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exible perovskite solar cells by
a gas pump drying method on a plastic substrate†

Li-Li Gao,a Lu-Sheng Liang,b Xiao-Xuan Song,a Bin Ding,a Guan-Jun Yang,*a Bin Fan,b

Cheng-Xin Lia and Chang-Jiu Lia

A uniform and full coverage perovskite film is of significant importance for flexible perovskite solar cells. In

this study, highly efficient flexible perovskite solar cells were assembled using a flexible conductive plastic

substrate by a one-step gas pump drying method to prepare high performance perovskite films under air

conditions. The SEM results show that the perovskite film deposited on the flexible conductive plastic

substrate was uniform, compact, and pinhole-free. The AFM results show that the film presented an

extremely smooth surface morphology with a root mean square roughness of 15.8 nm in a large and

representative scan area of 18 � 18 mm2. The flexible planar perovskite solar cell was fabricated, and all

devices were prepared at 100 �C or below under air conditions. The highest efficiency on flexible

substrates had reached 11.34% with an average efficiency of 8.93% for 14 solar cell devices.
m
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Introduction

Organometal trihalide perovskite solar cells (PSCs) have
attracted widespread academic and commercial interest due to
a rapid increase in efficiency,1–3 which has boosted from 3.8%
(ref. 4) in 2009 to 20.1% (ref. 5) in 2014. These great achieve-
ments are mainly attributed to the unique characteristics of
perovskite materials, such as low cost, high photo-to-electric
conversion efficiency, high light absorption properties, direct
bandgaps, high charge-carrier mobility and long electron–hole
exciton transport distance (more than 1 mm).6–8 Perovskite
materials are soluble, which makes it quite easy and cheap to
prepare perovskite solar cells.9,10

Plastic-based exible solar cells have received extensive
application and research attention due to their low-cost, light
weight, portability and exibility.11–16 To utilize perovskite
materials, the structure of exible solar cells can be designed as
a planar heterojunction, which can avoid the preparation of the
mesoporous layer on a substrate surface.2 It generally contains
a exible electrode, an electron transportation layer, a perov-
skite light absorption material, a hole transportation layer, and
a counter electrode. The cell performance is inuenced by many
factors, among which the microstructure of perovskite lms is
crucial. When there are some pinholes in the perovskite lm or
even many bare substrate surfaces without perovskite covering,
current shunting in the carrier transportation would inevitably
avior of Materials, School of Materials
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.cooccur, which degrades the device performance.17,18 In addition,
the light absorption ability of the lm will be also reduced in the
pinhole region and uncovered region. Therefore, a uniform and
compact perovskite lm is of crucial importance to achieve
a solar cell of high efficiency.19

To date, solution processing is widely used in the prepara-
tion of perovskite lms. It contains a one-step method and
a two-step method.20–22 In the two step method, it is difficult for
lead iodide to react completely with iodine methylamine when
lead iodide is dipped in iodine methylamine solvent, and the
organometal trihalide lm is rough.21,22 Therefore, many
attempts have beenmade to achieve a compact and pinhole-free
lm by the two-step method, such as changing soaking to
dropping in the second step,23 or the physical–chemical depo-
sition process at ultra-low temperatures,24 or alternating
precursor layer deposition,25 or the gas-assisted solution
process,26,27 or vapor deposition by the Snaith group.10 The one-
step method can avoid the problem related to the reaction
between lead iodide and iodine methylamine, without any
component heterogeneity. However, the processed lm is oen
loosely packed withmany pinholes, and dendritic grains usually
present in the lm, resulting in a partial coverage of the
substrate.21,22 Therefore, dropping anti-solvent in the spinning
perovskite precursor solution,28 or the PbAc-based method by
Snaith,29 or methylamine-gas induced defect-healing,30 and
solvent extraction method,31 have been developed to improve
the coverage of the lm. All those approaches achieved progress
in the preparation of perovskite lms.

