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Radio Frequency Magnetron 

Sputtering Deposition of TiO2 Thin 

Films and Their Perovskite Solar 

Cell Applications
Cong Chen, Yu Cheng, Qilin Dai & Hongwei Song

In this work, we report a physical deposition based, compact (cp) layer synthesis for planar 

heterojunction perovskite solar cells. Typical solution-based synthesis of cp layer for perovskite solar 

cells involves low-quality of thin films, high-temperature annealing, non-flexible devices, limitation 
of large-scale production and that the effects of the cp layer on carrier transport have not been 
fully understood. In this research, using radio frequency magnetron sputtering (RFMS), TiO2 cp 

layers were fabricated and the thickness could be controlled by deposition time; CH3NH3PbI3 films 
were prepared by evaporation & immersion (E & I) method, in which PbI2 films made by thermal 
evaporation technique were immersed in CH3NH3I solution. The devices exhibit power conversion 
efficiency (PCE) of 12.1% and the photovoltaic performance can maintain 77% of its initial PCE after 

1440 h. The method developed in this study has the capability of fabricating large active area devices 
(40 × 40 mm2) showing a promising PCE of 4.8%. Low temperature and flexible devices were realized 
and a PCE of 8.9% was obtained on the PET/ITO substrates. These approaches could be used in 
thin film based solar cells which require high-quality films leading to reduced fabrication cost and 
improved device performance.

Methylammonium lead iodide (CH3NH3PbI3) perovskite based solar cells have been extensively studied 
due to the great potential to reduce the dependencies on fossil energy. It is reported that the perovskite 
solar cells achieve remarkably high e�ciency of 19% for both mesoporous metal oxide sca�olds and 
planar heterojunction architectures because CH3NH3PbI3(MAPbI3), as light harvesting material, o�ers 
all the desirable characteristics such as large absorption coe�cient, high charge carrier mobility and 
long di�usion length1–3. Planar architecture has been developed due to the enhanced device �exibility 
and multijunction construction application4. TCO/cp semiconductors oxide/perovskite materials/HTM/
cathode is the standard con�guration for planar heterojunction perovskite solar cells. �e cp layer and 
CH3NH3PbI3 layer are indispensable in a perovskite solar cell, and their high quality directly plays an 
important role in reducing the structural and electronic defects in the �lms which can a�ect the device 
performance signi�cantly. For the cp layer preparation, Spray pyrolysis and spin-coating precursor solu-
tion methods are two typical methods to prepare electron collecting cp layer for planar heterojunction 
perovskite solar cells. However, these two methods are also associated with certain disadvantages. First, 
the cp layer obtained by these two methods is not high-quality condensed layer. Second, it is di�cult 
to control the cp-layer thickness for these two methods. �ird, they involve high temperature prepara-
tion and non-�exible devices, which limits the applications of perovskite solar cells. In addition, spin 
coating technique is not suitable for commercial large-scale production of solar cells. �erefore, the 
investigation of cp layer preparation methods that involve high-quality condensed layer, easy control of 
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thin �lm growth, low temperature preparation and �exible devices is necessary and will provide impor-
tant insight on these issues. Atomic layer deposition (ALD) has been used to fabricate cp layers for 
perovskite solar cells, but ALD requires a relatively long time and high-cost for the thin �lm prepara-
tion5. For the CH3NH3PbI3 thin �lm synthesis, typically, the deposition of MAPbI3 perovskite thin �lms 
is accomplished using a one-step or two-step solution-processing method. However, it is di�cult to 
control perovskite crystallinity and �lm uniformity due to the annealing process, which is unavoidable 
for the one-step solution-processing method. In general, the two-step method o�ers better control of 
the perovskite morphology compared with the one-step method. However, the spin-coating technique 
in the two-step method is related with low quality of �lms and limitation of large-scale production6. 
CH3NH3PbI3 thin �lm synthesis approach with a big achievement, which is based on a dual-source 
evaporation technique, has been developed for planar heterojunction perovskite solar cells7. However, 
this method requires special lab equipment.

In this work, we report for the �rst time a high-quality, easy-control, physical-deposition approach, 
which allows low temperature preparation for cp layer synthesis and the fabrication of large area and �ex-
ible devices for perovskite solar cell applications, which is based on RFMS technique. RFMS is a low-cost 
method for preparing semiconductor and metal thin �lms on various substrates, and it is particularly 
suitable for the growth of nanostructured �lms8–10. For CH3NH3PbI3 thin �lm preparation, we also mod-
i�ed the traditional two-step solution-processing method by E&I approach, instead of spin-coating, in 
which PbI2 thin �lms were prepared via thermal evaporation followed by immersing the PbI2 thin �lms 
in CH3NH3I solution. �is E&I approach with great �lm reproducibility overcomes the problems of 
traditional one-step and two-step methods including incomplete conversion and uncontrolled growth of 
CH3NH3PbI3 thin �lms, and it is suited for large-scale production of solar cells. In addition, considering 
the rapid energy payback time of photovoltaic device11, RFMS technique and E&I method could be one 
alternative way to realize large area, low cost and commercialized devices.

