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Abstract 

In this work, optical properties of perovskite solar 

cells (PSCs) with planar and nanorod-based SnO2 

electron transport layers (ETLs) are studied and their 

photovoltaic parameters are compared using 

computer simulation methods. It is found that 

nanorod-based SnO2 ETLs improve the light 

harvesting ability of device. However, their power 

conversion efficiencies (PCEs) are still lower than 

those with thin planar SnO2 ETLs. 

(Keywords: perovskites, solar cells, device structure, 

electron transport layer, device physics) 

Introduction 

The halide perovskite materials have attracted an 

enormous interests in the photovoltaics research 

community due to their excellent optoelectronic 

properties. The solar cells based on perovskites have 

reached the PCE values as high as 25.7% for single-

junction devices and 31.3% for silicon/perovskite 

tandem devices [1]. 

A number of studies have been reported in the 

literature in recent years, in which the effect of the 

ETL structure on the performance of PSCs is 

investigated [2-4]. The comparative studies 

performed on ETLs with various structures indicate 

that vertically-aligned nanorods (one-dimensional 

(1D)) and, in some cases, vertically-aligned 

nanosheets (two-dimensional (2D)) of metal oxides 

such as TiO2, ZnO2, or SnO2 can perform better in 

PSCs than their three-dimensional (3D) (porous) or 

planar alternatives [2-4]. The effect of 1D-structured 

metal oxide ETLs in obtaining high-performance 

PSCs requires more detailed computational analysis 

and investigation. Therefore, the aim of this work is 

to assess whether the use of 1D-structured metal 

oxide ETLs can produce PSCs with improved 

performance compared to their planar counterparts. 

In this study, PSCs with nanorod-based SnO2 ETLs 

are investigated using computer simulation methods 

and their performance is contrasted with the 

performance of PSCs employing planar SnO2 ETLs. 

Methodology 

Numerical simulation of the optical and electrical 

properties of PSCs are undertaken as follows. The 

charge generation rate in the perovskite photo-

absorber layer of devices is obtained using a multi-

dimensional model reported by Li et al. [5]. For 

electrical stimulation of PSCs, the standard drift-

diffusion model is employed [6]. 

The general device structures of PSCs with planar 

and structured ETLs investigated in this work are 

illustrated in Scheme 1. Here, soda-lime glass, 

fluorine-doped tin oxide (FTO), SnO2, 

methylammonium lead iodide (MAPbI3), (2,2',7,7'-

tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-

spirobifluorene (Spiro-OMeTAD), and gold are used 

as substrate, transparent conductive oxide (TCO) 

layer, ETL, perovskite layer, hole transport layer 

(HTL), and top metallic contacts, respectively. The 

height (h) of SnO2 nanorods in devices varies from 0 

to 250 nm, whereas the width (w) of SnO2 nanorods 

varies from 0 to 80 nm. Devices, referred to as 

‘structured ETLs’, have nanorods with 0 < h ≤ 250 

nm and 0 < w < 80 nm. The distance between centers 

of adjacent SnO2 nanorods is set to 80 nm. The base 

for SnO2 nanorods in devices is composed of a 15 nm 

SnO2 compact layer. Devices referred to as ‘reference 

planar devices’ have nanorods with h = 0 nm and 0 ≤ 

w ≤ 80 nm or 0 ≤ h ≤ 250 nm and w = 0 nm. The 

corresponding ETLs are referred to as ‘reference 

planar ETLs’. Here, the SnO2 ETL is simply the base 

SnO2 layer (where h = 0) with the thickness of 15 nm. 

It is important to mention that when w = 80 nm and 0 

< h ≤ 250 nm, the walls of the SnO2 nanorods in the 

structured ETLs merge with each other. As a result of 20
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this, the corresponding devices also present PSCs 

with planar but thick ETLs (thicker than the 15 nm 

base SnO2 layer). Therefore, these devices are 

referred to as ‘thick planar devices’ and the 

corresponding ETLs are referred to as ‘thick planar 

ETLs’. 

