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Perovskite solar cells are currently rapidly evolving 
since the first report of the cell based on solid-state mes-
oscopic  TiO2 heterojunction structure in 2012 [2, 3]. The 
power conversion efficiency (PCE) has increased from 9.7 
to 20.1% during the last 4 years [4] and cells were sim-
plified to planar structures without a delicate mesoscopic 
layer [5]. High temperature processed  TiO2 was replaced 
by room temperature ZnO [6] and the manufacturing cost 
was further reduced by using carbon electrodes instead of 
silver or gold electrodes and a solution only process under 
ambient conditions [7, 8]. Perovskite films that can be 
produced using one- or two-step solution-based methods 
largely determine the cell efficiency. A precursor contain-
ing a mixture of lead halide and  CH3NH3I is spin-coated 
and annealed to form a light absorbing perovskite layer in 
one step methods. In contrast,  PbI2 films are first depos-
ited by various methods on substrates followed by convert-
ing to perovskite with  CH3NH3I in a two-steps method. 
Residual  PbI2 was often observed in both methods by 
powder X-ray diffraction (PXRD) showing a characteristic 
diffraction peak at 12.67° [3, 5, 6, 9, 10]. The assumption 
that the residual  PbI2 imparts a negative effect on the cell 
performance stimulated efforts to completely convert  PbI2 
to perovskite [9, 11–15]. At the same time, some research-
ers reported highly efficient perovskite solar cells contain-
ing  PbI2 in perovskite layer [3, 5, 6, 9] and indicated that 
annealing generated  PbI2 can passivate the surface of the 
perovskite and increase PCE [16–20].

Lead iodide that is a direct band gap semiconductor with 
a band gap of 2.38  eV at room temperature [21] is crys-
talized in the hexagonal system with lattice parameters 
a = b = 4.56 Å, c = 6.98 Å, α = β = 90°, γ = 120°. It has high 
electron (4600 cm2  V−1  s−1) and hole (3000 cm2  V−1  s−1) 
mobility [22], and exhibits high light absorption coefficient 
of 3.16 × 104  cm−1 near the band gap edge at 495  nm [8, 

Abstract PbI2-based photovoltaic devices having ITO/
ZnO (or  WO3) /PbI2/graphite (or without graphite) /carbon 
black structure were fabricated by spin coating at ambi-
ent conditions. The structures were characterized using 
AFM, PXRD, and UV–Vis spectroscopy. The best devices 
yielded 0.32% power conversion efficiency. The short cir-
cuit current decreased with increasing the thickness of the 
 PbI2 film and without the graphite layer. The open circuit 
voltage decreased when replacing ZnO by  WO3. Select-
ing better n-type and hole transporting materials as well 
as improving manufacturing methods will increase PCE of 
 PbI2 based devices.

1 Introduction

Photovoltaic industry that is rapidly developing with the 
annual growth rate more than 40% during the past 10 years 
is largely driven by monocrystalline and polycrystalline 
silicon solar cells [1]. However, the manufacturing cost 
of commercial solar cells is still highly hindering broader 
application of this technology as a significant energy 
source. Costs analysis indicates that a standard 180-μm 
wafer account for 58% of the total cost of a monocrystalline 
silicon solar cell [1]. A significant cost reduction is possi-
ble by replacing silicon with other low cost light absorption 
semiconductors. A solution processed lead halide perovs-
kite could be an alternative material.
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23]. The high absorption coefficient and high mobility ben-
efit the carriers generation and collection in solar cells. The 
maximum theoretical power conversion efficiency (PCE) 
of a single junction solar cell fabricated using  PbI2 as an 
active layer is 18% [24]. The band gap of  PbI2, 2.38  eV, 
is also close to the optimum band gap of the upper cell 
(2.55 eV) in four-junction solar cells [25]. In addition,  PbI2 
is inexpensive material, can be easily processed, and has 
potential as light absorption material in the upper layer in 
multijunction cells. The investigation of  PbI2 single junc-
tion solar cells will provide the foundations for the develop-
ment of four-junction solar cells. Therefore, it is important 
to investigate the photovoltaic performance of cells con-
taining only  PbI2.

