with the SnO2 ETL, different research groups employed a variety of elements as p-type doping for SnO2 ETL, including Li (lithium),24 K (potassium),25 Cu (copper),26 Zn (zinc),27 Eu (europium),28 Ga (gallium),29 Y (yttrium),23 Gd (gadolinium),22 etc. Still, perovskite researchers are searching for a suitable p-type dopant for the SnO2 ETL to overcome the shortcomings of the SnO2 ETL.
Recently, the rare earth metals (REMs) with partially filled 4f orbital and unoccupied 5d orbitals have obtained significant interest to be employed as p-type dopants for the SnO2 ETL due to their distinctive optical and electrical properties.30,31 Previous research works reveal that the introduction of REM-dopant in ETLs is an effective strategy for enhancing PSC performance.22,29,30 The REM cerium (Ce) has mixed oxidation states (Ce3+/Ce4+) and it can easily shift between these oxidation states.32 Yang et al.33 and Lu et al.34 introduced Ce into TiO2 ETL. The upward shift of CB was observed in Ce-doped TiO2 compared to the pristine TiO2.33,34 Besides, Ce can get into the SnO2 and Ce-doped SnO2 (Ce-SnO2) has been researched for the gas sensing35 and photocatalytic36 applications. So far, no research has been conducted on the Ce-SnO2 ETL in the PSCs. A detailed study on the Ce-SnO2 ETL could uncover its possibility to suppress the VOC loss and increase overall performance of the PSCs.
In this research, Ce-SnO2 ETL was researched in the PSCs to suppress the interface (ETL/perovskite) recombination loss. The energy band alignment of the Ce-SnO2 was found to be better suited with the perovskite than to the SnO2. The electron extraction efficiency of the Ce-SnO2 was increased due to the formation of suitable conduction band offset (CBO) at the Ce-SnO2/perovskite interface. In addition, the SnO2 surface oxygen vacancy defects were also found to be reduced by the Ce doping. As a direct outcome, the VOC and PCE of the PSCs have substantially enhanced after using Ce-SnO2 ETL. The optimized device produced a VOC of 1.18 V with highest PCE of 23.0% using the Ce-SnO2 ETL. In addition, the 2-phenethylamine hydroiodide (PEAI) was introduced in the PSCs with Ce-SnO2 ETL for the perovskite surface defect passivation, which showed PCE of 23.3% with a VOC of 1.19 V.
2. Experimental section
2.1 Materials
Tin (II) chloride (SnCl2, 99.9%), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and ethanol were purchased from FUJIFILM Wako Pure Chemical Corporation. Formamidinium iodide (FAI, >98 %), methylamine hydrobromide (MABr, 98%), lead (II) iodide (PbI2, 99.99%), lead (II) bromide (PbBr2, 98%), tris (2-(1H-pyrazol-1-yl)-4-tert butylpyridine)-cobalt(III) tris(bis-(trifluoromethylsulphonyl) imide) (FK209, >99%), 4-tert-butylpyridine (4-tBP, > 96%), bis(trifluoromethance) sulfonimide lithium salt (LiTFSI, >99%), thiourea (99%) and cerium (III) chloride (CeCl3, 98%), and phenethylamine hydroiodide (PEAI, >98.0%) were purchased from Tokyo Chemical Industry (TCI, Japan). 2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD, >99.5%) was purchased from the Luminescence technology corp., Taiwan. The anhydrous chlorobenzene (CB, 99.5%), isopropanol (IPA, ≥99.8%) and cesium iodide (CsI, 99%) were purchased from Sigma-Aldrich. No additional purification was conducted on any of the chemicals utilized in this research.


