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Abstract 

Perovskite solar cells (PSCs) have attracted extensive attention due to their convenient fabrication and excellent photoelectric 

characteristics. The highest power conversion efficiency (PCE) of over 25 % has been realized. However, ZnO as electron 

transport layer (ETL) based PSCs exhibit inferior PCE and stability because of the mismatched energy-band and undesirable 

interfacial recombination. Here, we introduce a thin layer of SnO2 nanocrystals to construct an interfacial engineering with 

gradient energy band and interfacial passivation via a facile wet chemical process at a low temperature. The best PCE obtained 

in this study reaches 18.36 %, and the stability is substantially improved and maintains a PCE of almost 100 % over 500 h. The 

low-temperature fabrication process facilitates the future application of ZnO/SnO2-based PSCs in flexible and stretchable 

electronics. 

Keywords: perovskite solar cell, gradient energy band, interfacial passivation, stability 

 

1. Introduction 

Perovskite materials have been widely utilized for a variety 

of optoelectronic devices, including light-emitting diodes [1-

5], lasers [6-8], photodetectors [9-11], and solar cells [12-16], 

due to their excellent photoelectric characteristics such as high 

absorption coefficients and long exciton diffusion lengths 

[17,18]. The highest PCE of perovskite solar cells has been 

reported over 25 % [16,19],  which make it possible to be used 

in flexible and stretchable electronics [20,22]. ZnO with a high 

electron mobility [23], good crystallinity, and similar energy 

band level [24-26], could be an ideal electron transport layer 

in PSCs. The ZnO nanowires could be obtained through 

various methods (e.g. low-temperature H2O oxidation [27,28], 

room-temperature sputter [29], atomic layer deposition [30], 

hydrothermal method [16]), in which the hydrothermal 

method provides a favorable way to fabricate high-

performance and flexible PSCs.  

However, ZnO nanowire-based PSCs usually demonstrate 

inferior PCEs and stability, mainly due to their substantial 

surface state-mediated recombination via recombination 

centers in the defects and dangling bonds introduced during 
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the fabrication process, especially when exposed to the air 

[31,32]. The poor stability of ZnO nanowire-based PSCs is 

another serious issue for the deprotonation reaction of 

methylammonium cations at the interface between ZnO and 

perovskite [33]. The chemical products, such as alkaline and 

hydroxyl groups at the surface of wet chemical synthesized 

ZnO, could then deteriorate the CH3NH3PbI3 (MAPbI3) via the 

following reaction process: 

OH-+CH3NH3I→CH3NH3OH+I- 

CH3NH3OH→CH3NH2 +H2O (heat) 

Some ZnO/SnO2 nanocomposites as ETLs have been provided 

to improve the performance of perovskite solar cells, for 

example, core-shell ZnO@SnO2 nanoparticles [34], 

ZnO/SnO2 bilayers nanoparticles [35], and SnO2 film on the 

ZnO dense layer [36]. The ZnO nanowires possess high 

electron mobility and easy- fabricating through hydrothermal 

method. What’s more, the piezoelectricity of ZnO nanowires 

could also been utilized to improve the performance of PSCs.  

Here, we construct an interfacial engineering with a 

gradient energy band interfacial passivation through 

comprising a ZnO/SnO2/perovskite structure. The layer of 

SnO2 nanocrystal is introduced between the ZnO ETL and 

perovskite active layer to build matched energy-band and 

prevent the deprotonation reaction at the interface of the ZnO 

nanowires and perovskite. A tremendous enhancement of 32.7 

% was realized in their average PCEs, and the best PCE 

obtained in this study reaches 18.36 %. Furthermore, the 

stability of these PSCs with an interfacial engineering is 

greatly improved in comparison with the ZnO nanowire-based 

PSCs. The interfacial engineering not only enhance 

performance but also improve the stability of ZnO nanowire-

based perovskite solar cells. 

2.Results and Discussion 
The PSCs with an interfacial engineering comprise an 

architecture of ITO/ZnO/SnO2/MAPbI3/Spiro-OMeTAD/Au, 

as illustrated in Figure 1 and the corresponding energy band 

diagram. The position of the conduction band minimum 

(CBM) of the ZnO nanowire and SnO2 can be derived from 

their work function (Ws), valence band maximum (VBM), and 

energy bandgap width (Eg) according to Equation  

𝐶𝐵𝑀 = 𝑊𝑆 + 𝑉𝐵𝑀 − 𝐸𝑔 

where Ws, VBM, and Eg can be determined by the 

ultraviolet photoelectron spectroscopy (UPS) cutoff edge, 

UPS and UV−Vis absorption spectroscopy, respectively, as 

shown in Figure 2a-c. 

