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A B S T R A C T

Adopting DC reactive magnetron sputtering technique, PbO film was fabricated on FTO-glass substrate coated
with a nanocrystalline rutile titania (NRT) by using a pure metallic lead target in an Ar/O2 mixture. Then the as-
prepared PbO film was converted to CH3NH3PbI3 through the sequential reactions occurred in isopropanol
solution of CH3NH3I. The as-prepared perovskite film exhibits a surface morphology of high uniformity and
good coverage over a large scale; the crystal grains reach the size of up to 600 nm, which is beneficial for
enhancing light absorption and decreasing grain boundary. The solar cells with a structure of FTO/NRT/
CH3NH3PbI3/Spiro-MeOTAD/Au were fabricated, where NRT was employed as the contact layer of the
photovoltaic devices. Our champion cells with active area of 0.09 cm2 and 1.07 cm2 achieve the highest power
conversion efficiency of 14.1% and 10.7%, respectively, under the standard AM 1.5 conditions. The present
approach is competent for the fabrication of large area perovskite solar cells with the advantages of easy control,
cost-saving, and less use of toxic reagents, and thus with potential applications.

1. Introduction

In recent years, there is an ever-increasing attention to organic–
inorganic metal halide perovskites materials, whose classic represen-
tatives include CH3NH3PbI3, CH3NH3PbI3−xClx and CH(NH2)2PbI3.
These materials exhibit many impressively unique properties, such as
strong absorption coefficients, long exciton diffusion length, ease of
synthesis, low cost and environmental-friendliness [1–4]. Thanks to
such advantages, perovskite solar cells (PSCs) have made great
progresses, exhibiting a surging power conversion efficiency (PCE)—
from around 10% in mid-2012 to more than 20% at present [5,6], and
further improvements are expected. Meanwhile, the various studies on
its performance optimizations as well as process ameliorations have
been proceeding, and some significant technological or scientific
progresses are obtained [7–10], which are more important than a high
PCE for its further development in some sense.

The quality and morphology of the perovskite films are crucial to its
photoelectric properties, and then directly affect the performance of the
resultant PSCs. Although the several deposition methods have been
proposed to fabricate the perovskite light-absorption layers [11–13], it
is still a great challenge to the fabrication of perovskite films with
satisfactory coverage and uniformity over a large area. For instance, the

so-called one step precursor deposition and sequential deposition
process are used most widely owing to their distinct advantages
(solution-processable, easy to operate, low-cost, etc.), and the PSCs
with high PCE nearly 20% can be obtained by any of the two process
routes [6,14]. However, these methods are applicable only to fabrica-
tion of the devices with a small active area (around 0.1 cm2 or smaller).
This is mainly because the magnitude of centrifugal force generated by
planar rotation changes along the radial direction of the substrates
intrinsically, and such changes tend to be more striking with the
increase of spinning area. So it is hard to obtain a film with adequate
uniformity by using spin-coating process. While as for those tiny cells,
they are always criticized due to the larger measurement errors on the
one hand and impractical size for applications on the other. Liu et al.
proposed a dual-source vapor deposition technique to prepare a mixed
halide perovskite CH3NH3PbI3−xClx layer [12], which is spin-coating-
free, thus exhibiting the potential to form the large area perovskite
films with high coverage and uniformity. However, this approach
requires the vacuum environment and high temperature, which would
increase the cost of large-scale fabrication significantly; coupled with
its intractable controllability, it seems to be not a preferred route for
manufacture. Perhaps, partly due to the predicament of the fabrication
process, there are only fewer literatures on PSCs with an active area at
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centimeter-scale up to now, and most of the reported devices (includ-
ing some PSCs modules) are prepared by using spin-coating or
evaporation process yet [15–21], which suffer from the limitations
and disadvantages as mentioned above. Therefore, it is highly neces-
sary to develop applicable deposition methods for the fabrication of
perovskite film (or PSCs) with large area.

The study reported by Razza et al. is compelling—they used the
blade coating technique to deposit PbI2 layer as the first step of a
sequential step deposition route for CH3NH3PbI3 formation, achieving
the best PCE of 10.3% for a 10.1 cm2 module composed by a series
connection of four 2.5 cm2 cells [22]. Besides, Song et al. reported that
CH3NH3PbI3 can be obtained starting from electrodepositing PbO, and
then reaction with CH3NH3I [23,24]. These two approaches both have
the potential advantages to apply to industrial production.