This paper aims at developing exible perovskite solar cells
with a compact and uniform perovskite lm with a full coverage
on a plastic substrate. For the solution processing method,
reaching solution supersaturation is the necessary condition for
This journal is © The Royal Society of Chemistry 2016
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crystallization. The higher the degree of supersaturation of the
solute, the easier the precipitation of crystal nuclei.32–35 In this
paper, we reported that, when the gas phase pressure over the
solution is lower than the saturated vapor pressure of the
solvent at the current temperature, the solvent evaporates
immediately. Based on this principle, we proposed a gas pump
drying method for the liquid lm in a low pressure, which is
lower than the saturated vapor pressure of the solvent. The
solvent evaporation can be signicantly accelerated and, thereby,
the liquid lm reaches supersaturation rapidly, which results in
rapid nucleation of the solute in the solution. In this study,
perovskite CH3NH3PbI3 lms were prepared on a exible ZnO
coated ITO-PEN substrate by this novel gas pump drying process,
and exible planar perovskite solar cells were assembled. We
achieved the highest power conversion efficiency (PEC) 11.34%
with the average PEC of 8.93%� 1.36%. The results indicate that
the one-step gas pump drying process is an excellent method to
prepare exible solar cells. It is worth noting that this gas pump
drying method can be operated just in air.

Experimental section
Materials and preparation

The materials used were lead iodide (PbI2, 99.99%), N,N-dime-
thylformamide (DMF, 99.8%), iodine methylamine (CH3NH3I),
and 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spi-
robiuorene (spiro-OMeTAD). Unless special instructions, all
materials were purchased from Xiamen Weihua Solar
Company, and used as received. Gas pump drying equipment
used was home-designed by our group, as shown in Fig. 1.

Perovskite lm deposition

ITO-PEN sheets (indium-doped tin oxide coated polyethylene
terephthalate sheets, 15.6 U sq�1) were rinsed successively with
ethyl alcohol, deionized water in an ultrasonic bath for 10 min,
and blow-dried by nitrogen. The exible substrate was mounted
www.s

Fig. 1 Schematic procedure of preparing perovskite films by the one-
step gas pumpdryingmethod (a) and the gas pumpdrying equipment (b).

This journal is © The Royal Society of Chemistry 2016
.cn

onto a rigid glass substrate for easy device fabrication. ZnO, as
the electron transportation layer, was prepared on the ITO-PEN
substrate by magnetron sputtering at a pressure of 2 Pa using
a ZnO target. The ZnO surface was treated with ozone and
ultraviolet for 15 min. The perovskite precursor solution was
composed of PbI2 and CH3NH3I at a ratio of 1 : 1, which dis-
solved in DMF solvent at 70 �C. By dropping appropriate
perovskite precursor solution on the ZnO-coated ITO-PEN
surface and aer spinning at a speed of 3000 rpm for 10 s,
a faint yellow liquid perovskite precursor lm about 2 mm was
obtained. Fig. 1(a) illustrates the process of preparing perov-
skite lms by the gas pump drying process. Fig. 1(b) schemat-
ically shows the gas pump drying system. Subsequently, moving
the lm quickly to a small sample chamber connected to the
large low pressure chamber system, which had been pumped
beforehand to below 10 Pa, the sample chamber was evacuated.
Aer evacuating for ca. 40 s, a transparent brown perovskite lm
evolved. The lm was annealed at 100 �C for 10 min, the brown
lm turned into a black lm, and the lm was still transparent.
.co
mDevice fabrication and characterization

A 25 mL spiro-OMeTAD solution was spin-coated on perovskite
lms at 4000 rpm for 30 s. A 10 nm-thickMoO3 and 150 nm-thick
silver layer were deposited by thermal evaporation at a base
pressure of 4 � 10�4 Pa. The completed devices were stored in
a N2-purged glovebox (<0.1 ppm O2 and H2O). Prior to the spin-
ning of spiro-OMeTAD, all device fabrication steps were carried
out under ambient conditions at a temperature of 23 �C and
a humidity of 50%. All devices were prepared at 100 �C or below.

The surface of the prepared perovskite lms was examined
using a MIRA3 TESCAN scanning electron microscope (SEM).
Fig. 2 Topography of the surface of ZnO-coated ITO-PEN (a) AFM
(Inset: three-dimensional topographic image) and (b) SEM.