2.2 Device fabrication
At the beginning, FTO substrates were subjected to a 15-minute sonication for cleaning in a series of solutions, including detergent, deionized water, acetone, and a mixture of ethanol and IPA. After that, the FTO substrates were subjected to UV-O3 for a duration of 20 minutes. For the SnO2 ETL based PSCs, SnO2 solution (the solution consisted of 150 mmol SnCl2 and 40 mmol thiourea dissolved in water, was stirred in oxygen-rich open air until a transparent yellow solution formed) was spin coated on the FTO substrate at 3000 rpm for 30s and annealed at 180 °C for 30 min in open air. The similar deposition conditions were adopted for the preparation of ETL from Ce-SnO2 solution (150 mmol SnCl2, (0 – 7) mol% CeCl3 and 40 mmol thiourea were dissolved in water and stirred in oxygen rich open air until the formation of transparent yellow solution) for the Ce-SnO2 ETL based PSCs. After that, the FTO/ETL was transferred into the N2 filled glove box. Perovskite (Cs0.05FA0.80MA0.15PbI2.75Br0.25) solution was prepared by dissolving the CsI (0.065 mmol), FAI (1.04 mmol), MABr (0.195 mmol), PbBr2 (0.083 mmol) and PbI2 (1.256 mmol, 9% excess PbI2) together into 4:1 DMF and DMSO mixed solvent and stirred in nitrogen (N2) filled glove box for 3 hours. Then, perovskite solution was dropped on the ETL and spun at slope of 3s, 1000 rpm for 10s, 4000 rpm for 20s and 2s. During this step, 200 µL of CB (antisolvent) was dropped on perovskite at the 20th second and annealed at 150 °C for 20 min. For HTL, 48 mg of spiro-OMeTAD, 9 mg of FK209, 6.03 mg of Li-TFSI and 19 μL of 4-tBP were dissolved in 750 µL CB. The HTL solution was then spin coated onto the perovskite layer for 30s at 4000 rpm, followed by 20 minutes of annealing at 70 °C. Prior to HTL deposition, a 10 mM PEAI solution was spin coated on the perovskite surface for 50s at 3000 rpm and annealed for 5 min at 100 °C for the PEAI treatment devices. Lastly, in a vacuum evaporation chamber (<10-4 Pa), a 100 nm Ag electrode with an active area of 0.09 cm2 and 1.0 cm2 was deposited on the HTL.

2.3 Characterization 
MiniFlex 600 (Rigaku Co., Japan) with 15 mA and 40 kV output was used for X-ray diffractometer (XRD) study. The scanning electron microscope (SEM) analysis was carried out in JSM-6500F field-emission. The UV-visible 3600 spectrophotometer from Shimadzu corporation was used for the optical transmittance and absorbance measurements. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS) measurements were conducted in PHI VersaProbe 4 (ULVAC-PHI). Steady-state photoluminescence (PL) as well as time resolve PL (TRPL) measurements were conducted in Nanofinder 30 with excitation wavelength of 450 nm. The current-voltage (J-V) characteristics were measured using AM 1.5 G solar simulator (WXS-155S-10 from Wacom Denso Co., Japan) under ambient conditions. CEP-2000BX (Bunkoukeiki Co. Ltd., Japan) was used for the incident photon-to-current conversion efficiency (IPCE) analysis. The PAIOS system was used to observe the Nyquist plot, transient photocurrent (TPC), and transient photovoltage (TPV) decay.
3. Results and discussion
In the presented study, the SnO2 was doped with different concentrations of Ce and the 5% Ce-doped SnO2 -based PSCs exhibited the best performance (Figure S1). Here after, the 5% Ce-doped SnO2 will be denoted as Ce-SnO2.
The Ce has two oxidation states, Ce3+ and Ce4+ where the presence of Ce3+ in SnO2 could act as p-type dopant in SnO2. The spectral analysis of the X-ray photoelectron spectroscopy (XPS) of the SnO2 and Ce-SnO2 films was done to get an insight into their compositions and chemical states. The XPS analysis spectra of Sn 3d is illustrated in Figure 1a. The peak that appears in the position of 495.5 eV (495.1 eV) is characterized as Sn 3d3/2 and 487 eV (486.68 eV) as Sn 3d5/2 states of the SnO2 (Ce-SnO2). It is also noticed that the peak position of the Sn 3d3/2 as well as Sn 3d5/2 was shifted slightly towards the lower binding energy after introduction of Ce-doping in SnO2. The peak shift of Sn 3d occurred might be due to transfer of electron from the low electronegative Ce (1.12) to high electronegative Sn (1.96) which changes the density of electron cloud around the Sn.21 Figure 1b shows that Ce 3d comprises with two spin-orbit peaks of Ce 3d3/2 and Ce 3d5/2. Four peaks were extracted from the Ce 3d spectrum by using the Gaussian deconvolution method where the peaks M′ (904.2 eV) and N′ (885.6 eV) are defined to Ce3+ oxidation state and M (900.1 eV) and N (881.9 eV) are defined to Ce4+ oxidation state. This result confirms the co-existence of Ce3+ (86.07%) and Ce4+ (13.93%) in the Ce-SnO2 film. The existence of Ce3+ state is desired to be worked as a p-type dopant in SnO2 which could tune the energy band alignment of SnO2. Besides, the existence of Ce4+ state on the SnO2 surface could passivate the uncoordinated Pb0 defects at the ETL/perovskite interface of the PSC.37
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Figure 1. Spectra of XPS analysis of the (a) Sn 3d of the SnO2 and Ce-SnO2 films, (b) Ce 3d of the Ce-SnO2 film, (c,d) O 1s of the SnO2 and Ce-SnO2 films. J-V curve of (e) SnO2 and (f) Ce-SnO2 based electron-only devices.