Motivated by the same expectation for exploring the deposition
method that is practical to fabrication the large area PSCs, here we
present a novel process route based on DC reactive magnetron
sputtering (DRMS) to prepare CH3NH3PbI3 film. It is generally known
that DRMS is an important industrial process for the deposition of
metal–oxide films from elemental targets, which has the specific
advantages for film growth, such as high packing density, good
interfacial adhesion to substrate and easy control. In this article, we
report a pure metallic lead target was sputtered in an oxygen–argon
atmosphere to grow PbO film with high continuity and uniformity; and
then the as-prepared PbO was converted to CH3NH3PbI3 through the
sequential reactions by immersing it into a solution of CH3NH3I in
isopropanol. The resultant perovskite film exhibits considerable good
uniformity and coverage over a large scale. As a result, the PSCs with a
structure of a FTO/NRT/CH3NH3PbI3/Spiro-MeOTAD/Au and an
active area of 1.07 cm2 yield a best PCE of 10.7% (the average value
of PCE is 9.8 ± 0.9%) under standard AM 1.5 conditions. The present
approach is spin-coating-free for the formation of large area
CH3NH3PbI3 film with the advantages of easy control, cost-saving,
and less use of toxic reagents; what's more, it is expected to be used for
the manufacture of PSCs or other thin-film devices.

2. Material and methods

2.1. Materials

Unless stated otherwise, all materials were purchased from Sigma-
Aldrich or Acros Organics and used as received. Spiro-MeOTAD was
purchased from Merck KGaA. FTO glasses of 2.2 mm thickness and
less than 20 Ω sq−1. were purchased from Pilkington. CH3NH3I was
prepared as reported elsewhere [5].

2.2. Fabrication of solar cells

Devices were fabricated on fluorine-doped tin oxide (FTO) coated
glass with a sheet resistances of 20 Ω sq−1. Initially FTO was removed
from regions under the anode contact, to prevent shunting upon
contact with measurement pins, by etching the FTO with HCl and zinc
powder. The substrates were then cleaned sequentially in soap (2%
Hellmanex in water), acetone, ethanol, deionized water and finally
treated under oxygen plasma to remove the last traces of organic

residues. To deposit the nanocrystalline of rutile titania (NRT), they
were immersed in 200 mM aqueous solution of titanium tetrachloride
(TiCl4) in a closed vessel and kept in a water bath at 70 °C for 1 h, then
rinsed with deionized water and ethanol. Lead oxide films were
prepared on NRT-coated substrates by DC reactive magnetron sputter-
ing of a metallic lead target (with a diameter of 58 mm) in an Ar–O2

mixture. In this study, Ar/O2 ratio is maintained at 22:10, where the
oxygen partial pressure is controlled by regulating the oxygen flow rate.
Initially the chamber pressure was pumped down until the vacuum
reached 10−7 Torr. For sample preparation, the pressure was main-
tained at 5.5×10−3 Torr, with a constant discharge current of 100 mA
(≈32 W). To prepare the perovskite layers, the samples were dipped
into CH3NH3I solution dissolved in 2-propanol (40 mg mL−1) for
10 min and then annealed at 100 °C for 30 min. A hole-transporting
layer (HTL) was then deposited via spin-coating a 0.79 M solution of
spiroMeOTAD in chlorobenzene, with additives of lithium bis(trifluor-
omethanesulfonyl) imide and 4-tert-butylpyridine. Devices were then
left overnight in air for the spiroOMeTAD to dope via oxidation.
Finally, the gold electrodes were deposited on top of the HTL layer
through a metal shadow mask via magnetron sputtering with a low
current intensity of 5 mA, to finish the fabrication.

