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A low temperature approach for the fabrication of p-i-n 

perovskite solar cells is presented. Using lead acetate-based 

precursors, flat and homogeneous CH3NH3PbI3 films, 

compatible with the use of thin organic charge transport 

layers, can be obtained. The correspondent solar cells showed 

power conversion efficiency up to 12.5%, with remarkable 

reproducibility and very low hysteresis.  

 

Photovoltaic devices employing organic-inorganic (hybrid) halide 

perovskites as the active layer have become a major field of research 

since the pioneering work of Miyasaka and his co-workers.1 In few 

years, the power conversion efficiencies (PCE) of the devices 

increased from 3.8% to the current record of 20.1 %2,  approaching 

the performance of mature technologies such as silicon solar cells, 

and solidifying its place as a possible disruptive technology in the 

market. Hybrid perovskites possess desired properties for application 

in photovoltaics, such as high absorption coefficient, wide range of 

absorption in the visible part of the solar spectrum, direct band gap3, 

long carrier diffusion lengths4 and the possibility to be produced by 

solution processing, potentially leading to cheap, large scale, roll-to-

roll compatible fabrication. Despite the high reported efficiencies, 

there are still several issues that need to be addressed before this 

technology is ready for mass production. One key objective is to 

develop more reliable and consistent deposition processes.5, 6 It is 

well understood that the crystalline structure of the perovskite plays 

a crucial role in the device characteristics.7, 8 Therefore, to 

successfully achieve reproducible high performance solar cells, the 

perovskite crystallization process needs to be controlled either by 

proper choice of processing parameters, techniques9 and/or by 

material selection. For high performance diodes, smooth, trap- and 

pinhole-free layers with large crystal sizes10 are desired to allow for 

thick active layers with good transport properties.11 Within this 

perspective, different preparation methods have been developed. The 

perovskite active layer can be deposited by vacuum processing, 

either by co- 12-14, sequential-15, or flash evaporation16, and by 

solution processing from a precursor solution17 or a sequential 

deposition18 method. In the latter approach, various solvents have 

been used – i.e. dimethylformamide (DMF)19 dimethylsulfoxide 

(DMSO)20, or N-methyl-2-pyrrolidone (NMP).10 Initially, lead 

iodide and methylammonium iodide had been used to prepare the 

pure iodide perovskite material, CH3NH3PbI3. Soon after, it was 

demonstrated that by replacing lead iodide with lead chloride, 

devices with better performances could be obtained.21 This has been 

referred to as the mixed halide route, even though the amount of 

chloride in the final perovskite is negligible.22 It has been shown that 

the spectating ion has an effect on the crystal growth kinetics and 

that, by exchanging the iodide with other anions, the properties of 

the resulting perovskite layer could be significantly altered. Moore et 

al. compared the crystallization pathways of perovskites obtained 

from several lead precursors (iodide, chloride, acetate and nitrate) by 

monitoring the material growth with in situ wide-angle X-ray 

scattering.23 They have found particularly favourable kinetics when 

using the lead acetate precursor, i.e. long processing windows for the 

obtainment of large crystalline perovskite domains at low 

temperature. This route has been applied in several approaches to 

explore the possibilities it provides to prepare optoelectronic and 

photovoltaic devices.24-26 The highest performance from the latter 

group is reported by Zhang et al., who prepared perovskite solar 

cells with the lead acetate precursor and obtained smooth, pinhole-

free perovskite films, resulting in devices with a champion PCE of 

15.2%.27  They have used an n-i-p (“standard”) device configuration, 

where the perovskite was deposited onto a compact TiO2 layer. Such 

architecture requires a high temperature annealing treatment, and as 

such it cannot be directly implemented on plastic foils, or in multi-

Page 1 of 5 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal of Material Chemistry A. 

2 | J.Mater Chem. A., 2015, 00, 1-4 This journal is © The Royal Society of Chemistry 2015 

junction devices. Moreover, those solar cells show a pronounced 

hysteresis during the J-V characterisation, making the extraction of 

the key device parameters somewhat ambiguous. The origin of 

hysteresis in perovskite solar cells is still under investigation, 

however it has been shown to be extremely sensitive on the 

characterization conditions (scan speed, pre-bias, temperature, 

etc.).28 Perovskite p-i-n planar heterojunctions have been 

demonstrated to show less-pronounced hysteretic behaviour, in 

virtue of a more electronically favourable electron extraction 

interface.29, 30 With these premises, we have applied the lead acetate 

precursor route to the fabrication of p-i-n solar cells employing 

organic semiconductors as charge transport layers. These devices 

can be prepared at low temperature and are thus more compatible 

with roll-to-roll fabrication31. Here we show that the perovskite 

layers fabricated by a one-step deposition method from a lead acetate 

precursor lead to reproducible and efficient p-i-n solar cells with 

negligible hysteretic J-V behaviour. 