The O 1s peak of the SnO2 (Ce-SnO2) has been decomposed into two different peaks 530.74 eV (530.65 eV) and 532.10 eV (532.02 eV) which are characterized as lattice oxygen (OL) and oxygen vacancy (OV), as indicated in Figure 1c (Figure 1d). Comparing the percentage of the OV in the SnO2 and Ce-SnO2, the amount of OV content is lower in Ce-SnO2 than in SnO2 which indicates that Ce-doping leads to the passivation of SnO2 surface OV defects. Furthermore, the reduced OV defects would be beneficial to suppress the non-radiative recombination at Ce-SnO2 ETL surface of the PSCs. The synthesized SnO2 and Ce-SnO2 nanoparticles solutions were studied by the dynamic light scattering (DLS) analysis, displayed in Figure S2. The nanoparticles size of the SnO2 and Ce-SnO2 nanoparticles in solution was observed around 8 and 11 nm, respectively.
The electron-only device (ETL/perovskite/PCBM/Ag on FTO) was studied to know the defect concentration (Nt) of the devices based on SnO2 and Ce-SnO2 as ETLs. The exploration of current–voltage (J-V) characteristics of the electron-only SnO2 and Ce-SnO2 based devices were conducted under dark-condition, illustrated in Figure 1e,f. From the curve, the voltage of trap-filling limit (VTFL) was estimated at the intersect point of the regions of the ohmic conduction and the trap-filling. The VTFL of the SnO2 and Ce-SnO2 based-devices are 0.19, and 0.22 V, respectively. Following equation 1, the Nt value of the PSCs was calculated.

Where, e is the elementary charge of electron, L the perovskite thickness, ε the perovskite’s relative dielectric constant and εo the absolute dielectric constant of vacuum. The Nt of 4.11×1015 cm-3 and 3.47×1015 cm-3, correspondingly were evaluated from the SnO2 and Ce-SnO2 based-devices. These results indicate that Ce-doping can passivate the SnO2 surface defects which in turn could help to improve the charge carrier transportation and VOC of the PSCs.38,39
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Figure 2. (a) XRD analysis spectra of the SnO2/perovskite and Ce-SnO2/perovskite on FTO. (b) J−V curve (under dark-condition) of the FTO/ETL/Ag device using SnO2 and Ce-SnO2 ETLs. Top surface SEM images of the (c) SnO2, (d) Ce-SnO2, and perovskite coated on the (e) SnO2 and (f) Ce-SnO2.
To know about the crystallographic information of the perovskite layer introduced on the SnO2 and Ce-SnO2 ETLs, the X-ray diffraction (XRD) analysis was performed, illustrated in Figure 2a. The PbI2 peaks were observed 12.73° and 38.76° due to the use of excess PbI2 in the perovskite solution. The FTO peaks are located at 26.6°, 33.8°, and 37.86°. All other peaks correspond to the perovskite structure. With the help of Debye–Scherrer formula, crystallinity of the perovskite was estimated and presented in Table S1. From Table S1, it is observed that the crystallinity (D) was slightly increased of the perovskite which was coated on the Ce-SnO2 compared to the SnO2. In addition, lattice strain of the perovskite deposited on the Ce-SnO2 was also observed to be lower than the perovskite deposited on the SnO2. The passivation of SnO2 surface oxygen vacancy defects by Ce-doping might help in the relaxation of the residual stress of perovskite which in turn slightly reduced the lattice strain of the perovskite.  The improvement of these crystallographic properties of the perovskite could be advantageous for the performance of the PSCs.
Figure 2b displays the dark J-V characteristic (under the dark condition) of the FTO/ETL/Ag device with SnO2 and Ce-SnO2 ETLs. The electrical conductivity of the ETLs were evaluated using equation 2.