The profoundly mismatched CBM of ZnO (4.50 eV) and 

MAPbI3 (3.93 eV) significantly restricts the photovoltaic 

output for ZnO-based PSCs with large low energy losses 

(Eloss). The SnO2 nanocrystals with an elevated CBM (4.23 

eV) offer a more aligned energy level with the MAPbI3. As a 

consequence, the energy level gradient in the ZnO/SnO2 ETL 

and MAPbI3 layer establishes a favorable matching of the 

cascade energy band, which facilitates effective extraction of 

photogenerated electrons from the perovskite layer to the ITO 

electrode. The fabrication process is detailed in Figure S1 in 

the Supporting Information. 

The typical structure of the PSCs with a ZnO/SnO2 energy 

level gradient engineered with an ETL is demonstrated in 

Figure 3a. The ZnO nanowires (NWs) with diameters of 

approximately 60 nm were grown uniformly atop the ITO 

(Figure 3b). Then, a layer of SnO2 nanocrystals with a 

thickness of 80 nm was deposited onto the ZnO NWs Figure 

3c. The cross-section SEM image of the ZnO/SnO2 structure 

shown in Figure S3a confirms that the ZnO NWs were 

completely covered and passivated by the SnO2 nanocrystals. 

The composition of the ZnO/SnO2 layer was further identified 

by the energy dispersive spectrum (EDS), comprising of O, 

Zn, and Sn, which was also indicated by the EDS mapping 

images shown in Figure S3c-e. 

The performances of the PSCs with and without interfacial 

engineering are shown in Figure 4. The J-V curves measured 

with a 50 ms scanning delay under AM 1.5 solar illuminations  

Figure.1 Diagram of ZnO-based perovskite solar cells with interfacial engineering. 
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Figure.3 (a) Cross-section SEM image of ZnO/SnO2-based perovskite solar cells. SEM image of ZnO NWs (b) before and (c) 

after being covered with SnO2 nanocrystals. Inset: energy dispersive X-ray spectra of the ZnO/SnO2 ETLs with an energy band 

gradient. 

Figure.2 Energy band features of ZnO NWs and SnO2 nanocrystals. (a) Ultraviolet photoelectron spectroscopy cut-off edges 

of ZnO (black) and SnO2 (purple). (b) Valence band spectra of ZnO (black) and SnO2 (purple) derived from UPS measurements. 

(c) The bandgap values of ZnO (black) and SnO2 (purple) from the relationship of (αhυ)2 versus photon energy. (d) Energy 

band alignment of the energy level gradient in the ETL perovskite solar cell 
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under ambient conditions are presented in Figure 4a. The Voc, 

Jsc and FF of the ZnO/SnO2 ETL PSC with an interfacial 

engineering were 1.09 V, 22.16 mA/cm2 and 76.12 %, 

respectively, with a highest PCE obtained in this study of 

18.36 %. The champion device was measured under different 

scan directions, which showed little influence on the 

performance (Figure S4). The black line in Figure 4a 

presentsthe optimized performance of the ZnO nanowire-

based PSC, of which the PCE, Voc, Jsc, and FF were 14.33 %, 

1.04 V, 21.26 mA/cm2, and 65.14 %, respectively. To verify 

the reliability of the performance enhancement with the 

introduction of the interfacial engineering, the PCE statistics 

for all the ZnO/SnO2-based PSCs in one batch (30 cells) are 

illustrated in Figure 4b as the purple histogram ranging from 

13.5 % to 18.3 %, where the most populated efficiency was 

15.85 %. The black histogram in Figure 4b shows the PCE 

statistics of the ZnO-based PSCs (30 cells) ranging from 9 % 

to 14.4 % with a numerical average value of 11.94 %. The 

statistical analysis of the Voc, Jsc, FF, and PCE are also 

presented in Figure S5 to determine the average performance 

of PSCs with an interfacial engineering compared PSCs 

without an interfacial engineering. An enhancement in the 

PCE of over 30 % was obtained by introducing a SnO2 

nanocrystal as interfacial engineering between the ZnO NWs 

and perovskite. The time-dependent power output of the 

champion device was evaluated by tracking the efficiency at 

the maximum power point conditions. The PSCs engineered 

with a gradient in the energy band exhibited a highly stable 

power output, which may eliminate the variation of the 

efficiency due to the light soaking effects [37]. The long-term 

thermal stability of the unencapsulated PSCs with and without 

interfacial engineering was monitored by curing the cells at 40 

°C in a glove box for 536 h, as shown in Figure 4d. The PCEs 

of the ZnO/SnO2-based PSCs maintained almost 100 % of 

their original value (shown in Figure 4d by the purple line), 

while that of the ZnO nanowire-based PSCs decreased by 

approximately 25 %. This evidence supports the suppression 

of the deprotonation reaction between the ZnO NWs and 

perovskites after the introduction of the SnO2 nanocrystals as 

the interfacial passivation engineering. Consequently, the 

thermal stability of the ZnO nanowire-based PSCs was 

profoundly enhanced through the interfacial gradient energy 

band engineering and interfacial passivation engineering. 