 

Scheme 1: Schematic representation of (a) planar and 

(b) structured PSCs 

Results and Discussion 

A. Charge carrier generation in planar and 

structured PSCs 

Fig. 1: Dependence of Gavg (average charge carrier 

generation rate) in the perovskite layer of PSCs on w 

(width) and h (height) of ETL SnO2 nanorods 

Fig. 1 depicts the average charge carrier generation 

rate of electrons and holes (Gavg) in devices. The Gavg 

of planar devices, in general, smaller than Gavg of 

structured devices. Devices with the thickest planar 

ETLs (w = 80 nm and h = 250 nm) produce the 

lowest Gavg value (1.83 × 1027 m3 s-1), while reference 

planar devices have a bit higher Gavg value (2.62 × 

1027 m3 s-1). Fig. 1 shows that structured devices 

produce two distinct hotspots for highest Gavg. Both 

hotspots appear at h = 50 nm, but at different w values. 

The stronger (Gavg = 5 × 1027 m3 s-1) and the weaker 

hotspots (Gavg = 3.92 × 1027 m3 s-1) are obtained at w 

= 10 nm and w = 70 nm, respectively. As the heights 

of SnO2 nanorods increase, the Gavg values gradually 

dissipate for both hotspots. The appearance of these 

hotspots suggests that the charge carrier generation 

rate in structured devices can indeed be improved by 

implementation 1D-structured ETLs. Such a trend 

can be attributed to the photonic structure of 

structured ETLs that enables some light-trapping 

processes in devices [7-8]. 

B. Performance of planar and structured PSCs 

Fig. 2 depicts how the PCEs of devices depend on the 

h and w values of ETL SnO2 nanorods. Here, the 

reference planar PSCs give the highest PCE values 

(23.2%), whereas the structured devices yield smaller 

PCE values. The smallest PCE value (17.7%) is 

obtained for thickest planar devices. 

Fig. 2: Dependences of device PCEs on w (width) and 

h (height) of ETL SnO2 nanorods in PSCs 

A comparative analysis of the results shown in Fig. 1 

and 2 indicates that the higher charge carrier 

generation rates in the perovskite layer (e.g., in 

structured devices) do not necessarily guarantee 

better performances in devices. For instance, 

according to Fig. 1, the highest Gavg value is obtained 

when h and w values of ETL SnO2 nanorods are 50 

nm and 10 nm, correspondingly. However, a 

comparison of the calculated current-density vs. 

voltage (J-V) curves (see Fig. 3) for structured 

devices with h = 50 nm and w = 10 nm and reference 

planar devices show that the Jsc value in the former is, 

in fact, slightly lower than the Jsc value of reference 

planar devices (see Table 1). Since the Voc and the FF 

values in both devices are the same, the PCE value of 

reference planar devices is slightly higher than the 

PCE value of structured devices. This peculiar 

finding suggests that for the same device and material 

parameters, the PCE values of devices with 

structured ETLs do not exceed the PCE values of 

reference planar counterparts. A possible explanation 
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for such a result could be associated with 

inhomogeneous distribution of electric field in 

structured devices due to presence of SnO2 nanorods, 

which hinders effective charge collection in devices.    

Fig. 3: J-V curves for reference planar and structured 

PSCs. The h (height) and w (width) of ETL SnO2 

nanorods in structured devices are 50 and 10 nm, 

respectively  

Table 1: Photovoltaic parameters of reference planar 

and structured PSCs. 

Device  

type 

Jsc  

(mA cm-2)  

Voc  

(V) 

FF 

  

PCE 

(%) 

Reference 

planar 22.8 1.25 0.82 23.4 

Structured 

(h = 50 nm, 

w = 10 nm) 22.6 1.25 0.82 23.2 

Conclusion 

In conclusion, numerical simulation methods are 

employed to examine the performance of PSCs with 

SnO2 nanorod-based ETLs and contrasted with the 

performance of PSCs with planar SnO2 ETLs. The 

aspect ratio of SnO2 nanorods is varied to examine its 

effect on the charge carrier generation rate in the 

perovskite layer and the photovoltaic performance of 

devices. Employing SnO2 nanorod-based ETLs in 

constructing devices can increase the overall light 

harvesting ability of the corresponding devices. 

However, it is found that the performance of 

reference planar devices always remains higher than 

the one of structured devices, irrespective of the 

aspect ratio of SnO2 nanorods of structured ETLs. 
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