In our previous work, tightly packed smooth and uni-
form  PbI2 films were prepared by spin-coating of the 
 PbI2 solution in DMF under air flow and further con-
verted to  CH3NH3PbI3 perovskite [23]. Planar ITO/ZnO/
CH3NH3PbI3/graphite/carbon black structure solar cells 
with 10.2% power conversion efficiency were built at ambi-
ent conditions without vacuum, high temperature and inert 
atmosphere [8]. We found that the perovskite devices show 
high efficiency even in the presence of residual  PbI2. In this 
work, photovoltaic devices containing the only  PbI2 were 
fabricated and studied. The reported here ITO/ZnO/PbI2/
graphite/carbon black devices demonstrated power conver-
sion efficiency of 0.32% under the AM 1.5G solar radia-
tion. To our best knowledge, this is the first report of fully 
room temperature solution processed photovoltaic devices 
based on pure  PbI2.

2  Experimental section

2.1  Materials

Fluorine doped tin oxide (FTO) glass (~7 Ω  sq−1) and 
indium tin oxide (ITO) glass (8–12 Ω  sq−1) were received 
from Sigma and Delta Technologies, LTD, respectively. 
N,N-dimethylformamide (DMF) (Sigma Aldrich, 99.8%), 
12 µm tungsten powder (Aldrich Chem. Co. 99.9%), hydro-
gen peroxide, 30% (J.T. Baker, electronic grade), 2-meth-
oxyethanol (Sigma Aldrich, 99.8%), and acetylene carbon 
black (50% compressed) (Stream Chemicals) were used as 
received. Lead iodide, zinc oxide nanoparticles and graph-
ite suspension in 4-methyl-2-pentanone were synthesized 
following previously reported methods [8, 23].

2.2  WO3 dispersion

WO3 dispersion was synthesized by modifying previ-
ously reported methods [26–28]. A suspension of tung-
sten powder (0.919 g, 5.00 mmol) in  H2O (6.0 mL) was 

cooled to 0 °C in an ice bath.  H2O2 30% (w/w) in  H2O 
(6.0 mL, 60  mmol) was added to the above suspension 
drop by drop at 0 °C over 5.0  min while continuously 
stirring followed by the addition of 1.0  mL 17.5  mmol 
acetic acid. The reaction mixture was further stirred at 
room temperature for 48 h before removing the solvents 
at 30 °C in a vacuum oven. White powder was obtained 
and was dispersed in ethanol to give a 10 mg  mL−1  WO3 
dispersion.  WO3 dispersion was then filtered through a 
0.45 µm PTFE syringe filter before using.

2.3  Instrumentation

UV–Vis extinction spectra were measured using a Shi-
madzu UV-2501 PC spectrophotometer. PXRD data was 
collected using a Rigaku Ultima IV X-ray diffractometer 
with Cu Kα radiation (λ = 1.5418 Å) at 25 °C. Imaging and 
thickness measurements were performed using an AIST-
NT SmartSPM-1000 atomic force microscope (AFM) oper-
ating in AC mode. Laurell WS-400B-6NPP-Lite Manual 
Spinner was used for spin-coating. The current–voltage 
curves of devices were measured by using an electro-
chemical workstation (CH Instruments, CHI440) with lin-
ear sweep voltammetry. The devices were illuminated by 
an in-house built solar simulator equipped with a Mega-9 
AM1.5G filter at a calibrated intensity of 100  mW  cm−2. 
The effective area of the device was defined as 0.35  cm2 
with a non-reflective metal mask. The standard deviation 
was calculated from the measurements of five devices.

Fig. 1  PXRD spectra of  PbI2 films on glass/ITO/ZnO and glass/ITO/
WO3 substrates, respectively, PDF card of hexagonal  PbI2, and PXRD 
spectrum of the glass/ITO/ZnO substrate. Diffraction peaks at 12.89°, 
25.65°, 38.89°, and 52.54° were assigned as the (001), (002), (003), 
and (004) planes of hexagonal  PbI2, respectively
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2.4  Solar cell fabrication