In this research, planar heterojunction perovskite solar cells based on cp TiO2 electron transport layer 
and MAPbI3 thin �lm by RFMS combined with E & I method were fabricated and their performance 
was characterized. �e best PCE of 12.1% with an open-circuit voltage (VOC) of 1.09 V was achieved. An 
average PCE of 10.9% was obtained and can maintain 77% of its initial PCE a�er 1440 h in this work. 
In addition, we also demonstrate that good performance �exible perovskite solar cells (PCE =  8.9%) 
on polyethylene terephthalate/indium-Tin Oxide (PET/ITO) substrate and large active area devices 
(40 ×  40 mm2, PCE =  4.8%) can be obtained by the reported method in this paper.

Results and Discussion
Structural characterization of perovskite solar cells. Figure 1(a,b) show the typical three-dimen-
sional structure and the schematic architecture of our perovskite solar cells, respectively. It consists of 
�uorine-doped tin oxide (FTO) transparent conductive anode, cp TiO2 electron transport layer, MAPbI3 

Figure 1. (a) Schematic illustration of the solar cells. (b) Schematic architecture of the investigated devices. 

(c) Cross-sectional SEM image of a typical perovskite solar cell by RFMS combined with E & I method.  

(d) Detailed view of the cp TiO2 layer (~60 nm).
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active layer, 2,2′ ,7,7′ -tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′ -spirobi�uorene (spiro-oMeTAD) 
hole transport layer and Au cathode. �e pathways of holes and electrons are shown in the schematic 
architecture. Figure  1(c) shows the cross-sectional scanning electronic microscopy (SEM) image of a 
well-constructed perovskite solar cell fabricated using RFMS combined with E & I method. �e thick-
nesses of the MAPbI3, HTM, and gold layer are 750, 230 and 100 nm respectively. From Figure  1(c), 
well-de�ned in�ltration boundaries of MAPbI3/ HTM can be observed clearly, and no pores/voids are 
visible even on the nanoscale. �e interface between the MAPbI3 and HTM layers shows the e�ective 
combination of the two layers for heterojunction structure. Perovskite material and hole transport layer 
material have very uniform distribution, and such a dense structure will contribute to e�cient light 
absorption and charge transport. Figure  1(d) shows the interface between TiO2 and FTO manifesting 
the in�ltration of TiO2 into the FTO layer. A detailed view of the cp TiO2 electron transport layer with 
high uniformity shows the cp-layer thickness is approximately 60 nm, which is almost the same as the 
TiO2 commonly used in perovskite solar cells according to the literature12.

The influence of TiO2 layer prepared by RFMS on device performance. To study the e�ect of 
deposition time on the TiO2 �lm surface, the coating of TiO2 on FTO substrate was carried out using 
di�erent sputtering time of 15, 30 and 60 min. Figure 2(a,d) show the SEM and AFM images of top sur-
face of a bare FTO respectively. In Figure 2(a), uneven surface of commercial bare FTO can be observed, 
which has been reported by Masuda et al.13. �e uneven surface can signi�cantly a�ect the uniformity of 
the cp layer prepared by spray pyrolysis or spin-coating with precursor solution due to the di�usibility 
and surface tension of the liquid. �e AFM image (Fig. 2(d)) of the bare FTO shows the depth changing 
from -104.6 to 105.9 nm. Figure 2(b) shows the surface morphology of TiO2 �lm prepared with 15 min 
sputtering. It can be observed that the surface uniformity has been improved to some extent which can 
be con�rmed by the depth (− 76.9 ~ 80.5 nm) shown in Fig. 2(e). However, there are still some relative 
large gaps caused by the uneven substrates. Fig.  2(c,f) show the SEM and AFM images of the surface 
morphology of TiO2 �lm respectively (sputtering time: 30 min). �e �lm depth ranging from − 36.4 nm 
to 36.7 nm indicates signi�cant improved surface uniformity (Fig. 2(f)). �e roughness of the �lms fab-
ricated by RFMS is relatively low compared to other solution based �lms. All the samples were deposited 
under the same condition expect the sputtering time. �e cp-layer thickness is increased with increasing 
sputtering time.

Recent studies showed that the cp-layer thickness had signi�cant impact on the device performance 
of cp-TiO2/CH3NH3PbI3 planar heterojunction solar cells. �e �lm thickness was controlled by varying 
the sputtering time from 0 to 60 min (0, 15, 20, 25, 30, 35, 40, 50 and 60 min) to investigate the in�u-
ence of the thickness-dependent TiO2 on the device performance. Because some deposited TiO2 �lms 
are extremely thin within a few nanometers, the thicknesses are estimated by the �lm thickness monitor 
set in RFMS chamber.

