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Abstract. Organo-lead perovskites as light harvesters have represented a hot field of 

research on high-efficiency perovskite solar cells. Previous approaches to increasing 

the solar cell efficiency have focused on optimization of the morphology of perovskite 
film. In fact, the electron transporting layer (ETL) also has a significant impact on 

solar cell performance. Herein, we introduce a facile and low temperature solution-
processing method to deposit Nb2O5 film as ETL for PSCs. Based on Nb2O5 ETL, 

we investigate the effect of the annealing time for the perovskite films via different 

solution processing, relating it to the perovskite film morphology and its influence on 
the device working mechanisms. These results shed light on the origin of photovoltaic 

performance voltage in perovskite solar cells, and provide a path to further increase 

their efficiency. 

1.  Introduction 
Organic-inorganic hybrid perovskites (typically, MAPbI3, MA = CH3NH3+) were first incorporated 
into photovoltaic devices with the power conversion efficiency (PCE) of 3.8% [1]. In just a few years, 

the perovskite solar cells (PSCs) has achieved high PCE rapidly approaching 22.1% [2] via solvent 
engineering, due to the outstanding optoelectronic properties of the perovskite materials [3]. However, 

for PSC devices to work to their full potential, recent efforts in this field have therefore focused on the 

synthesis and development of suitable hole transport layers (HTLs) and electron transport layers 
(ETLs). So far, the record top-performing PSCs employ compact or mesostructured titanium dioxide 

(TiO2) as ETL in the mesoscopic type devices [4], although the use of other oxide materials, such as 

ZnO, SnO2, Nb2O5 and Zn2SnO4 and BnSnO4, has been reported [5]. Interestingly, niobium oxide 
(Nb2O5) is an n-type semiconductor with improved UV-stability relative to that of TiO2 [6]. However, 

Nb2O5 can only be deposited in PSCs using magnetron sputtering technique [7]. 
Herein, a facile and low temperature solution-processing method is applied to deposit Nb2O5 as 

ETL for PSCs. Based on Nb2O5 ETL, we investigate the effect and importance of the annealing time 

during the final conversion step, relating it to the perovskite film morphology and its influence on the 
device working mechanisms. 
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2.  Experimental 

2.1.  Device Fabrication 

The illustration of the one-step and two-step process to prepare perovskite solar cells is presented in 
Figure 1. The Nb2O5 nanocrystals were dispersed into anhydrous chloroform and methanol (EE). The 

obtained suspension spin-coated onto FTO substrates and annealed at 150oC for 60 min. One-step 

spin-coating method: The MAPbI3 precursor solution was prepared by mixing 1 M PbI2 and MAI at 
1:1 molar ratio in DMF. The precursor solution was spin-coated at 4000 r.p.m. for 40 s. During this 

procedure, 80 μL of chlorobenzene was pipetted onto the spinning substrate after 12 s. The spin-coated 
substrates were then dried at 100 oC for 15, 35, 65, 95, and 125 min, respectively (One-step TA). 

Two-step spin-coating method: 45 μL of 1 M PbI2/DMF solution was spin-coated on the Nb2O5 layer 

successively at 4000 r.p.m. for 40 s. After spin-coating, the films were annealed at 100 oC for 5 min. 
Then the samples were cooled to room temperature. The 45 μL of MAI solution (1 M in ethanol) was 

loaded on the PbI2 layer for 5 s to react with PbI2 and form MAPbI3, and subsequently spun at 3500 

r.p.m. for 40 s and annealed at 100 oC for 15, 35, 65, 95, and 125 min, respectively (Two-step TA). 
Besides, during above-mentioned procedure, 10 μL of DMF was added to the edge of the petri dish 

when the annealing started (Two-step SA). After cooling down to room temperature, the HTL was 
subsequently deposited on top of the perovskite film by spin coating at 4000 rpm for 30 s using a 

chlorobenzene solution which contained 72 mg/mL of Spiro-OMeTAD and 28 µL/mL of tert-

butylpyridine, as well as 18 µL/mL of bis(trifluoromethane)sulfonimide lithium salt (520 mg/mL in 
acetonitrile). Finally, 100-nm Au electrodes were deposited through a shadow mask, defining a device 

area of 0.13 cm2, by thermal evaporation. 

2.2.  Characterization 
Scanning electron microscope (SEM, JSM, 6490LV) were investigated to the morphology of the 

perovskite samples. The as-prepared perovskite films were characterized by X-ray diffraction (XRD, 
Rigaku RINT2400, Japan) with Cu Kα (λ = 0.1541 nm) radiation at 45 kV and 40 mA. The current 

density–voltage  (J–V) curves were measured under simulated one-sun AM 1.5G illumination (100 

mW·cm-2) using a solar simulator (SAN-EI, AAA grade, Newport Corporation) with a Keithley 2400 
Source Meter under an N2 atmosphere. The light intensity was calibrated with a Si reference cell. 
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3.  Results and discussion 
 

 

Figure 1. Illustration of the one-step and two-step process to prepare perovskite solar cells. 