Figure.4 (a) J-V characterizes the ZnO nanowire-based PSC and ZnO/SnO2-based PSC under AM 1.5 solar illumination at 

ambient conditions. (b) Statistical analysis of PCE results of ZnO nanowire-based PSCs with a mean value of 11.94 ± 0.08 %; 

the ZnO/SnO2-based PSCs had a mean value of 15.85 ± 0.03 % and a maximum value of 18.36 %. (c) The time-dependent 

stabilized power output of the ZnO/SnO2 ETL-based PSCs with an energy level gradient measured at the maximum power 

point. (d) Normalized efficiency of ZnO nanowire-based PSCs and ZnO/SnO2-based PSCs in N2-filled glove boxes. 
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To explore the internal mechanism of the performance 

improvement induced by ETL structure with an energy band 

gradient, steady-state photoluminescence (PL), time-resolved 

photoluminescence (TRPL), external quantum efficiency 

(EQE) and electrochemical impedance spectroscopy (EIS) 

measurements were carried out to study the interfacial effects  

induced by the ETL with an energy level gradient. As 

illustrated in Figure 5a, the PL of the ZnO/SnO2-based 

perovskite film quenches more efficiently than that of the ZnO 

nanowire-based perovskite film indicating stronger electron 

extraction in the ZnO/SnO2 structure [38]. This result is in 

good agreement with the TRPL measurements shown in 

Figure 5b, where the ZnO nanowire-based samples exhibited 

a much longer lifetime (158.4 ns) than that of the ZnO/SnO2 

structure (102.0 ns). Both curves were fitted with a two-

exponential decay algorithm according to previous reports 

[39,40], and detailed parameters about the TRPL lifetime are 

shown in Table S2. The EQE spectra of the ZnO/SnO2-based 

device shows a higher carrier harvesting than in the ZnO-

nanowire-based device along the entire absorption range of 

400-800 nm, especially in the long wavelength band in Figure 

5c. The integrated photocurrent densities are 21.26 and 22.16 

mA/cm2, respectively, which are in good agreement with the 

Jsc derived from the J−V measurement. Figure 5d shows the 

EIS of the PSCs tested with bias voltage. The recombination 

resistance (Rrec) can be derived from the low-frequency range 

semicircle and the corresponding equivalent circuit (Figure 

S6). Clearly, the ZnO/SnO2-based PSC had a larger Rrec value 

(approximately 75 KΩ) than the ZnO nanowire-based cell 

(approximately 30 KΩ). The larger Rrec could effectively 

suppress the charge recombination, enhancing the PCE of 

PSCs. 

To shine further light into the enhanced charge extraction 

dynamics of the PSCs with an interfacial gradient energy band 

engineering, transient photocurrent (TPC) delay and 

photovoltage (TPV) delay were utilized to characterize the 

charge transport and recombination time constants (τt and τr, 

Table S3) [41]. The τt decreased from 64 to 34 ns after the 

ETL with an energy band gradient was introduced (Figure 6a), 

confirming that the photogenerated charge transport through 

the ETL with an energy band gradient was faster than that 

through the sample with the ZnO nanowire ETL. Meanwhile, 

τr values of 0.95 μs and 1.45 μs were derived for the ZnO 

nanowire-based and ZnO/SnO2-based PSCs, respectively 

(Figure 6b). The long photovoltage delay time in the 

ZnO/SnO2-based PSCs resulted from the slow interfacial 

photogenerated charge recombination. Therefore, the 

introduced SnO2 layer not only enhanced the electron 

extraction from the perovskite materials but also suppressed 

the electron accumulation at the interface of the ETL and 

Figure.5 (a) Room temperature photoluminescence (PL) spectra of the perovskite-coated ZnO NWs and SnO2 nanocrystals 

covering the ZnO NWs. (b) Time-resolved photoluminescence (TRPL) spectra of the perovskite-coated ZnO NWs and SnO2 

nanocrystals covering ZnO NWs. (c) The external quantum efficiency (EQE) spectrum of ZnO/SnO2-based PSCs. (d) Nyquist 

plots of ZnO-based and ZnO/SnO2-based PSCs. 
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perovskite materials. By introducing SnO2 nanocrystal layers 

as an interfacial engineering, the establishment of an ETL with 

an energy level gradient and interfacial passivation were the 

dominant factor responsible for the enhancement of the ZnO 

nanowire-based PSCs. 

3. Conclusion 

We demonstrate interfacial engineering by introducing 

SnO2 nanocrystal at the interface between ZnO NWs and 

perovskite materials to enhance electron extraction and restrict 

surface recombination. A PCE of over 18 % was reached in 

this study, and the ZnO/SnO2-based PSCs exhibit good 

thermal stability at 40 °C for over 500 h. This work offers a 

general way to improve the performance of ZnO nanowire-

based PSCs under low-temperature synthesis, which is 

favorable for the fabrication of flexible and stretchable 

perovskite solar cells. 

Supporting Information 

This supporting information includes Method Section, 

Figures S1~S6 and Tables S1~S3: fabrication process, cross-

section SEM, J–V curves scanned by different rates, and 

photovoltaic parameters of devices. 
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