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Abstract PbI2-based photovoltaic devices having ITO/
ZnO (or WO3) /PbI2/graphite (or without graphite) /carbon
black structure were fabricated by spin coating at ambient conditions. The structures were characterized using
AFM, PXRD, and UV–Vis spectroscopy. The best devices
yielded 0.32% power conversion efficiency. The short circuit 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. Selecting 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 possible by replacing silicon with other low cost light absorption
semiconductors. A solution processed lead halide perovskite could be an alternative material.
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Perovskite solar cells are currently rapidly evolving
since the first report of the cell based on solid-state mesoscopic 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 simplified to planar structures without a delicate mesoscopic
layer [5]. High temperature processed T
 iO2 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 containing 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 deposited by various methods on substrates followed by converting to perovskite with C
 H3NH3I 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 researchers reported highly efficient perovskite solar cells containing 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 crystalized 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,
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23]. The high absorption coefficient and high mobility benefit the carriers generation and collection in solar cells. The
maximum theoretical power conversion efficiency (PCE)
of a single junction solar cell fabricated using P
 bI2 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 P
 bI2 single junction solar cells will provide the foundations for the development of four-junction solar cells. Therefore, it is important
to investigate the photovoltaic performance of cells containing only PbI2.
In our previous work, tightly packed smooth and uniform PbI2 films were prepared by spin-coating of the
PbI2 solution in DMF under air flow and further converted to C
 H3NH3PbI3 perovskite [23]. Planar ITO/ZnO/
CH3NH3PbI3/graphite/carbon black structure solar cells
with 10.2% power conversion efficiency were built at ambient 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 P
 bI2 were
fabricated and studied. The reported here ITO/ZnO/PbI2/
graphite/carbon black devices demonstrated power conversion efficiency of 0.32% under the AM 1.5G solar radiation. To our best knowledge, this is the first report of fully
room temperature solution processed photovoltaic devices
based on pure PbI2.

cooled to 0 °C in an ice bath. H
 2O2 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 Shimadzu 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 AISTNT SmartSPM-1000 atomic force microscope (AFM) operating 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 electrochemical workstation (CH Instruments, CHI440) with linear 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.

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%), hydrogen peroxide, 30% (J.T. Baker, electronic grade), 2-methoxyethanol (Sigma Aldrich, 99.8%), and acetylene carbon
black (50% compressed) (Stream Chemicals) were used as
received. Lead iodide, zinc oxide nanoparticles and graphite suspension in 4-methyl-2-pentanone were synthesized
following previously reported methods [8, 23].
2.2 WO3 dispersion
WO3 dispersion was synthesized by modifying previously reported methods [26–28]. A suspension of tungsten powder (0.919 g, 5.00 mmol) in H
 2O (6.0 mL) was
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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, ethanol and water for 15 min in each solvent. The substrates
were further cleaned by air plasma for 10 min. The substrates 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 prepared dispersion in ethanol at 3000 rpm for 30 s following by annealing in air at 180 °C for 30 min. P
 bI2 films

were made according to the previously described procedure, 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 fabricated on PbI2 films by spin-coating of the graphite suspension in 4-methyl-2-pentanone. 300 μL of the suspension 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 P
 bI2 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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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
Device

Voc (V)

Jsc (mA c m−2)

FF

PCE (%)

A
B
C
D

0.63 ± 0.02
0.62 ± 0.04
0.66 ± 0.02
0.19 ± 0.09

1.4 ± 0.2
0.89 ± 0.05
0.55 ± 0.07
1.3 ± 0.4

0.32 ± 0.00
0.31 ± 0.01
0.32 ± 0.01
0.27 ± 0.02

0.27 ± 0.03
0.17 ± 0.01
0.12 ± 0.01
0.06 ± 0.03

Fig. 4  J–V curves of a typical ITO/ZnO/PbI2 (138 nm)/graphite/carbon 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

Devices A, B, and C had ITO/ZnO/PbI2/graphite/carbon black structures with thicknesses of P
 bI2 films 138, 161, and 198 nm respectively. 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

Table 2  Performance of a typical ITO/ZnO/PbI2 (138 nm)/graphite/
carbon black device under different scan conditions
Scan rate Scan direction Voc (V) Jsc (mA c m−2) FF
(V s−1)

PCE (%)

0.01
0.10
0.01
0.10

0.29
0.32
0.30
0.24

Reverse
Reverse
Forward
Forward

0.63
0.65
0.68
0.64

1.8
1.5
1.4
1.4

0.26
0.32
0.32
0.28

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

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.
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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 spectrum of bulk W
 O3 powder which was annealed under air at 180 °C for
30 min and PDF card of monoclinic WO3

3 Results and discussion
The devices were fabricated by the sequential deposition
of ZnO, P
 bI2, 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 crystals in the polycrystalline PbI2 films were preferentially
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Fig. 6  PXRD spectrum of WO3 on the glass/ITO substrate. Diffraction peaks indicated by star were from glass/WO3 substrate

oriented with (001) plane parallel to the substrate, as
was evident from PXRD (Fig. 1). This preferred orientation 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 roughness 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 P
 bI2 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 changing 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 P
 bI2 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 direction 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 hysteresis was similar to that previously observed in perovskite cells of the same structure. The perovskite cells exhibited 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 P
 bI2-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 P
 bI2/graphite interfaces due to the inefficient carrier extraction. The other two interfaces, specifically ITO/ZnO and graphite/carbon black can be ruled out
because the same interfaces were used previously in perovskite cells exhibiting large FF [8]. Significantly lower FF
was observed in perovskite cells without the hole extracting 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. 7  AFM image of glass/ITO (a) and W
 O3 on glass/ITO substrate (b), RMS of the surfaces were 4.8 and 2.3 nm, respectively
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Fig. 8  a UV–Vis spectra of glass/ITO substrates with different oxide
layers. b UV–Vis spectra of ZnO and W
 O3 on quartz substrates,
respectively

FF = 0.26 and PCE = 0.03%. The low Jsc and poor reproducibility 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 performance of solar cells.
Lead iodide based devices containing W
 O3 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 transporting 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 material 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 W
 O3 powders annealed at 180 °C in air for 30 min
revealed about 2 nm crystals (Fig. 5) [26, 27] thin W
 O3
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layers on glass/ITO substrates did not exhibit discerned diffraction 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, indicated 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 W
 O3 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 features above 350 nm due to the interference from different
layers. The deposition of a thin WO3 layer onto ITO surface 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 spectral 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 deposited by the same spin-coating method as that used in the
fabrication the devices. The band gap absorption at 352 nm
indicative of W
 O3 was observed (Fig. 8b).

4 Conclusion
Photovoltaic devices with a structure of ITO/ZnO (or WO3)
/PbI2/graphite (or without graphite)/carbon black were fabricated 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 changing 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 considering 2.38 eV band gap of P
 bI2. Future work should
focus on selecting appropriate n-type and hole transporting

J Mater Sci: Mater Electron

materials and processed method to improve Voc, Jsc, and FF
of PbI2 based photovoltaic devices.
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