2.3. Measurement methods

X-ray diffraction (XRD) spectra were measured with a Panalytical
X’Pert Pro x-ray diffractometer using Cu Kα radiation at 40 kV and
40 mA. A field emission scanning electron microscope (SEM, HITACHI
UHR FE-SEM SU8200) was used to acquire SEM images. The optical
absorption of perovskite films were studied by Shimadzu Ultraviolet-
Visible (UV–vis) spectrophotometer (UV 2600). The current density-
voltage (J-V) curves were measured using a digital source meter
(Keithley Model 2400) to apply an external potential bias to the solar
cells and measuring the generated photocurrent. The emission spec-
trum from a xenon lamp (Oriel, 450 W) was matched to the standard
AM 1.5G. The exact light intensities of the measurements were
determined using a calibrated Si diode as reference. The EQE spectra
were acquired by an IPCE setup consisting of a xenon lamp (Oriel, 450
W) as the light source, a monochromator, a chopper with a frequency of
100 Hz, a lock-in amplifier, and a Si diode for calibration.

3. Results and discussion

The fabrication processes for CH3NH3PbI3 film converted from
reactive magnetron sputtered PbO are schematically illustrated in
Fig. 1, and the experimental details are described as mentioned above.

Prior to the sputtering, a NRT layer was deposited on FTO substrate
by a chemical bath deposition method, which severs as a contact layer
of the PSCs [25]. As the top-view of scanning electron microscope
(SEM) in Fig. 2(a) shows, the as-prepared NRT film exhibits a loosen-
structured morphology; its high uniformity over large-scale attributes
to the homogeneous liquid phase environment in which the film have
grown. To form PbO film, a metallic lead target (58 mm diameter) was
used and sputtered in an oxygen–argon mixture, where the oxygen
partial pressure is controlled by regulating the oxygen flow rate. The
distance between the target and the substrate sample is 70 mm. After

Fig. 1. Schematic illustration of CH3NH3PbI3 formation (on NRT-coated FTO glass substrate) through the sputtered PbO.
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the sputtering, the substrate takes on a slight opaque red color,
indicating the formation of PbO. Its top-view SEM with different
magnification are presented Fig. 2(b), and the morphology similar to
that of NRT can be observed, uniform and loose over a macroscopic
scale. Fig. 2(c) shows the cross-sectional SEM of the resultant PbO film,
evidencing that it has an average thickness of 110 nm or so, which can
be conveniently tuned by sputtering time. It was reported that the
expected thickness of CH3NH3PbI3 layer converted from PbO would be
5–6 times than that of PbO film itself because of the volume expansion
as a result of interdiffusion reaction [24]. In this study, given the loose
morphology of PbO film resulted from the loosen-structured NRT, 3–4
times expansion of the film thickness is expected (it is confirmed by the
characteristic of the resultant CH3NH3PbI3 film as below).
Additionally, the cross-sectional SEM images show the sputtered PbO
permeated into NRT layer sufficiently for its loosen-structured mor-
phology, thus leading to an intimate junction of large interfacial area
with the resultant perovskite, which is much more effective in extract-
ing photogenerated electrons [25].

Subsequently, the as-prepared PbO film sample was immersed into
a solution of CH3NH3I in isopropanol, and the substrate turned dark
brown gradually, indicating the formation of CH3NH3PbI3 perovskite.
The reaction mechanism of such conversion can be described as flows:
i) CH3NH3I in isopropanol breaks down into CH3NH2 and HI
(Fig. 3(a)); ii) HI reacts with PbO to form PbI2 (Fig. 3(b)); iii)
CH3NH3PbI3 is formed through the reaction between PbI2 and
CH3NH3I (Fig. 3(c)). For the reactions as a whole, PbI2 is just an
intermediate and absent from the end product, which is positive
because its presence would cause the degeneration of device perfor-
mance [26]. Remarkably, equivalent amount of H2O was generated
during the conversion process from PbO to PbI2 (Fig. 3(b)), which only
lead to modest changes in the films that do not affect the final
photovoltaic performance [27], and it is even reported that the mild
moisture or a small amount H2O has a positive effect on perovskite film
formation [28,29].