Devices were fabricated under ambient conditions. ITO 
coated glass substrates (1.5 × 2.5  cm) were masked by 
scotch tape and etched by a mixture of 2.0 mol  L−1 HCl 
and zinc powder. The substrates were then rinsed with 
18 MΩ water followed by sonication in acetone, etha-
nol and water for 15 min in each solvent. The substrates 
were further cleaned by air plasma for 10 min. The sub-
strates were spin-coated with ZnO nanoparticles from 
 CHCl3/n-butanol suspension at 3000  rpm for 30  s. The 
spin coating was performed four times to obtain uniform 
films.  WO3 films were spin-coated from the above pre-
pared dispersion in ethanol at 3000 rpm for 30 s follow-
ing by annealing in air at 180 °C for 30  min.  PbI2 films 

were made according to the previously described proce-
dure, in which the substrates were first exposed to the 
solution for 2.0  min before spinning at 3000, 4500, and 
6000  rpm under a continuous flow of clean air [8]. The 
air flow and 2.0 min loading time were essential to obtain 
a tightly packed uniform film. The graphite layer was fab-
ricated on  PbI2 films by spin-coating of the graphite sus-
pension in 4-methyl-2-pentanone. 300 μL of the suspen-
sion was delivered dropwise at the rate of one drop per 
15 s onto a substrate spinning at 1000 rpm over 6.0 min. 
The graphite layer was further coated with carbon black 
to provide electrical contact to the second electrode, for 
which FTO glass was selected in all reported devices. 
The back electrode was made by pressing FTO slides to 
the carbon black layer. The electrical contact to the ITO 

Fig. 2  AFM image of the  PbI2 film on glass/ITO/ZnO substrates 
with the different spin-coating rate of 6000  rpm (a), 4500  rpm (b), 
and 3000 rpm (c), respectively. AFM image of the  PbI2 film on glass/

ITO/WO3 substrate with the spin-coating rate of 6000  rpm (d). The 
thickness of  PbI2 films was 138, 161, 198 and 142 nm, respectively. 
RMS were 7.8, 9.8, 12.9 and 16.4 nm, respectively
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substrates was made by removing all deposited layers 
from a small area with cotton swabs wetted in acetone 
and 1  mol  L−1 HCl solution. The entire structure was 
mechanically clamped together with two binder clips.

3  Results and discussion

The devices were fabricated by the sequential deposition 
of ZnO,  PbI2, graphite and carbon black layers on ITO 
substrates, as described in Experimental section. The 
thickness of  PbI2 was controlled by using three different 
spin rate: 3000, 4500, and 6000 rpm. The individual crys-
tals in the polycrystalline  PbI2 films were preferentially 

Fig. 3  UV–Vis absorption spectra of  PbI2 films on glass/ITO/ZnO 
and glass/ITO/WO3 substrates with different thicknesses

Table 1  Device characteristics for solar cells with different cell 
structures

Devices A, B, and C had ITO/ZnO/PbI2/graphite/carbon black struc-
tures with thicknesses of  PbI2 films 138, 161, and 198  nm respec-
tively. Device D had ITO/WO3/PbI2/graphite/carbon black structure 
with 142  nm thicknesses of  PbI2 film. Device characteristics were 
measured by the reverse potential scanning method from 0.80 to 
0.00 V at 0.10 V  s−1 scan rate

Device Voc (V) Jsc (mA  cm−2) FF PCE (%)

A 0.63 ± 0.02 1.4 ± 0.2 0.32 ± 0.00 0.27 ± 0.03
B 0.62 ± 0.04 0.89 ± 0.05 0.31 ± 0.01 0.17 ± 0.01
C 0.66 ± 0.02 0.55 ± 0.07 0.32 ± 0.01 0.12 ± 0.01
D 0.19 ± 0.09 1.3 ± 0.4 0.27 ± 0.02 0.06 ± 0.03

Table 2  Performance of a typical ITO/ZnO/PbI2 (138 nm)/graphite/
carbon black device under different scan conditions

Forward scan was from 0.00 to 0.80  V and reverse scan was from 
0.80 to 0.00 V

Scan rate 
(V  s−1)

Scan direction Voc (V) Jsc (mA  cm−2) FF PCE (%)

0.01 Reverse 0.63 1.8 0.26 0.29
0.10 Reverse 0.65 1.5 0.32 0.32
0.01 Forward 0.68 1.4 0.32 0.30
0.10 Forward 0.64 1.4 0.28 0.24