Figure 2. (a) and (d) show the SEM and AFM images of a bare FTO surface respectively. (b,e) show the 

SEM and AFM images of the surface of TiO2 on FTO with 15 min deposition respectively (c,f) show the 

SEM and AFM images of the surface of TiO2 on FTO with 30 min deposition respectively.
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We also fabricated the devices without the cp TiO2 electron transport layer. �e device perfor-
mance was characterized by current density (J)-voltage (V) measurements under simulated AM 1.5 G 
(100 mW/cm2) solar irradiation in the air. �e device without the cp TiO2 electron transport layer (sput-
tering time =  0) still exhibits photovoltaic performance of ~4.3% (Jsc =  13.6 mA/cm2, Voc =  0.93 V and 
FF =  34%). �e Jsc and Voc values are typical for perovskite solar cells based on TiO2 and spiro-OMeTAD.

�e photovoltaic parameters (Jsc, Voc, FF and PCE) of the devices based on di�erent cp TiO2 layers 
with di�erent sputtering time are plotted and summarized in Fig. 3(a) and Table 1. When the cp TiO2 
electron transport layer was introduced into the perovskite solar cells, the device performance was sig-
ni�cantly enhanced compared to that without cp layer. �e 15 min sputtered TiO2 �lm (~22 nm) based 
perovskite cell shows a PCE of 7.8% with a Jsc of 16.1 mA /cm2, a FF of 51% and a Voc of 0.95 mV. Jsc, Voc, 
FF and PCE increase to 20.6 mA /cm2, 1.09 V, 54% and 12.1% respectively as the sputtering time increases 
to 30 min. In general, the devices exhibit Jsc =  21.5 ±  0.9 mA/cm2, Voc =  1.02 ±  0.1 V, FF =  50  ±  4%, and 
the resulting PCE =  10.9 ±  1.2%. �e Jsc increased with increasing cp-layer thickness, as the sputtering 
time is increased from 15 to 30 min. �is can be attributed to the improved electron collection and e�ec-
tive hole blocking caused by the inserted TiO2 layer. However, with increasing time from 35 to 60 min 

Figure 3. (a) shows the photovoltaic parameters of the devices based on di�erent sputtering time. 12 solar 

cells were repeated and measured for each sputtering time. (b) IPCE spectra of perovskite solar cells based 

on three typical sputtering time.

Sputtering 
time (min) Jsc(mA/cm2) Voc (V) FF(%) PCE(%)

15 16.2 ±  0.6 0.95 ±  0.06 45  ±  2 7.8 ±  0.4

20 18.1 ±  0.5 0.96 ±  0.05 49 ±  3 8.4 ±  1.1

25 19.7 ±  0.7 0.98 ±  0.07 48  ±  3 9.1 ±  0.9

30 21.5 ±  0.9 1.02 ±  0.10 50  ±  4 10.9% ±  1.2

20.6 1.09 54 12.1

35 20.1 ±  1.1 1.01 ±  0.09 47  ±  3 9.5 ±  1.0

40 19.8 ±  0.9 0.97 ±  0.1 44 ±  6 8.4 ±  0.7

50 15.8 ±  1.2 0.93 ±  0.11 45 ±  5 6.6 ±  1.1

60 10.2 ±  1.6 0.92 ±  0.08 45 ±  7 4.3 ±  1.4

Table 1.  Photovoltaic parameters (Jsc, Voc, FF and PCE) of the devices based on di�erent sputtering 

time.
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corresponding to the thickness from 80 to 200 nm, the decreased device performance is observed due 
to lower electron transport in thicker cp layers and longer transmission distance leading to increased 
recombination rates. �is can also be con�rmed from the apparent decrease of FF parameters. Incident 
photon-to-current conversion e�ciency (IPCE) measurement was also carried out for the devices based 
on TiO2 with di�erent thicknesses. Figure 3(b) shows the typical IPCE spectra of perovskite solar cells, 
which is consistent with those in previous papers published14. A�er integrating the product of AM 1.5 G 
photon �ux with the IPCE spectrum, the calculated Jsc is found to be 20.9 mA/cm2 which is in good 
agreement with measured Jsc value (21.5 ±  0.9 mA/cm2) obtained for the device with sputtering time of 
30 min. �e IPCE spectra follow the same trend with PCE obtained for di�erent sputtering time. So the 
best device performance can be achieved when the optimum cp-layer thickness is employed. In addition, 
these results also indicate that n-type cp semiconductor layer plays a signi�cant role in both electron 
transport and hole blocking within perovskite solar cells.