where σ is related to the conductivity, V the applied voltage, J the current density and d for the thickness of the ETL. The conductivity value of 6.46×10-5 mS/cm and 7.80×10-5 mS/cm were evaluated correspondingly for the SnO2 and Ce-SnO2. The reduction of surface defects might be the origin of conductivity improvement of the Ce-SnO2. The electron flow towards the ETL from the perovskite could be accelerated by the higher conductivity of the Ce-SnO2.4,40
The top surface images of the SnO2 and Ce-SnO2 coated on FTO were taken using the scanning electron microscopy (SEM) and illustrated in Figure 2c,d. No noticeable change was observed between the SnO2 and Ce-SnO2 surface morphology. Uniform doping of Ce into the SnO2 might be the reason. Figure 2e,f show SEM images of the perovskite’s top surface which were coated on the SnO2 and Ce-SnO2, respectively. The grain size was almost analogous for the perovskites those were coated on the SnO2 and Ce-SnO2 and no distinct change in morphology of the perovskite was observed. Besides, the transmittance and absorbance analysis of the SnO2 and Ce-SnO2 depicted in Figure S3 indicate that the Ce doping didn’t alter the optical transparency and band gap of the SnO2.
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Figure 3. (a) SnO2 and Ce-SnO2 UPS analysis spectra. (b) Energy band diagram of the PSC. (c) Charge transport kinetics at ETL/perovskite interface.
For the estimation of the maxima of valence band (EVM) as well as minima of conduction band (ECM) of the SnO2, SnO2 doped with different mol% of Ce, and perovskite, the study of ultraviolet photoelectron spectroscopy (UPS) was performed (depicted in Figure S4,5). Figure 3a displays the UPS analysis results of the SnO2 and Ce-SnO2. The work function of -4.46 eV and -4.30 eV were estimated correspondingly for SnO2 and Ce-SnO2. The ECM value of -4.25 eV and -3.95 eV was obtained correspondingly for the of the SnO2 and Ce-SnO2. Figure 3b displays the diagram of the PSC’s energy band. The interface (ETL/perovskite) conduction band offset (CBO) was reduced from 0.43 eV (SnO2/perovskite) to 0.13 eV (Ce-SnO2/perovskite). Low CBO at interface (Ce-SnO2/perovskite) reduces the energy loss during the electrons transportation towards ETL from the perovskite which is favorable for the enhancement of VOC and reduction of recombination rate at the ETL/perovskite interface.3 As seen from Figure 3c that the barrier potential of the back flow electrons at the Ce-SnO2/perovskite interface is higher than the SnO2/perovskite interface due to the upshift of CB of Ce-SnO2.  The higher barrier potential of the back flow electrons at the Ce-SnO2/perovskite interface could suppress the carrier recombination rate at the ETL/perovskite interface.
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[bookmark: _Hlk161394990]Figure 4. (a) Graph of the J-V characteristics of the PSCs (0.09 cm2 is active area) using SnO2 and Ce-SnO2 ETL under reverse scan. J-V characteristics of the PSCs using (b) SnO2 and (c) Ce-SnO2 ETL under forward and reverse scans. (d) IPCE and it’s the equivalent integrated JSC of the PSCs using SnO2 and Ce-SnO2 ETL. (e) Statistical distribution of PCE of the PSCs using SnO2 and Ce-SnO2 ETL (based on Table S2). (f) J-V characteristics of the Ce-SnO2 ETL based PSC (active area of 1.0 cm2) under reverse scan. (g) Stability of the unencapsulated SnO2 and Ce-SnO2 ETLs based PSCs storage at open air conditions at 23~25°C and RH of 40~50%. (h) J-V characteristics of the Ce-SnO2 ETL based PSC (active area of 0.09 cm2) with PEAI treatment on the perovskite surface.
To explore the effect of Ce-doping in SnO2 ETL, the n-i-p heterostructure (ETL/perovskite/spiro-OMeTAD/Ag) of the PSCs were fabricated on FTO. Figure 4a-c display the J-V characteristics of the SnO2 and Ce-SnO2 ETLs based best devices (active area of 0.09 cm2). The photovoltaic (PV) properties are summarized in Table 1. The devices showed the best performance under backward scan. With the highest PCE of 21.05%, JSC of 23.93 mA/cm2 and FF of 81.16%, the SnO2 device demonstrated VOC of 1.08 V. While the Ce-SnO2 device demonstrated an enhanced VOC of 1.18 V with the highest PCE of 22.98%, JSC of 23.93 mA/cm2, and FF of 81.37%. The results indicate that the VOC was enhanced significantly after introducing Ce-doping in SnO2 ETL. The VOC enhancement is correlated with the reduction of the defect concentration and CBO at the ETL/perovskite interface after insertion of Ce-SnO2 ETL.41 The Ce-SnO2 ETL also decreased the hysteresis index of the PSCs from 0.07126 (SnO2) to 0.02703. The reduction of CBO at ETL/perovskite interface and suppress of SnO2 surface defects by Ce-doping might help to inhibit the carrier recombination at ETL/perovskite interface which in turn reduced the hysteresis index.42,43 The JSC was almost unchanged after using Ce-SnO2 ETL which is consistent with the spectra of incident photon to current conversion efficiency (IPCE) of the PSCs illustrated in Figure 4d. The measured JSC from the J-V curve is reliable with the integrated JSC shown in Figure 4d. The photovoltaic performance of the different REMs doped SnO2 ETL based PSCs was summarized in Table 2. Table 2 indicates that compared to other REMs doped SnO2 ETL based PSCs, the Ce-SnO2 ETL based PSCs displayed the highest VOC.
Table 1. The PV performance parameters of the best PSCs using SnO2 and Ce-SnO2 ETL.
	Sample
	scan
	VOC (V)
	PCE (%)
	JSC (mA/cm2)
	FF (%)