Fig. 4  J–V curves of a typical ITO/ZnO/PbI2 (138 nm)/graphite/car-
bon black device measured at different scan rates and scan directions. 
Forward scan was from 0.0 to 0.8 V and reverse scan was from 0.8 to 
0.0 V

Fig. 5  PXRD spectrum of bulk ZnO nanoparticles and PDF card of 
hexagonal ZnO. Diffraction peaks at 31.73°, 34.49°, 36.18°, 47.39°, 
56.46°, and 62.75° were assigned as the (100), (002), (101), (102), 
(110), and (103) planes of hexagonal ZnO, respectively. PXRD spec-
trum of bulk  WO3 powder which was annealed under air at 180 °C for 
30 min and PDF card of monoclinic  WO3
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oriented with (001) plane parallel to the substrate, as 
was evident from PXRD (Fig. 1). This preferred orienta-
tion was not affected by the spin rate and the thickness 
of  PbI2 films. All  PbI2 films on glass/ITO/ZnO substrates 
showed a similar surface structure with the RMS rough-
ness slightly increased from 7.8 to 9.8, and 12.9  nm as 
the spin rate decreased from 6000 to 4500, and 3000 rpm 
(Fig. 2). Optical absorption of  PbI2 films increased when 
the thicknesses increased as is shown in UV–Vis spectra 
(Fig. 3). The band-edge absorption for the  PbI2 film was 
determined to be at 521  nm corresponding to 2.38  eV 
band gap.

The effect of  PbI2 thickness on the performance of ITO/
ZnO/PbI2/graphite/carbon black was studied by chang-
ing the spin rate during the deposition process. As shown 
in Table 1, no significant improvement of the open circuit 
voltage (Voc) and fill factor (FF) was observed when the 
thickness was increased from 138 to 198 nm. In contrast, 

the short circuit current density (Jsc) decreased from 1.4 to 
0.55 mA  cm−2 when the thickness increased. As a result, 
the PCE was also decreased from 0.27 to 0.12%, indicating 
that a relatively thinner layer of  PbI2 benefited the carrier 
collection in the  PbI2 solar cells. Films thinner than 138 nm 
can be obtained by spin-coating diluted  PbI2 solution. 
However such thin films do not effectively capture light and 
often have pinholes that result in short-circuits.

It was previously reported that the performance of the 
perovskite solar cells is often affected by the scan direc-
tion and the scan rate, at which the compensating potential 
is changed [29–35]. Hysteresis in J–V curves is observed 
when the scan direction is changed. Small hysteresis in 
ITO/ZnO/PbI2/graphite/carbon black device was observed 
for the slow and fast scan (Table 2 and Fig. 4). This hys-
teresis was similar to that previously observed in perovs-
kite cells of the same structure. The perovskite cells exhib-
ited better apparent PCE during the fast scan relative to 
that of the slow scan. The difference between the fast and 
slow scans was notably smaller for  PbI2-based devices. At 
the same time, the fill factor for  PbI2-based devices was 
also significantly smaller than that of the perovskite. The 
low fill factor is indicative of low shunt resistance and 
high series resistance. The high series resistance was at 
ZnO/PbI2 or/and  PbI2/graphite interfaces due to the inef-
ficient carrier extraction. The other two interfaces, specifi-
cally ITO/ZnO and graphite/carbon black can be ruled out 
because the same interfaces were used previously in per-
ovskite cells exhibiting large FF [8]. Significantly lower FF 
was observed in perovskite cells without the hole extract-
ing graphite layer. The best  PbI2-based devices without 
the graphite layer with ITO/ZnO/PbI2 (138  nm) /carbon 
black structure exhibited Voc = 0.66 V, Jsc = 0.15 mA  cm−2, 

Fig. 6  PXRD spectrum of  WO3 on the glass/ITO substrate. Diffrac-
tion peaks indicated by star were from glass/WO3 substrate

Fig. 7  AFM image of glass/ITO (a) and  WO3 on glass/ITO substrate (b), RMS of the surfaces were 4.8 and 2.3 nm, respectively
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FF = 0.26 and PCE = 0.03%. The low Jsc and poor repro-
ducibility of the devices without the graphite layer further 
confirming that a graphite layer next to an active layer is a 
simple way of improving the hole extraction and the perfor-
mance of solar cells.