Performance of the devices based on MAPbI3 perovskite synthesized by E & I. In planar het-
erojunction architecture, the MAPbI3 perovskite �lm, as a light-absorbing layer, is simply sandwiched 
between two charge selective extraction contacts and the device performance can be signi�cantly a�ected 
by the quality and the coverage of MAPbI3 perovskite �lm. Herein, we prepared MAPbI3 perovskite �lm 
by an improved two-step approach (E & I).�is is an improved two-step process in which PbI2 was evap-
orated to form a PbI2 �lm in the �rst step rather than spin-coating a PbI2 precursor in DMF solution15. 
�is process can also avoid the extremely high reaction rate of lead halide perovskite �lm o�en observed 
in the co-deposition process7. �is homogeneous PbI2 �lm acts as a superior framework and “nucleation” 
centers for the MAPbI3 formation with large crystals and regular morphology.

Evaporation is the deposition of lead iodide �lm by thermal evaporation method which is commonly 
used to prepare Au or Ag electrode. �e evaporation temperature of PbI2 (~954 °C) is lower than that 
of Au (2807 °C) or Ag (2210 °C) under standard atmospheric conditions, and can be evaporated easily 
in vacuum environment. Immersion process, the perovskite material is formed, has dramatic in�uences 
on the crystallinity of MAPbI3 and internal structure of perovskite solar cells. Here, we systematically 
analyze the e�ects of conversion from PbI2 to MAPbI3 in immersion process on perovskite solar cell 
performance. Our results show that the suitable immersing time is critical to obtain full conversion from 
PbI2 to MAPbI3 to achieve optimized photocurrent and excellent photovoltaic performance.

Figure  4(a) shows the J-V curves of di�erent devices based on di�erent immersing time of PbI2 in 
MAI. In order to monitor the conversion of the PbI2 phase to the perovskite phase, time-dependent 
X-ray Di�raction (XRD) (Fig.  4(b)) and corresponding SEM measurements (Fig.  4(c–f)) for di�erent 
immersing time were also conducted. During the reaction process, it can be observed that the appear-
ance and evolution of MAIPbI3 structure can be con�rmed from XRD results and SEM images, which 
is consistent with literature results about cubic (Pm3m) phase of the perovskite MAIPbI3

16–18. When the 
immersing time is increased from 0 min to 240 min, the short-circuit photocurrent density �rst increases 
and then decreases. In Fig.  4(b), the 2θ peaks at 12.56° (Fig.  4(b), marked with *) can be assigned to 
PbI2 as the immersing time is 0~10 min indicating the presence of unconverted PbI2. From Fig. 4(c), the 
thermal-evaporation PbI2 shows a stacked nanosheet structure which exhibits much larger surface area 
than traditional �lm to fully contact with the MAI in isopropanol solution. �e changes in the crystal 
structure of the material compared with the original PbI2 �lm, suggests that E & I method promotes a 
rearrangement of PbI2 in CH3NH3I solution via intensive di�usion during �lm growth. One XRD peak 
(14.2°) is observed corresponding to the perovskite phase as the immersing time is 10 min (Fig.  4(b)). 
Simultaneously, some nanocrystals can be observed in Fig. 4(d) for the 10 min immersing time due to 
perovskite material formed on the surface of the �lm. �e photovoltaic performance shows a rising trend 
as the immersing time is increased from 0 to 45 min due to the improved photocurrent caused by the 
more light absorber formed during the immersing process. �e rising PCE trend from 0~45 min can also 
be concluded that the residual PbI2 layer in �lms that are not fully converted inhibits charge transfer 
from the perovskite to the cp TiO2 electron transport layer. PbI2 XRD peaks disappear (Fig. 4(b)), and 
larger nanocrystals with the size of ~150 nm can be observed (Fig. 4(e)) as immersing time is increased to 
45 min, which indicates that the reaction of CH3NH3I and PbI2 is complete. Meanwhile, the PCE reaches 
the highest value which also con�rms the complete perovskite conversion during the immersion process. 
Such a behavior has been observed previously for this family of materials and is currently under inten-
sive investigation by several research groups19,20. FF parameters of these devices decrease signi�cantly 
with increasing immersing time from 60 min (FF =  51%) to 240 min (FF =  25.5%). �e same trend can 
be observed for the conversion e�ciency, decreasing from 10.9% for 45 min to 0.21% for 240 min. To 
better understand the in�uence of longer immersing time (> 60 min) on the perovskite �lm growth, XRD 
and SEM of the sample with 240 min immersing are measured and shown in Fig. 4(b,f). It is clear that 
there is no apparent di�erence in crystallinity, crystal size and surface morphology, which indicates that 
longer immersing time has limited in�uence on MAPbI3 light absorbing �lms. Similar results were also 
obtained in other work21. But the cross-sectional images of the MAPbI3 �lms on TiO2-coated FTO in 
Figure S1(a)~2(c) can explain the decreased device performance for the longer immersing time. It can 
be observed that the MAPbI3 �lms peel o� from Glass/FTO/cp-TiO2 for the samples with immersing 
time 120 and 240 min (Figure S1(b,c)) in comparison with that of 45 min in Figure S1(a). It is possible 
that the surface tension of the MAI solution a�ects the stability of the �lm leading to decreased device 
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performance for the longer immersing time. �us the conversion extent of the lead iodide �lm deter-
mined by immersing time is critical for optimizing device performance. (PbI2)1-x (MAPbI3)x �lms are 
not converted completely when the immersing time is less than 10 min, and longer immersing time 
(more than 60 min) leads to fracture of the device. �e transformation process of PbI2 into CH3NH3PbI3 
has been investigated by Lang et al.22. �ey proposed that the di�usion of Pb allows the formation of 
CH3NH3PbI3 from stacked PbI2 and CH3NH3I by inter-di�usion, and the perovskite crystallites at the 
surface are associated with the di�usion. We believe that similar mechanism happened to our system. 
�e transformation time in their study is shorter from PbI2 to CH3NH3PbI3 compared to the reaction 
time in this work. However, PbI2 was dissolved in Dimethylformamide solution and in�ltrated into 
np-TiO2 mesoporous structure by spin coating in their work. �at may lead to shorter transformation 
time compared to PbI2 dense �lms prepared by thermal evaporation in this work.