J. Mater. Chem. A, 2016, 4, 3704–3710 | 3705
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To examine the surface roughness, the lm was characterized
by BY2000 atomic force microscopy (AFM). The X-ray diffraction
(XRD) patterns of the substrate and perovskite lms were ob-
tained with a D8 Advance X-ray diffractometer with Cu Ka
radiation. The absorption spectra of the perovskite lm were
measured with a U-3010 spectrophotometer. Current–voltage (I–
V) curves of the perovskite solar cells were measured by using
a Keithley 2400 source-measure unit under an illumination of
simulated sunlight, provided by a 450W Class AAA solar simu-
lator equipped with an AM1.5G lter (Sol2A, Oriel Instruments).
The exact light intensity was calibrated using a single-crystal
silicon photovoltaic cell as the reference (91150V, Oriel Instru-
ments); the light intensity was 86 mW cm�2. The cells were
fabricated with a metal mask covering an area of 0.09 cm2 to
receive sunlight.
Results and discussion
Microstructure of the perovskite lm on a plastic substrate

Fig. 2 shows the surface morphology of ZnO-coated ITO-PEN, by
both high resolution AFM and SEM. The substrate presents
a rough surface morphology, which is a typical characteristic of
www.sp
m

Fig. 3 SEM images of the perovskite film made by (a and b) conven-
tional heat drying, (c–f) the gas pump dryingmethod, (g) cross-section
of the perovskite film made by the gas pump drying method, (h) grain
size of perovskite distribution made by the gas pump drying method.

3706 | J. Mater. Chem. A, 2016, 4, 3704–3710
m.cn

sputtered lms.36,37 The root mean square (RMS) roughness of
the deposited ZnO lm is 28.60 nm. It is reported that a certain
degree of roughness of the substrate surface is useful for the
nucleation of perovskite.33

To demonstrate the structure of the perovskite lm prepared
on a exible substrate by the gas pump dryingmethod proposed
in this study, we examined the perovskite lm on the ZnO
coated plastic ITO substrate by different methods, i.e. conven-
tional heat drying and gas pump drying methods, using scan-
ning electron microscopy. In the conventional scheme, the
perovskite precursor solution is spin-coated at room tempera-
ture and then post-annealed for 10 min on a hot plate main-
tained at 100 �C. The lm prepared by conventional spin-
coating and drying is porous and the grains present a disorga-
nized dendrite morphology (Fig. 3(a) and (b)). The lm, made by
the gas pump drying method, presents a smooth, compact and
uniform morphology without any visible pinholes as shown in
Fig. 3(c)–(f). Based on a statistical measurement of 626 grains, it
was found that the grains having a size ranging from 200 to 600
nm account for 90%, as shown in Fig. 3(h), which indicates that
the grain size distribution is quite uniform. Compared with
conventional heat drying, the gas pump drying method
enlarged the differential pressure between saturated vapor
pressure and the pressure of the solvent at the liquid gas
.co

Fig. 4 AFM topographies of a perovskite film with a sweeping range of
5 � 5 mm2 (a), 10 � 10 mm2 (b), 18 � 18 mm2 (c), respectively.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Roughness comparison of perovskite films made by the one-step gas pump drying method and other reported methods

Method
Scanning area
(mm2)

Roughness average
(Ra) (nm)

Root mean square (RMS) roughness
(nm)

One-step gas pump drying method 18 � 18 12.3 15.8
10 � 10 12.7 16.8
5 � 5 9.96 12.7

Vapor-assisted40 5 � 5 23.2 —
Up-scalable approach41 5 � 5 27 —
Sequentially deposited42 5 � 5 21.2 —
Gas–solid crystallization27 3 � 3 26.3 32.8
Alternating precursor layer deposition25 10 � 10 — 26.8
Vacuum-assisted thermal annealing38 5 � 5 — 9.59
Solvent engineering process28 3 � 3 — 8.3
Successive spin-coating/annealing39 2 � 2 — 12

Fig. 5 XRD patterns of the perovskite film made by conventional heat
drying and gas pump drying (substrate diffraction peak have been
marked) (a), UV-visible absorption spectrum of perovskite films made
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interface, which would accelerate solvent evaporation. In this
way, the solvent reaches a very high degree of supersaturation in
a short time, and large numbers of heterogeneous nuclei form
on the substrate and grow into columnar crystals. The clear
close-packed columnar crystals are shown in Fig. 3(g). The gas
pump drying method can be used to dry not only perovskite
lms, but also lead iodide lms.