The top-view SEM of the resultant CH3NH3PbI3 is presented in
Fig. 2(d), and it shows that the film is composed of the crystal grains
with a size of 60–500 nm, exhibiting high uniformity and good cover-
age over a large area. Even on a macroscopical area about a dozen of
square centimeters, the uniform morphology of the perovskite film can
be observed by naked eyes. Especially, our experiments revealed that
the surface coverage of the film as well as the grain size composted it
are very sensitive to the concentration of CH3NH3I solution, and it was
not be fully optimized in this study. The thickness of CH3NH3PbI3 film
is evidenced by its cross-sectional SEM in Fig. 2(e), which is about
430 nm, nearly 4 times thinker than that of corresponding PbO film,
and that is consistent with the value expected as above.

We subsequently investigate the structural properties of the resul-
tant films by X-ray diffraction (XRD) measurement. As a previous
study reported, DRMS lead to different kinds of lead oxides, such as
PbO, PbO1.44, Pb2O3, and PbO2, under the condition of different
oxygen flow rate [30]. In this study, lead oxide was obtained by
sputtering a pure metallic lead target in Ar/O2 mixture with a ratio
of 22:10. Fig. 4(a) shows its XRD patterns, and those of NRT/FTO
substrate are also presented for comparison. The diffraction peaks of
the as-prepared lead oxide film exhibit the larger values of full width
half maximum (FWHM) and does not strictly correspond to any
cataloged phase from JCPDS International diffraction data base, but
the patterns are also a little sharp and very close to those of
orthorhombic PbO (JCPDS card No. 38–1477) except a slight position
shift. It is presumably caused by a mixed structure of amorphous and
crystal phase of PbO, or the presence of other sub-oxides of Pb [30,31].
To form the perovskite, PbO film sample was immersed into a
CH3NH3I solution in isopropanol to induce the chemical reactions.
Then XRD patterns of the product were recorded (see Fig. 4(a)), which
is in good agreement with the results in published paper [13],
confirming its typical structure of CH3NH3PbI3. Besides, no diffraction
peaks of the residual PbO were detected in the patterns of the resultant
perovskite, and those of PbI2 were also absent, which indicate the
conversions described in Fig. 3 are complete. These results prelimina-
rily show that our approach is feasible and available to fabricate
CH3NH3PbI3 film. As a side note, the peaks of NRT were not detected
by the typical XRD measurement, which probably resulted from its
ultrathin thickness, or being concealed by the sharp peaks of others.

In addition, PbO and the resultant CH3NH3PbI3 film were char-
acterized by UV–vis spectroscopy as shown in Fig. 4(b). The absorption

Fig. 2. Thin-film topology characterization. (a), (b) and (d) are the top- view SEM of NRT, sputtered PbO, CH3NH3PbI3, respectively, where the insertions are the corresponding one
with high magnification. (c), (e) and (f) are the corresponding cross-sectional SEM of PbO, CH3NH3PbI3, the whole device, respectively.

Fig. 3. The mechanism of CH3NH3PbI3 formation through the reactions between PbO
and CH3NH3I solution in isopropanol.
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spectrum of the sputtered PbO on NRT film is in the visible short-
wavelength region with the absorption onsets at ~520 and ~670 nm,
respectively, similar to that of the previous report [23]. The perovskite
films exhibit the typical absorption peak ~760 nm, corresponding to
the direct band gap transition from the first valence band to conduction
band [6], while 480 nm absorption peak corresponds to the transition
from the second valence band to conduction band [3].

Using DRMS-based deposition method for formation of
CH3NH3PbI3 film, we prepared the PSCs with a structure of FTO/
NRT/CH3NH3PbI3/Spiro-MeOTAD/Au. The details of device fabrica-
tion and characterization are described as mentioned above. The as-
prepared devices involve two models with different size of active area
for comparison, and they are denoted as Device A (with an active area
of 0.09 cm2) and B (with an active area of 1.07 cm2), respectively. The
average PCE of Device A is 13.2% (for 12 devices), and the champion
one of them yields a PCE of 14.1% with an open-circuit voltage (Voc) of
1.04 V, a short-circuit current-density (Jsc) of 20.2 mA/cm2, and a fill
factor (FF) of 66.9%, whose current density–voltage (J–V) character-
istics is presented in Fig. 5(a). All the three photovoltaic parameters
(Voc, Jsc, and FF) are comparable to the one's reported in literature 26
(the devices in this study are identical to it in construction but different
in process of CH3NH3PbI3 formation), so the feasibility and reliability
of our method are confirmed. Based on the identical process, Device B
were fabricated, which have an active area that is about 12 times larger
than that of Device A, exhibiting an average PCE of 9.8% (for 12
devices). The top cell among them achieves an inferior PCE of 10.7%,
with a Voc of 1.03 V, a Jsc of 17.2 mA/cm2, and a FF of 60.6%,