Anomalous hysteresis for the best efficient device. Anomalous Hysteresis has been studied to 
determine the performance of perovskite solar cells2,23,24. A series of the relevant tests have been carried 
out for the device which exhibits the best PCE of 12.1% in this study. �e in�uence of scanning condi-
tions on the J-V curves is shown in Figure S2. �e testing device was measured under simulated AM1.5 

Figure 4. (a) �e PCE of the devices as a function of immersing time. 12 solar cells were repeated and 

measured for each immersing time; (b) XRD patterns of PbI2 �lm with di�erent immersing time in MAI 

solution; (c) SEM image of the PbI2 �lm deposited by thermal evaporation on Glass/FTO/cp-TiO2 substrate 

without immersing in MAI; (d) SEM image of the product obtained by immersing PbI2 �lm in CH3NH3I for 

10 min; (e) SEM image of MAPbI3 layer prepared by immersing PbI2 �lm in MAI for 45 min; (f) SEM image 

of MAPbI3 layer fabricated with immersing PbI2 �lm in MAI for 240 min.
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with di�erent scan rates from 2 to 0.04 V/s from forward bias to short circuit (FB-SC). As the scan rate 
is 2 V/s, the testing device shows better performance (PCE =  12.7%). However, by slowing down the scan 
rate, the hysteresis appears. When the scan rate is reduced to 0.04 V/s, PCE of the device decreases to 
11.5%. When the scanning rate is 0.6 ~ 0.4 V/s, the device exhibits relatively stable PCE of ~12%.

Scanning directions have a certain in�uence on the performance of the devices. When the device 
was test in SC-FB with a scan rate of 0.5 V/s, the PCE was 11.7% with Jsc =  19.8 m A/cm−2, Voc =  1.0 V, 
FF =  59% which is shown in Figure S3. �is phenomenon is more obvious in other published results24,25. 
�e reasons can be concluded as follows: i) �e perovskite absorber CH3NH3PbI3 may have some surface 
defects which could act as traps for electrons and holes and �ll under forward bias working conditions. 
�en the trapping and detrapping times are likely to vary with architecture and processing2. ii) �e 
organometal trihalide perovskites have been observed to possess ferroelectric properties. Upon applied 
bias, a slow polarization of CH3NH3PbI3 may occur, which could be responsible for the hysteresis16,23.

Flexible perovskite solar cells. Cp TiO2 electron transport layers were also deposited on PET/ITO 
substrate by RFMS technique to fabricate �exible perovskite solar cells with a con�guration of PET/
ITO/TiO2/MAPbI3/spiro-oMeTAD/Au in this study. �e experimental conditions and procedure of the 
�exible devices are the same as those of the devices on Glass/FTO. Figure 5(a) shows a photograph of 
the �exible devices prepared by the method developed in this work. Figure 5(b) shows the J–V curves of 
three kinds of perovskite solar cells prepared on di�erent substrates by di�erent methods. �e average 
performance of the �exible device (red line in Fig. 5(b), Jsc =  19.0 m A/cm−2, Voc =  0.96 V, FF =  48% and 
PCE =  8.9%) is not as good as that of the device on Glass/FTO (blue line in Fig. 5(b), Jsc =  20.6 mA/cm−2, 
Voc =  1.09 V, FF =  54% and PCE =  12.1%) which was prepared with the same experimental parameters. 
�e reduced device performance of the �exible solar cell can be attributed to large sheet resistance of 
PET/ITO (60 Ω /sq) and the low light transmittance (78%) compared to those of Glass/FTO (7Ω /sq, 
92%). However, the PCE of 8.9% for the �exible device is comparable to the reported results for �exible 
solar cells26–28.