To quantitatively investigate the smooth perovskite lm
surface prole, we measured the surface roughness of the
perovskite lms made by conventional heat and gas pump
drying with high resolution AFM. The measurements were
made in three different scanning areas, i.e. 5 � 5 mm2, 10 �
10 mm2 and 18 � 18 mm2. To make the results statistically
informative, we chose the scanning area randomly from a large
and uniform perovskite lm with a size of 0.09 cm2, which is the
solar cell area. Fig. 4(a)–(c) show the AFM images of perovskite
lms made by gas pump drying and the corresponding three-
dimensional morphologies. It demonstrates a quite uniform
surface prole despite very different scanning sizes. The RMS
was 12.7 nm, 16.8 nm and 15.8 nm, respectively, in 5 � 5 mm2,
10 � 10 mm2 and 18 � 18 mm2 scanning areas. The AFM image
of the perovskite lm made by conventional heat drying is
shown in Fig. S1,† and the RMS is 77.4 nm in a 10 � 10 mm2

scanning area. In order to further comprehensively compare the
surface roughness, we collected very detailed information from
the reported literature. Table 1 shows the roughness of perov-
skite lms made by the one-step gas pump drying method and
other methods reported for comparison. Very small RMS
roughness can be found as 9.59 nm, 8.3 nm, and 12 nm, while
the scanning area is as small as 5 � 5 mm2, 3 � 3 mm2, and 2 �
2 mm2.28,38,39 Comparing the above mentioned three groups of
data, one can nd that the RMS increases with increasing
scanning area. However, if the scanning area is larger than 10 �
10 mm2, the result of RMS tends to be a stable and representative
value. Therefore, it can be concluded that an effective and
representative measurement of RMS for perovskite lms should
reach, at least, an area of 10� 10 mm2. The perovskite lm RMS,
prepared by the gas pump drying method, was 16.8 nm (for
a scanning area of 10 � 10 mm2), which was much lower than
the obtained value in the reported literature at such an effective
scanning area.25
This journal is © The Royal Society of Chemistry 2016
co
m.cFor a high-efficiency cell, the perovskite lm must cover the

substrate without a pin-hole in the whole area. Considering the
extremely small RMS of the perovskite lm in this study, the
perovskite lm is a homogeneous lm without a large area of
uncovered substrate surface, which can also be proved by the
lm surface morphology shown in Fig. 3. However, to make sure
that there is no pinhole in the lm, we have to carefully compare
the maximum surface uctuation (especially the maximum
concave depth) with the lm thickness. From the three-
dimensional image in Fig. 4, faint surface uctuations can be
easily found. The quantitative results show that the maximum
by the gas pump drying method and conventional heat drying (b).

J. Mater. Chem. A, 2016, 4, 3704–3710 | 3707
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Fig. 6 Schematic structure of a perovskite solar cell (a), and energy level alignment of various device layers (b). The current–voltage curve of the
highest efficiency cell from short-circuit to forward bias (SC-FB) (c), inset is a photographic representation of the flexible device. Normalized
value as a function of number of bending cycles (d), inset is a bending diagram.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
5 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

08
/0

3/
20

16
 0

2:
37

:2
1.

 
View Article Online
.sp

of the concave is 60 nm, 80 nm and 70 nm for the scanning area
of 5 � 5 mm2, 10 � 10 mm2 and 18 � 18 mm2, respectively. The
largest value of the maximum concave depth, 70 nm for a large
scanning area of 18 � 18 mm2, is still much smaller than the
average lm thickness, ca. 500 nm in this study. Therefore, it
can be concluded that the perovskite lm on the exible
substrate in this study is of a pinhole-free structure.
wwwCrystallization and absorption of perovskite lms

Fig. 5(a) shows the XRD patterns of perovskite lms made by
conventional heat drying and gas pump drying methods. Both
of them show strong diffraction peaks at the 2q of 14.1�, 28.4�

and 31.8�, which corresponds to the tetragonal phase of (110),
(220) and (310) crystal planes. However, there were some infe-
rior diffraction peaks in the perovskite lm made by gas pump
drying, (112), (211), (312) and (224) at the 2q of 20.2�, 23.6�,
35.1� and 40.8�. They all clearly showed the existence of the
tetragonal phase (space group I4/mcm, a¼ b¼ 8.8743 Å, and c¼
12.6708 Å) in the lm.43

To further evaluate the optical property of the perovskite lm
prepared on the exible substrate, we measured the UV-visible
absorption spectra of perovskite lms, which were made by gas
pump drying and conventional heat drying, as shown in
Fig. 5(b). The perovskite lm made by the gas pump drying
3708 | J. Mater. Chem. A, 2016, 4, 3704–3710
method presents a very high absorption intensity from 380 m to
620 nm than the lm made by conventional drying. Because of
the huge scattering effect by dendrite crystals, the perovskite
lm made by conventional heat drying presents a higher
absorption from 620 nm to 800 nm. The absorption of the
perovskite lm made by gas pump drying extends over the
complete visible spectrum up to 760 nm, with a local maximum
around 500 nm, which is consistent with the results
reported.44–46
Photovoltaic performance of exible perovskite solar cells