 
Figure 2 shows the SEM images of the perovskite films deposited on Nb2O5/FTO substrate by 

using different solution-processing methods. As illustrated in Figure 2a, the perovskite films exhibited 

an amorphous morphology with a variety of pores distributed over the surface. It is clearly seen that 
the numbers of the pore decrease with the increasing of the annealing time. In Figure 2b, the films 

exhibited the unique morphology with many crystalline grains and the grain size of the perovskite film 

was increased when the annealing time increased. The reasons is that large perovskite grains were 
grown by solvent annealing that facilitated grain boundary migration by the solvent vapors [8]. As 

shown in Figure 2c, the film showed uniform polygon grains of several hundred nanometers, which 
were comparatively smaller than that of perovskite film obtained by Two-step TA method (Figure 2d). 

It is notable that the MAPbI3 do form continuous and dense films by One-step TA method. Therefore, 

we observed the same morphology of perovskite on the Nb2O5 substrates, which well agrees with the 
perovskite based on the TiO2 layer [9,10]. Moreover, the morphology of the perovskite observed for 

the Nb2O5 interface do correlate well with the solution-processing method and annealing time.  
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Figure 2. SEM images of perovskite films prepared by (a) Two-step TA, (b) Two-step SA and (c) 

One-step TA methods. (d) Grain size distributions of perovskite films prepared by three methods. The 
same scale bar and label applied to all images in a column and the numbers represent the annealing 

time. 
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Figure 3. XRD patterns of perovskite films prepared by (a) Two-step TA, (b) Two-step SA and (c) 

One-step TA methods. (d) Variation of XRD peak intensity at 2θ = 14.2o (110) and corresponding 

FWHM evolution with the increasing annealing time.  
 

In order to understand the formation and evolution of perovskite film by different solution-
processing methods with the annealing time, XRD curves of the films has been carried out in Figure 

3a-b. Normally, these perovskites films exhibit strong characteristic diffraction patterns for 

CH3NH3PbI3 tetragonal crystal structure [11]. Thus, there is an additive peak observed at 12.2o for 
the perovskite prepared by using Two-step SA method, which can be matched well with the (001) 

lattice plane of crystallized PbI2. [12] This may be related to the strong effect of the solvent vapor in 

thermal annealing. It should be noted that the relative intensity of (110) diffraction peak (2θ = 14.2o) 
can be relative to different annealing time (Figure 3d). 

By applying Nb2O5 as ETLs, a typical configuration of FTO/Nb2O5/Perovskite/Spiro-
OMeTAD/Au used for the planar PSCs in this work. Figure 4 summarizes the photovoltaic parameters 

of PSCs based on the preparation of perovskite by using solution-processing methods. Upon 

increasing the annealing time in three solution-processing methods, the PCE first augments and 
subsequently decrease with a peak at the annealing time = 95 min. As shown in Figure 4a, the 

representative device based on Two-step TA with the 65 min annealing time presents an open-circuit 

voltage (Voc) = 0.81 V, a short-circuit current density (Jsc) = 16.1 mA cm-2, and a Fill Factor = 68 %, 
corresponding to a PCE of 8.9 %, a superior photovoltaic performance than that of the devices 

applying Two-step SA and one-step TA method. Obviously, the PCE improvement can be related to 
the suitable annealing time by using all the solution-processing methods. 
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Figure 4. The current density-voltage (J-V) curves of PSCs based on the preparation methods of 
perovskite by using (a) Two-step TA, (b) Two-step SA and (c) One-step TA. Photovoltaic metric of 

devices plotted as function of the annealing time with three preparation methods: (d) Two-step TA, (e) 
Two-step SA and (f) One-step TA. 

 

4.  Conclusion 
In summary, we identified an efficient method to prepare Nb2O5 as useful electro transporting layer. 

Based on Nb2O5 ETL, we studied the properties of the MAPbI3 perovskite films under the influence 

of the annealing time, which can be generated under three solution processing methods. We found that 
the annealing time had an influence in the perovskite film morphology. Further study demonstrated 

that our Nb2O5-based solar cells are obtained with a stabilized PCE of > 8 %. The devices can be 
easily processed under low temperature, which will have important fundamental implications on the 

development of more efficient perovskite solar cells. These results shed light on the origin of 

photovoltaic performance in perovskite solar cells, and provide a path to further increase their 
efficiency. 
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