A device with the same fabrication process except that the TiO2 layer prepared by spin-coating method 
(annealed at 500 °C for 30 min) exhibits a lower PCE of 7.9% shown in Fig. 5(b) (black line) compared 
to that of the RFMS prepared TiO2 (12.1%). �is indicates the RFMS is a very promising method to 
fabricate high e�ciency perovskite solar cells compared to conventional spin-coating method in which 
the desired cp layer with uniform thickness cannot be easily prepared due to the uneven surface of the 
commercial FTO (Fig. 3(a)) and the �ow ability of spin-coating precursor. �us better solar cell perfor-
mance can be obtained for the devices based on the uniform �lms prepared by RFMS combined with E 
& I method compared with those based on conventional spin-coating method.

�e device performance a�er mechanical bending was studied for the �exible devices. In Fig. 6(c), the 
�exible solar cells were bent over a roll with radii of 24 mm, 16 mm, 12 mm and 8 mm corresponding to 
the angles of 60°, 90°, 120° and 180° respectively. �e speci�c bending process is described in the exper-
imental section. Normalized PCEs of perovskite solar cells a�er bending with di�erent radii and times 
were presented in Table S1. It can be observed that the PCE are estimated to be 8.5%, 8.2% and 7.9% 
a�er 30 bending cycles for the angles of 60°, 90° and 120° respectively, which is much higher than the 
reported results27. �e PCE remains 7.7% a�er 30 bending cycles for the angle of 180° is still comparable 
to the data from the literature27. �e performance of all the devices can be evaluated up to 300 bending 
cycles (600 times) indicating that our devices tolerate repeated mechanical deformation. �e PCE with 
a bending angle of 60o, which remains 5.7% a�er 300 cycles bending, is more stable than other bending 
angles. �is can be understood by the less deformation caused by smaller bending angle.

Figure 5. (a) Photograph of �exible devices in this study. (b) J-V curves of the devices on Glass/FTO and 

PET/ ITO substrates based on RFMS technique compared to that of the device on Glass/FTO based on spin-

coating approach. (c) Overall performance changes with the increasing times of bending cycles. All the PCE 

data were normalized to describe the device performance trends.
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�e reason for device performance degradation is the perovskite material surface structure changes 
with the bending as shown in Fig. 6. Figure 6(a) shows smooth surface of perovskite MAPbI3 without 
bending. Minor fracture surface occurred a�er bending with the angle of 60°for 300 cycles (Fig. 6(b)). 
Relatively large and crushed fracture happened a�er bending with the angle of 180°for 300 cycles in 
Fig. 6(c).

Large active area perovskite solar cells. �e reported high e�ciency perovskite solar cells are based 
on small active areas (0.1 mm2~1 cm2), which is not suitable for practical application29. Research on large 
area perovskite solar cells is necessary and has not been addressed in full detail, which is related to the 
preparation process of perovskite solar cells, including the high-temperature annealing and spin-coating 
technique. Because of the potential in low costs and high performance, many considerable e�orts are 
being increasingly undertaken to enable a commercial upscaling of this new type of solar cell. We have 
tried to address the problems associated with large active layer perovskite solar cell preparation. �e 
devices were prepared by the similar method described in the experimental section except that di�erent 
active areas were employed. �e photograph of perovskite solar cells with di�erent active areas can be 
found in Fig. 7. J-V curves of samples with an active area of 40 ×  40 mm2, 20 ×  20 mm2, 5 ×  20 mm2 and 
2 ×  5 mm2 are shown in Figure S3, clearly. �e devices based on 40 ×  40 mm2 active area exhibit Jsc of 
6~11 mA/cm2, Voc of 0.8 ~ 1.2 V, FF of 40 ~ 60% and PCE of 4.2 ~ 4.9%. Enhanced device performance 
is observed as the active area decreases. PCE of ~5.6% and ~7.7% were obtained for 20 ×  20 mm2 and 
5 ×  20 mm2 devices respectively. �e Voc values of large active area devices are similar to those of 0.1 cm2 
perovskite solar cells indicating that that size of the active area has no e�ect on the Voc values. �e Jsc and 
FF parameters gradually decrease with increasing active area, which can be explained by more surface 
defects are involved for larger active area.