	SnO2
	forward
	1.07
	19.55
	23.95
	76.49

	
	reverse
	1.08
	21.05
	23.93
	81.16

	Ce-SnO2
	forward
	1.18
	22.32
	23.99
	79.11

	
	reverse
	1.18
	22.98
	23.93
	81.37


Figure 4e displays the PCE statistics for the PSCs based on SnO2 and Ce-SnO2 ETLs. The PCE of Ce-SnO2 ETL based PSCs exhibited lower standard deviation, which indicates the higher reproducibility of PSCs with Ce-SnO2 ETL. Table S2 summarizes the PV parameters of the SnO2 and Ce-SnO2 ETL based PSCs. The advantages of uniform deposition of perovskite and Ce-SnO2 ETL helped to fabricate the large area (1 cm2) Ce-SnO2 ETL based PSCs. From the J-V measurements of the 1 cm2 device (illustrated in Figure 4f), the Ce-SnO2 ETL based large area PSCs exhibited the VOC of 1.18 V with PCE of 22.91%, JSC of 24.93 mA/cm2 and FF of 77.87%. The measured JSC as of the J-V curve was matched with the integrated JSC (24.4 mA/cm2) derived from the IPCE (shown in Figure S6) considering 2% error.
The unencapsulated SnO2 and Ce-SnO2 ETLs based PSCs were stored in the open air at 23~25°C and relative humidity (RH) of 40~50% to observe their long-term self-stability. As observed from Figure 4g, the SnO2 ETL based PSC was able to sustain over 90% of its initial PCE for around 1200 h, while the Ce-SnO2 ETL based PSC was able to do that for around 2000 h. The maximum power point tracking (MPPT) data of the unencapsulated SnO2 and Ce-SnO2 ETLs based PSCs (demonstrated in Figure S7) also revealed the better stability of the Ce-SnO2 ETLs based PSCs than SnO2 ETLs based PSCs. Reduced surface defects on Ce-SnO2 and the formation of good-quality perovskite layer on Ce-SnO2 ETL contributed to a decrease in the hysteresis index, bulk and interface recombination velocity, those in turn helped for the stability improvement of the Ce-SnO2 ETL based PSCs.43,44
Table 2: Photovoltaic performance of the different REMs doped SnO2 ETL based PSCs.
	ETL
	Perovskite
	VOC (V)
	PCE (%)
	JSC (mA/cm2)
	FF (%)
	Ref.