respectively (see Fig. 5(a)). We implemented the external quantum
efficiency (EQE) measurement for a representative cell among Device A
and Device B, respectively. Fig. 5(b) shows EQE spectra of the two
devices, which exhibit a similar spectral sensitivity in the range from
the visible to the near-IR region (400–800 nm) except for the lower
EQE of Device B. The integrated current densities (19.67 and
16.81 mA/cm2 for Device A and Device B, respectively) from the
EQE curve show less than ca. 3% mismatch compared to the Jsc
(20.2 and 17.3 mA/cm2) obtained from the J–V curve, where a slight
mismatch of them is a general phenomenon in solar cells due to various
kinds of uncertain factors.

Compared to the small-scaled Device A, Device B exhibits a decline
in values of all the three photovoltaic parameters. With the increase of
the device area from 0.09 cm2 to 1.07 cm2, the declining percentage of
Voc, Jsc, and FF is 1.0%, 14.9%, and 9.4%, respectively (for the highest
performance), thus leading to a reduction of 24.1% in PCE. It clearly
shows that, Jsc has the most significant drop; FF comes second; Voc

drops the most slightly. In essence, these declinations are ascribed to
the higher series resistance Rs of the large-scaled Device B, which
increases monotonically with larger active cell area [21], thus leading
to the declination of Jsc and the corresponding fall of FF. As for the tiny
variations of Voc, it is reasonable because Voc is affected very slightly as
Rs changes. Therefore, to improve the photovoltaic performance of
large-scale PSCs, one of the important measures is to reduce Rs by
some ways. In fact, the devices reported in this paper were not
optimized adequately, and the further efficiency enhancement could
be expected following the optimization of the process conditions,

Fig. 4. (a) The XRD patterns of FTO glass coated with NRT, PbO, and CH3NH3PbI3. (b) UV–vis spectra of PbO and CH3NH3PbI3.

Fig. 5. (a) J-V characteristics, measured under AM 1.5 G (100 mW/cm2), for Device A and B. The insertions are their actual photos. (b) EQE spectra of the representative devices and
the corresponding integrated Jsc.
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adjustment of parameters, morphology and relative interface modifica-
tion. Finally, it should be noted that our cells also suffer from a bit
hysteresis when they were measured (presented in Fig. S1 in
Supplementary material). Although the origin of hysteresis is still open
to debate, it could be overcome through careful surface engineering of
existing TiO2 or through a judicious choice of alternative interfacial
layers [32].

4. Conclusions

In summary, a novel deposition method for formation of
CH3NH3PbI3 film was proposed, in which lead oxide was sputtered
on the substrate by using DRMS, and then it was converted to the
perovskite through the sequential reactions occurred in isopropanol
solution of CH3NH3I. The results reveal that the as-prepared lead oxide
film is tetragonal phase PbO (lithargyrum) with lower crystallinity in
nature, and the resultant CH3NH3PbI3 film shows a surface morphol-
ogy with high uniformity and good coverage over a large area. Also the
perovskite film was well crystalized with the grain size of 50–600 nm,
exhibiting strong light harvest capability. The solar cells we fabricated
employ a NRT contact layer, which is beneficial to extract photogen-
erated electrons more effectively and prepare the PSCs at low tem-
perature. The champion cells with active area of 0.09 cm2 and 1.07 cm2

achieve the best PCE of 14.1% and 10.7%, respectively, under standard
AM 1.5 conditions; further enhancement could be expected through
following the optimization of the process conditions, adjustment of
parameters, etc. The present approach is spin-coating-free for the
formation of large area CH3NH3PbI3 film with the advantages of easy
control, cost-saving, and less use of toxic reagents; more importantly, it
is expected to be used for the manufacture of PSCs or other thin-film
devices, thus with potential applications and practical significance.
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