To examine the photovoltaic performance of the exible solar
cells with perovskite lms on the plastic substrate surface, we
assembled planar solar cells as shown in Fig. 6. Fig. 6(a) shows
the schematic structure of a exible plane perovskite solar cell,
and Fig. 6(b) shows its corresponding energy level of every layer.
For an efficient blocking layer, a compact lm is necessary and
critical to prevent the contact between the hole transport layer
and ITO layers. The ZnO lm, made by magnetron sputtering,
can be compact enough to stop charge transport across the lm.
Compared to the TiO2 compact layer, ZnO is also a viable alter-
native due to its comparable energy level as well as good electron
transport properties.47 ZnO has the energy level of�4.4 eV, which
is a good match with the perovskite layer of �3.9 eV. Prior to the
This journal is © The Royal Society of Chemistry 2016
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CH3NH3PbI3 solution loading, the ZnO surface was treated with
ozone and ultraviolet to increase surface wettability.

To guarantee the reproducibility of the results, we prepared
14 devices and tested all of them. The statistical results of the
photovoltaic performance of 14 devices yielded an average
short-circuit photocurrent, Jsc, of 16.02 � 1.53 mA cm�2, open-
circuit photovoltage, Voc, of 0.94 � 0.06 V, ll factor, and FF, of
0.5 � 0.05, and thereby power-conversion efficiency, PCE, of
8.93 � 1.36% (Table S1†). Among the 14 devices, we achieved
the highest efficiency of 11.34%. Fig. 6(c) shows the current–
voltage curve of the champion cell of the best PCE, presenting
the Jsc of 17.43 mA cm�2, Voc of 0.96 V, and FF of 0.56. Another
14 exible devices were prepared by the conventional heat
drying method. Those devices yielded poor performance with
an average Jsc of 0.67� 0.09 mA cm�2, Voc of 0.69� 0.08 V, FF of
0.52� 0.04, and PCE only of 0.29� 0.04%. The bad photovoltaic
performance mainly could be attributed to the cell shunting
and poor light absorption arising from the incomplete surface
coverage. The detailed photovoltaic parameters are shown in
Fig. S2.† The results of those exible devices proved the repro-
ducibility of exible plane perovskite solar cells made by the
one-step gas pump drying method.

In order to investigate the exibility of the exible PSC,
preliminary bending tests were conducted on exible planar
PSC devices on the polymer substrate. We bent them to a small
radius of just 4.5 mm, which is one of the highest bending
extent (the smallest radius) compared with reports,15,16,48–50 up to
40 cycles. The stability of the exible PSC is shown in Fig. 6(d).
The thickness of all device layers is ca. 1.3 mm, while the ITO-
PEN substrate is ca. 200 mm. So a stress neutral layer exists in
the exible substrate when the exible device is bent. Extremely
small degradation of the efficiency of the exible PSC was found
within 30 bending cycles. This suggested a quite good exibility
of the exible PSC. Aer the further 10 bending cycles, the
devices exhibited 67% of initial efficiency. The decrease of
efficiency during severe bending may be attributed to the
degradation of the device layers.

Conclusion

In summary, using a one-step gas pump drying method at room
temperature under air conditions, we prepared exible perov-
skite solar cells with a uniform and full coverage compact
perovskite lm on a exible conductive plastic substrate. The
perovskite lm presented an extremely smooth surface
morphology. The RMS increased with increasing scanning area
and tended to a stable and representative value when the
scanning area was larger than 10 � 10 mm2. The RMS of the
perovskite lm on the exible substrate prepared in this study
was ca. 16 nm in a large scan area of >10 � 10 mm2. The
perovskite grains presented a close-packed columnar structure
with a uniform grain size, thereby forming a full coverage on the
substrate surface. The best efficiency of the exible planar
perovskite solar cell has reached 11.34% with an average effi-
ciency of 8.93% for 14 exible solar cell devices. This method
offers great promise for solar cells towards high efficiency
exible perovskite solar cells.
This journal is © The Royal Society of Chemistry 2016
.co
m.cn
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