Device preparation 

Methylammonium iodide (MAI) was purchased from Lumtec, lead 

acetate trihydrate (Pb(OAc)2) was purchased from Aldrich, and both 

materials were used as received. The substances were mixed in a 

nitrogen filled glovebox to yield a 40 wt% solution in anhydrous 

DMF with a 3 to 1 molar ratio of MAI to Pb(OAc)2, and stirred 

overnight. Glass substrates with an indium-doped tin-oxide (ITO) 

coating were subsequently cleaned in a detergent solution, Millipore 

water, and isopropyl alcohol, then transferred to a UV-ozone 

chamber for 20 minutes of treatment. Afterwards, an 80 nm thick 

poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) 

(PEDOT:PSS,  Clevios PVP AI 4083 from Hereaus) film was 

deposited in air, and annealed at 130 °C for 15 minutes. The 

substrates were then transferred to a N2-filled glovebox. The 

perovskite precursor solution was filtered and spin-coated on top and 

the resulting layers were annealed at 90 °C on a hot plate. The 

perovskite formation was monitored by recording the UV-Vis 

spectrum every 5 minutes. A layer of phenyl–C61–butyric acid 

methyl ester (PCBM) was then deposited from a 2 wt% 

chlorobenzene solution, and the metal contacts (10 nm Ba capped 

with 80 nm Ag) were thermally evaporated on top. Device 

characterization was performed using a mini-sun simulator with a 

halogen lamp designed by ECN and calibrated with a Si reference 

cell. The unencapsulated solar cells were measured in a N2-filled 

glovebox. The current density (J) versus voltage (V) characteristics 

were collected in the dark and under illumination using a shadow 

mask to prohibit lateral current collection from outside the active 

area.   

Results and Discussion 

The evolution of the pristine precursor layers was followed by an 

optical absorption measurement, monitoring the band-edge transition 

of the CH3NH3PbI3 perovskite. Interestingly, the typical strong, 

broad absorption centered between 750 and 775 nm was already 

observed after only 5 minutes annealing at 90 ºC (Fig. 1a), in 

accordance with the favourable formation kinetics of the perovskite 

from the lead acetate precursor. Longer annealing resulted in only a 

slight increase of the absorption at the bandgap energy, and after 20 

minutes no change could be observed, suggesting the quantitative 

conversion of the precursor compound to CH3NH3PbI3. The 

crystallinity of the perovskite was investigated by grazing incidence 

X-ray diffraction (GIXRD) measurements, revealing the pattern (in 

terms of both peak position and relative intensity20) of a typical pure-

iodide perovskite (Fig. 1b). One sample was continuously measured 

in air and, after approximately 10 hours, the diffraction peak of lead 

iodide appeared and started to grow (see Supplementary 

Information), indicating the decomposition of the perovskite due to 

the presence of oxygen and moisture. 
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Fig. 1. UV-Vis absorption (a) of a perovskite thin film with increasing 

annealing time at 90 ºC. GIXRD spectra (b) of the thin film after annealing 

for 20 minutes. The characteristic diffraction peaks as well as those arising 

from the ITO substrate are highlighted. 

The CH3NH3PbI3 perovskite layers were further characterized by 

atomic force microscopy (AFM) and scanning electron microscopy 

(SEM), in order to investigate their surface morphology and 

structure. The AFM topography (Fig. 2a) revealed a homogeneous 

surface composed of closely packed, fine grains. 

 

Fig. 2. AFM topography (a) and SEM (b) image of the perovskite surface 

deposited on ITO/PEDOT:PSS.  
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The correspondent root mean squared roughness, calculated over an 

area of 25 µm2, was found to be 19.05 nm. This indicates a very 

smooth surface, and allows the use of thin organic selective layers to 

sufficiently cover the perovskite material and prevent surface 

recombination at the top metal contact. The SEM analysis (Fig. 2b) 

confirms the homogeneous and pinhole-free film morphology, with 

grain sizes of approximately 100 nm in diameter. Perovskite solar 

cells, with the structure ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Ba-