Lead iodide based devices containing  WO3 instead 
of ZnO were also fabricated and exhibited similar Jsc but 
lower Voc, FF, and PCE as compared to devices with ZnO. 
 WO3 is extensively used as a high work function hole trans-
porting material [36] but also has been reported acting as 
effective electron collecting layer in heterojunction devices 
[38].  WO3 did not perform well as a hole collecting mate-
rial in our previous ITO/WO3/PbI2/ZnO/graphite/carbon 
black devices, therefore we used it as an electron collector 
in ITO/WO3/PbI2/graphite/carbon black structure. Whereas 
PXRD of  WO3 powders annealed at 180 °C in air for 30 min 
revealed about 2  nm crystals (Fig.  5) [26, 27] thin  WO3 

layers on glass/ITO substrates did not exhibit discerned dif-
fraction peaks that can be related to tungsten oxide (Fig. 6). 
AFM images of ITO substrates with and without tungsten 
oxide also appeared similar except a smaller reduction of 
RMS roughness from 4.8 to 2.3 nm for the substrates with 
 WO3 (Fig.  7). The UV–Vis spectroscopy, however, indi-
cated the presence of a thin tungsten oxide layer on the 
ITO substrate as was evident from a small increase of the 
extinction in 360–500  nm spectral range (Fig.  8a). The 
complicated spectral changes associated with  WO3 and 
ZnO layers can be explained as following. Commercial 
ITO coated float glass substrates have 120–160  nm ITO 
layer (8–12 Ω  sq−1) and 20–30 nm passivating  SiO2 layer 
between the ITO and the glass. The extinction spectrum 
reflects glass/ITO absorption below 350 nm and weak fea-
tures above 350 nm due to the interference from different 
layers. The deposition of a thin  WO3 layer onto ITO sur-
face increased the extinction between 350 and 500 nm but 
had no significant effect above 500  nm. This additional 
increase was ascribed to increased reflection in this spec-
tral range due to the larger refractive index dispersion of 
 WO3 compared to that of ITO [37, 38]. A contribution 
from the direct light absorption by  WO3 is also possible. 
Evidence for the direct absorption can be seen in Fig. 8b. 
When 40 nm of ZnO was deposited on the ITO surface, the 
spectrum exhibited a bump at 350 nm due to the band gap 
absorption in ZnO as well as a significant decrease of the 
extinction in the 370–450 spectral range. The later is due to 
the antireflecting coating effect. The other evidence of the 
 WO3 layer on ITO substrates was obtained from UV–Vis 
spectra of quartz slides, on which a  WO3 layer was depos-
ited by the same spin-coating method as that used in the 
fabrication the devices. The band gap absorption at 352 nm 
indicative of  WO3 was observed (Fig. 8b).

4  Conclusion

Photovoltaic devices with a structure of ITO/ZnO (or  WO3) 
/PbI2/graphite (or without graphite)/carbon black were fab-
ricated by spin coating at ambient conditions. The PCE of 
the ITO/ZnO/PbI2/graphite/carbon black devices increased 
when the thickness of the  PbI2 decreased and 138 nm  PbI2 
films resulted in the best PCE. The inclusion of graphite 
layer improved Jsc, PCE, and reproductivity without chang-
ing Voc compared to the devices of ITO/ZnO/PbI2/carbon 
black structure. The substitution of ZnO by  WO3 in ITO/
WO3/PbI2/graphite /carbon black devices decreased Voc but 
did not change Jsc. Voc of the best device was 0.68 V which 
was smaller than the theoretically possible maximum con-
sidering 2.38  eV band gap of  PbI2. Future work should 
focus on selecting appropriate n-type and hole transporting 

Fig. 8  a UV–Vis spectra of glass/ITO substrates with different oxide 
layers. b UV–Vis spectra of ZnO and  WO3 on quartz substrates, 
respectively
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materials and processed method to improve Voc, Jsc, and FF 
of  PbI2 based photovoltaic devices.
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