The long-term stability of perovskite solar cells. �e long-term stability of perovskite solar cells 
is another crucial issue for the commercialization of perovskite solar cells, and the degradation mecha-
nism of perovskite solar cells is not clearly understood. However, only a few work paid attention to the 
stability of perovskite solar cells, in which organic materials (PCBM, PEDOT:PSS, etc) were introduced. 
�e organic materials decompose easily caused by oxygen and water in the air30. We believe that reduc-
tion of the structural con�guration and improvement of the �lm quality are two e�ective methods to 
obtain high e�ciency solar cells with long-term stability. RFMS combined with E & I method provides 
a new preparation process for perovskite solar cells in which high-quality �lms are used. �e cells were 
kept open circuit under illumination of 14 W �uorescent lamps with a distance of 2.5 m to the light 
source in ambient air over 60 days (1440 h) with an unsealed dish. Figure 8 presents the time-dependent 
PCE for the devices based on RFMS combined with E & I method. �e devices exhibit excellent stability 
with average PCE of ~10.5% a�er 360 h exposure in ambient air with relative humidity of 30% and tem-
perature of 25 °C. Although the decline of PCE occurred a�er 1440 h testing, the stability of our devices 
is comparable to the perovskite solar cells based on organic carrier-transporting materials31,32.

In this work, the FFs values of all devices exhibit under 60% which is lower than those in some recent 
works33–35. It is reported that the FF values of perovskite solar cells are sensitive to the composition and 
the electron-hole extraction layer thickness36. �us we attribute the lower FFs values to the composition 
and spiro-oMeTAD layer thickness.

Conclusion
In summary, we developed a novel strategy to fabricate planar heterojunction perovskite solar cells by 
employing TiO2 cp layers made by RFMS method and perovskite layers obtained by E&I method. �e 
physical method with easy control of thin �lm growth requires a much shorter time and overcomes 

Figure 6. (a) SEM image of perovskite MAPbI3 surface without bending. (b) SEM image of perovskite 

MAPbI3 a�er bending with the angle of 60° for 300 cycles. (c) SEM image of perovskite MAPbI3 a�er 

bending with the angle of 180for 300 cycles.
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low-quality of thin �lms, high-temperature annealing, non-�exible devices and limitation of large-scale 
production which are involved in the traditional methods. �e best device on FTO obtained in this study 
exhibits an average e�ciency of 10.9% and the best performance of 12.1% which is based on ~60 nm 
TiO2 cp layer. A of 8.9% was achieved for the �exible solar cells on PET/ITO, which is comparable with 
traditional methods. �e photovoltaic performance of the �exible solar cells still can be evaluated up 
to 300 cycles bending indicating the suitability for roll to roll processing. Additionally, large active area 
(40 ×  40 mm2) devices were also fabricated via this new strategy and a PCE of 4.8% was obtained. �is 
RFMS combined with E & I method could be utilized in other thin �lm-based solar cells, and it also 
could be used to investigate the fundamental issues and enhance photovoltaic performance.

Methods
RFMS technique. RFMS is accomplished by the collision of the incident Ar+ ions and the target 
(semiconductor oxide). In this process, with an electric �eld E, some ultrafast electrons collide with 

Figure 7. Photograph of perovskite solar cells with di�erent active areas. �e above three samples are 

RMFS-TiO2/FTO/Glass, E & I-PbI2 /RMFS-TiO2/FTO/Glass and Au/ spiro-OMeTAD/MAPbI3/ RMFS-TiO2/

FTO/Glass with an active area of 40 ×  40 mm2. �e following represents three active areas of 20 ×  20 mm2, 

5 ×  20 mm2 and 2 ×  5 mm2, respectively. �e last one is PbI2 is deposited on a slim plastic material (48 µ m) 

by the method of thermal evaporation.

Figure 8. Time-dependent PCE of 15 representative devices. �e table inset shows the average PCEs of the 

devices kept for 1 h, 360 h and 1440 h in the ambient conditions.
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argon atoms when �ying to substrate. Ar atoms produce positive ions (Ar+) and new electrons (e−), and 
then the Ar+ ions as the incident particles experience in scattering target and colliding with the target. 
A part of the momentum of incident (Ar+) ions is delivered to the target atoms, and these target atoms 
and other target atoms collide to form a cascade process. In this cascade process certain target atoms 
near the surface with su�cient momentum move away from the target to be sputtered toward substrate. 
It has fast-deposition and surface-cleaning characteristics. Speci�c schematic process can be found in 
Figure S410,37.

Specific procedure for the assembly of the perovskite solar cells. Process 1: Initially FTO was 
removed from regions under the anode contact by etching the FTO with 30% HCl and zinc powder. 
Substrates were then cleaned with deionized water, acetone, and methanol and �nally treated under 
oxygen plasma for 10 min to remove the last traces of organic residues.