Ag, were fabricated following the previously described method. The 

J-V curves were recorded between -0.2 and 1.2V with 0.01V steps, 

integrating the signal for 20 ms after a 20 ms delay. This 

corresponds to a speed of 250 mV/s which is similar to that used by 

Zhang et al. in their work, allowing a direct comparison between 

their n-i-p and our p-i-n architecture.27 We have extended the range 

to even lower scan speeds, where the hysteresis becomes even 

smaller (see Fig. S2 in the Supporting Information). Generally, 

pixels on the same substrate (area of 9 cm2) have very similar 

performances, independently on the position. This fact highlights the 

potential of this deposition route for large-area solution processing 

of perovskite cells. To stress the homogeneity of the layers, the J-V 

curves corresponding to four pixels (0.0264 cm2) on the same 

substrate are reported in Fig. 3a, and the correspondent figures of 

merit shown in Table 1. The open circuit voltage Voc varies in the 

range of 950-960 mV, which is slightly lower compared to what is 

commonly observed in high efficiency perovskite solar cells, but in 

agreement with a previous work using the same lead precursor.27  
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Fig. 3. J-V curves of 4 pixels on the same substrate (a), in forward and 

reverse scan. The inset shows the EQE of the best performing device. 

Forward and reverse J-V curves for another set of solar cells measured at 

different scan rates (b). 

Table 1. Device parameters from the J-V curves depicted on Fig. 3a. 

Forward scan 

Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

960 18.2 67.4 11.8 

953 18.1 65.5 11.3 

958 18.9 66.0 11.9 

956 18.8 69.0 12.4 

Reverse scan 

Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

963 18.2 67.6 11.8 

953 18.1 66.4 11.5 

957 18.9 66.9 12.1 

954 18.8 69.7 12.5 

The recorded short circuit current density Jsc and FF values are 18-19 

mA/cm2 and 65-70%, respectively. The champion device prepared 

with this approach exhibited a PCE of 12.5%. The thickness of the 

active layer measured with a mechanical profilometer was 

approximately 300 nm. Such thickness enables high light harvesting 

and allows the charges to leave the active layer before recombining, 

as demonstrated by the high external quantum efficiency (EQE, inset 

of Fig. 3a). Thicker layers would increase the absorption and charge 

generation, so that devices with higher photocurrents could be 

realized. However, we have observed a decrease in the fill factor and 

hence in the device performance for perovskite layer thicknesses 

exceeding 300 nm. This is most likely due to the morphology of the 

active layer, which is composed by fine grains approximately 100 

nm in size. While these dimensions result in a flat and homogeneous 

film surface, they might hinder an efficient extraction of charges 

from thick active layers.10 During the I-V measurements, virtually no 

hysteresis was observed between the curves recorded in forward 

(negative to positive) and reverse (positive to negative) bias. Jsc and 

Voc shows less than 1 % difference between the forward and reverse 

scans in all measured devices. The FF is in general slightly higher in 

the reverse scan, in agreement with most reports on hybrid 

perovskite solar cells, and it is independent on precursor material or 

processing method.27, 29, 32   

 

Figure 4. Device efficiency histogram with an overlaid distribution function. 
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The difference remains rather small, being less than 5% of the 

measured value for all devices. To further investigate the hysteretic 

effects, measurements were carried out using different scan speeds 

(Fig. 3b). We observed very limited hysteresis regardless of the scan 

rate, with only the FF slightly varying while leaving the Voc and Jsc 

values unchanged. A total of 48 devices were fabricated with this 

configuration and method. The PCEs recorded at 250 mV/s were 

ranging from 10.2 % to 12.5 %, which is a fairly narrow distribution, 

further demonstrating the reproducibility of this approach. Figure 4 

shows the histogram of the obtained PCE values with an overlaid 

normal distribution function. Hence, independent of the scanning 

speed and direction and consistently over different devices, the J-V 

characteristics of the solar cells are rather similar, making this 

approach promising for future optimization and device physics 

analysis.  

Conclusions 

We have investigated the effect of an alternative precursor, lead 

acetate, in the preparation of p-i-n (inverted) perovskite solar cell. 

The obtained perovskite layers are smooth and pinhole-free over a 

large area, therefore suitable to be used in combination with thin 

organic semiconducting transport layers. Solar cells exhibit a 

remarkably low hysteresis which is also independent on the scan 

speed. Moreover, the device performances are consistent and stay 

within a fairly narrow range, indicating the reproducibility of this 

approach. Finally, the device processing does not involve any high 

temperature treatment, thus making this approach a good candidate 

for flexible device fabrication and for the preparation of monolithic 

tandem perovskite solar cells. 
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Using a lead acetate precursor p-i-n CH3NH3PbI3 perovskite solar cells with remarkable reproducibility and very low 

hysteresis are reported. 
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