	Eu-SnO2
	MAPbI3
	1.13
	20.14
	22.61
	78.76
	28

	Yb-SnO2
	MAPbI3
	1.06
	17.31
	21.85
	74.40
	45

	Y-SnO2
	CsFAMABrxI3-x
	1.13
	20.71
	23.56
	77.78
	23

	Nd- SnO2
	CsFAMABrxI3-x
	1.12
	20.92
	23.85
	78.20
	46

	Gd-SnO2
	FAMAPbBrxI3-x
	1.14
	22.40
	23.80
	82.00
	22

	Ce-SnO2
	CsFAMABrxI3-x
	1.18
	22.98
	23.93
	81.37
	Present work

	
	CsFAMABrxI3-x /PEAI
	1.19
	23.26
	23.88
	81.85
	


Previous studies showed that post treatment of PEAI can significantly passivate the perovskite surface defects and enhance the hole transport efficiency toward the HTL from the perovskite.47,48 For the dual passivation of the Ce-SnO2 ETL based PSCs, spin coated PEAI was introduced on the perovskite top surface. From the J-V characteristics (depicted in Figure 4h), the PCE of 23.26% with VOC of 1.19 V, 23.88 mA/cm2 and FF of 81.85% was observed from the Ce-SnO2 ETL based dual passivated PSC. The PEAI treatment on the perovskite surface improved the VOC and FF which might be due to the reduction of defects concentration on the perovskite surface and enhanced hole transportation from the perovskite to HTL. The IPCE and integrated JSC curves of the passivated PSC are shown in Figure S8. It was noticed that the integrated JSC (23.83 mA/cm2) approached the JSC (23.88 mA/cm2) found from the J-V measurements of the Ce-SnO2 ETL based dual passivated PSCs. 
The analysis of steady-state photoluminescence (PL) and time-resolved PL (TRPL) of the spin-coated perovskite on SnO2 and Ce-SnO2 (SnO2/perovskite on FTO and Ce-SnO2/perovskite on FTO) revealed information about the surface defects on the perovskite. The spin coated perovskite on the Ce-SnO2 ETL showed a more intense PL peak (the light was illuminated from the perovskite side) than the spin coated perovskite on the SnO2 ETL, as observed from Figure 5a. The improvement of PL intensity implies that the spin coated perovskite on the Ce-SnO2 ETL contains fewer defects that decreased the non-radiative recombination.49,50 
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Figure 5. Spectra of (a) steady-state PL and (b) time-resolved PL for the perovskite deposited on SnO2 and Ce-SnO2. (c) Mott−Schottky study of the PSCs using SnO2 and Ce-SnO2 ETL. (d) Nyquist plots of the SnO2 and Ce-SnO2 ETL-based PSCs. (e) TPV and (f) TPC measurements of the SnO2 and Ce-SnO2 ETL-based PSCs.
The biexponential function was applied in TRPL decay spectra (Figure 5b) to obtain the components of the fast (A1, t1) and slow decay (A2, t2), listed in Table S3. t1 (fast decay) is associated with the carrier transport rate by ETL, and t2 (slow decay) signifies the defects associated with recombination kinetics in the perovskite layer. FTO/Ce-SnO2/perovskite sample showed shorter t1 than the FTO/SnO2/perovskite sample, which indicates faster carrier extraction towards the Ce-SnO2 from the perovskite. The reduction of CBO at Ce-SnO2/perovskite interface helped to improve the carrier extraction rate. Besides, the FTO/Ce-SnO2/perovskite sample showed longer t2 and increased average carrier life time (tavg.) than the FTO/SnO2/perovskite sample which implies that the perovskite growth on the Ce-SnO2 ETL contained fewer defects.49,50 The reduced lattice strain might be responsible for less defects in perovskite deposited on the Ce-SnO2.