Process 2: Cp TiO2 electron transport layer was deposited onto Glass/FTO or PET/ITO substrates 
to obtain electron collecting cp layer by RFMS. �e TiO2 target has a purity of 99.99% and is 52 mm in 
diameter and 5 mm in thickness. �e distance between the target and the substrate was approximately 
50 mm. Prior to deposition, the chamber was evacuated to a pressure of ~4 ×  10−4 Pa. �e RF sputter-
ing processes were performed in pure Ar gas (99.999%). �e gas �ow rate of Ar was controlled by a 
mass-�ow controller and the chamber was kept at a working pressure of 3.5 Pa. In order to clean the 
target surface, a pre-sputtering process was introduced for 10 min before the deposition. �e �ow rate of 
pure Ar was �xed at 32 sccm (standard cubic centimeter per minute) and the TiO2 target was sputtered 
with a sputtering power of 120 W. �e �lm thickness can be adjusted by the sputtering time and moni-
tored by the �lm-thickness meter which is mounted on the substrate stage in the chamber.

Process 3: �e PbI2 �lm was deposited on the TiO2 cp layer to form FTO/TiO2/ PbI2. �e PbI2 pow-
ders were used to fabricate PbI2 �lms via thermal evaporation process (evaporation electric current: 50 A; 
evaporation voltage: ~220 V; Chamber pressure: ~8 ×  10−4 Pa). �e PbI2 �lm thickness, which is detected 
by the �lm-thickness meter in the chamber, can be controlled by the evaporation time.

Process 4: Immersing the FTO/TiO2/PbI2 �lm in a solution of MAI in isopropanol (10 mg/ml) allows 
the formation of MAPbI3 through the reaction of PbI2 and MAI. �e color of the �lm changed imme-
diately from red-brown to dark brown, indicating the production of MAPbI3. When the reaction was 
�nished, the devices were transferred into pure isopropanol solution to rinse o� excess MAI and then 
kept 5 min at 70 °C for drying on hot plate.

Process 5: �e HTM was deposited by spin-coating a solution of spiro-OMeTAD at 2000 rpm for 35 s 
in nitrogen atmosphere and le� in a closed dry box for 25 min. �e spiro-oMeTAD solution was prepared 
by adding 75 mg of spiro-oMeTAD, 30 µ L of 4-tert-butylpyridine and 10 mg /m LiN(CF3SO2)2 N to 1 mL 
of chlorobenzene then stirred for 1 hour before spin-coating.

Process 6: Au electrode with a thickness 100 nm was deposited on the top of HTM via thermal evap-
oration in a vacuum chamber (9 ×  10−4 Pa). An evaporation mask was used to de�ne the areas of the 
devices, and the active area of each device was controlled to be 0.1 cm2 (2 ×  5 mm2), 1 cm2 (5 ×  20 mm2), 
4 cm2 (20 ×  20 mm2) and 16 cm2 (40 ×  40 mm2).

Raw chemicals and precursor preparation. All reagent grade chemicals were obtained commer-
cially from Sigma-Aldrich. �e TiO2 target was bought from China New Metal Company with 5N purity. 
MAI was prepared in house with the method described in literature15. In a typical procedure, Methylamine 
(CH3NH2) (13.5 mL, 40 wt% in aqueous solution) reacted with hydroiodic acid (HI) (15.0 mL, 57 wt% in 
water) in 250 ml round bottomed �ask at 0 °C for 2 h with stirring. �e solvent and excess CH3NH2 were 
removed using a rotary evaporator, and the initial MAI powders were obtained. �e precipitate was then 
washed three times with diethyl ether, and then dried at 60 °C in a vacuum oven for 12 h.

Measurements. Non-masked devices were tested under a Class A solar simulator (ABET Sun 2000) 
at AM1.5 and 100 m/cm2 illumination conditions calibrated with a reference Silicon cell (RERA Solutions 
RR-1002), using a Keithley 2400 as a source-meter in ambient condition without sealing for J-V meas-
urements with 1500 voltage points from +  1.5 V to -1.5 V. IPCE was measured at AC mode under bias 
light using a IPCE system (PV measurement Inc.) with a computerized setup consisting of Solar Cell 
Quantum E�ciency — Solar-CellScan100. X-ray di�raction (XRD) was performed on an X-ray dif-
fractometer (D8-Advance, Bruker, Germany) using Cu Ka1 radiation (l ¼ 1.5406 A˚) at step size/time 
of 0.02/1 s. �e surface morphology of the �lms and cross-sections of the perovskite solar cells were 
characterized by a SIRION �eld-emission scanning electron microscope. �e local roughness of the 
MAPbI3 thin �lms were characterized by atomic force microscopy (AFM; 5500, Agilent, Santa Clara, 
CA) operated in contact mode.

Specific procedure for bending test. For the bending test, the cells were bended 300 cycles (600 
times) on a cylinder with di�erent radii. In every 1 cycle, the cell was �ipped to experience both com-
pression and extension stresses, and a J-V measurement was carried out every 30 cycles (60 times).
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