The Mott−Schottky study of the PSCs using SnO2 and Ce-SnO2 ETL was performed for deeper understanding of the improvements of the VOC. From Figure 5c, the built-in potential (Vbi) of the SnO2 and Ce-SnO2 ETL based-devices is observed correspondingly to be 1.06 V and 1.12 V. The higher Vbi could suppress the recombination loss at the interface as well as promote the charge transportation, those are correlated with the VOC enhancement of the Ce-SnO2 ETL based PSCs.51,52
A more insight of the carrier transport nature in the PSCs can be obtained by utilizing electrochemical impedance spectroscopy (EIS).36,53 The Nyquist graph of the SnO2 and Ce-SnO2 ETL-based PSCs observed at bias voltage of 0.5 V is shown in Figure 5d. The Nyquist graph indicates that the interface carrier recombination resistance (Rrec) significantly improved for the PSCs based on Ce-SnO2 ETL compared with the PSCs based on pristine SnO2 ETL. This result reveals that Ce-SnO2 ETL contributed to the charge transport efficiency enhancement and reduction of the interface (ETL/perovskite) recombination. 
The transient photovoltage (TPV) decay of the PSCs based on the SnO2 and Ce-SnO2 ETL was analyzed to get more insight about recombination kinetics. Figure 5e indicates that the TPV decay is delayed for the Ce-SnO2 ETL based-PSCs (11.71 ms) compared to the pristine SnO2 ETL based-PSCs (10.15 ms). The delayed TPV decay indicates longer carrier lifetime and reduced recombination rate of the Ce-SnO2 ETL based-PSCs.54,55 Furthermore, the transient photocurrent (TPC) decay analysis could provide the information of the carrier transportation process in the PSCs. As observed from the Figure 5f, the Ce-SnO2 ETL based-PSCs exhibited faster photocurrent decay (1.76 µs) compared to the pristine SnO2 ETL based-PSCs (4.98 µs) which indicates faster carrier transportation in the Ce-SnO2 ETL based-PSCs.54  The lower CBO at the Ce-SnO2/perovskite interface as well as the improved Vbi might have helped to improve the carrier transportation rate in the Ce-SnO2 ETL based-PSCs.
4. Conclusions
In this study, an effective way has been provided for the reduction of VOC loss of the PSCs by introducing the Ce-SnO2 ETL. A favorable interface for efficient carrier transport was formed by the Ce-SnO2 ETL with perovskite layer. Ce-doping dramatically reduced the SnO2 surface oxygen vacancy defects which suppressed the ETL/perovskite interface recombination rate. At the same time, Ce helped to adjust the CB energy level of the SnO2. As a result, the VOC loss of the PSCs was able to be suppressed by around 100 mV by the Ce-SnO2 ETL which showed an outstanding PCE of 23.0%. Finally, Ce-doping in SnO2 ETL and PEAI treatment on the perovskite surface of the PSCs helped to reach the PCE to 23.3%. This study has introduced an effective method of incorporation of Ce-doping in SnO2 ETL for the enhancement of VOC as well as performance of the PSCs.
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