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Ultralight flexible perovskite solar cells
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ABSTRACT Ultrathin (thickness less than 10 μm) and ul-
tralight flexible perovskite solar cells (FPSCs) have attracted
extensive research enthusiasm as power sources for specific
potential lightweight applications, such as drones, blimps,
weather balloons and avionics. Currently, there is still a cer-
tain gap between the power conversion efficiency (PCE) of
ultrathin FPSCs and common FPSCs. This study demonstrates
ultrathin FPSCs on 3-μm-thick parylene-C substrates via a
flip-over transferring process. The Zr, Ti and Ga-doped in-
dium oxide (ITGZO) film is employed as the bottom trans-
parent electrode of ultrathin inverted FPSCs with a
remarkable PCE of 20.2%, which is comparable to that based
on common FPSCs. Devices on glasses and parylene-F (i.e.,
parylene-VT4) substrates were also constructed to verify the
advantages of parylene-C. Furthermore, an excellent power-
per-weight of 30.3 W g−1 is achieved attributed to remarkable
PCE and ultrathin-ultralight substrates, demonstrating the
great promise of fabricating efficient, ultrathin and ultralight
solar cells with parylene-C films.

Keywords: flexible perovskite solar cells, ultralight, power-per-
weight, super-flexible

INTRODUCTION
With the development of energy conversion devices, flexible
photovoltaic technologies have attracted great interest as power
sources for wearable applications [1], building-integrated pho-
tovoltaics [2] and near-space applications [3]. For these appli-
cations where lightweight and flexibility are pivotal, power-per-
weight (i.e., specific power, the ratio of output power to the
device weight) was proposed as a vital metric for evaluating
photovoltaic devices. Ultrathin solar cells could minimize
redundant energy consumption by reducing weight and
increasing power-per-weight, which offered major benefits for
next-generation power sources in specific applications, such as
drones, blimps, weather balloons and avionics [4].

To improve the power-per-weight of solar cells, various pro-
mising materials like organic semiconductors, silicon, and metal
halide perovskites [5–12] have been developed. Among these,

perovskite solar cells (PSCs) have attracted enormous research
attention attributed to the advantages of low cost [13], easy
processability [14], low trap density [15–17], high carrier
mobility [18], and long carrier diffusion length [19–21]. The
rapid enhancement of power conversion efficiency (PCE) for
PSCs with record efficiency approaching 26% has also been
witnessed. Furthermore, planar-heterojunction PSCs especially
with the inverted device structure show low-temperature solu-
tion processibility [22], which enables the fabrication of flexible
PSCs (FPSCs) on delicate polymer substrates.

In the past few years, ultrathin FPSCs have made significant
progress in pursuing high power-per-weight. In 2015, Kalten-
brunner et al. [23] employed a 1.4-μm-thick polyethylene ter-
ephthalate (PET) film as the PSCs’ substrate. The final PSCs
showed small total thickness and light weight, contributing to a
state-of-the-art power-per-weight of 23 W g−1. Later in 2017,
through the pyridine-promoted formation of high-quality per-
ovskite films at room temperature, Zhang et al. [24] reported
ultrathin FPSCs based on 1.4-μm-thick PET substrates which
exhibited a PCE of 14.19% and a high power-per-weight of
23.26 W g−1. After that, Kang et al. [25] reported ultrathin
FPSCs based on 1.3-μm-thick polyethylene naphthalate (PEN)
with orthogonal silver nanowire (AgNW) electrodes, which
accomplished a PCE of 12.85% and a remarkable power-per-
weight of 29.4 W g−1. Recently, higher PCEs for ultrathin FPSCs
of 15.2% and 17.03% were achieved by Yoon et al. [26] and Lee
et al. [27] based on 7-μm-thick polyimide (PI) and 2.5-μm-thick
PET substrates, respectively. Despite notable advances in device
performance and power-per-weight, there is still a certain gap
between the PCE of ultrathin (<10 μm) FPSCs and common
FPSCs (>21% [28]), which limits the further development of
FPSCs with higher power-per-weight.

In this work, ultrathin FPSCs were prepared on a 3-μm-thick
parylene-C substrate via chemical vapor deposition (CVD) fol-
lowed by a flip-over transferring (FOT) process to ensure a
smooth surface. A sputtered Zr, Ti and Ga-doped indium oxide
(ITGZO) film was employed as the bottom transparent elec-
trode, and inverted PSCs were then accomplished. The ultrathin
FPSC achieved a remarkable PCE of 20.2%, which was among
the highest performance of FPSCs. Devices on glasses and par-
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ylene-F (i.e., parylene-VT4) substrates were also constructed to
verify the advantages of parylene-C. Due to the high PCE and
light device weight of 6.67 g m−2 on parylene-C substrates, an
outstanding power-per-weight of 30.3 W g−1 was realized, indi-
cating the great promise of fabricating efficient, ultrathin and
ultralight solar cells with parylene-C films.

EXPERIMENTAL SECTION

Materials and reagents
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Mw
~12,000), bathocuproine (BCP), and phenylethylammonium
iodide (PEAI) were purchased from Xi’an Polymer Light Tech-
nology Corp (China). Formamidinium iodide (FAI) and
methylammonium bromide (MABr) were purchased from
Greatcell LTD. Lead diiodide (PbI2, 99%) and lead dibromide
(PbBr2, 99%) were purchased from Tokyo Chemical Industry
Co., Ltd. (TCI, Japan). Cesium iodide (CsI, >99.99%) was pur-
chased from Sigma Aldrich (USA). [6,6]-Phenyl-C61-butyric
acid methyl ester (PCBM) was purchased from Nano-C Tech.
(USA). Copper (Cu) was purchased from a commercial source
with high purity. Isopropanol (IPA), ethanol, chlorobenzene
(CB), dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO) were purchased from commercial sources (Acros).
Toluene was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). All reagents were used as received without further
purification.

Device preparation
For ultrathin substrates, 3-μm-thick commercially available
parylene-C/F was deposited on the top of a pre-cleaned glass
(glass (I)) substrate via CVD according to a reported procedure
[29]. Then the FOT process was employed to ensure a smooth
parylene surface: polydimethylsiloxane (PDMS, Sylgard 184
Silicone Elastomer Kit, Dow Corning; 10-parts base siloxane
oligomers mixing with 1-part curing agents) was coated on
parylene as a transfer tape, and another pre-cleaned glass (glass
(II)) was placed on the top immediately; after the PDMS soli-
dified, parylene and PDMS films were peeled from glass (I) and
flipped over to expose the smooth surface of parylene; then the
parylene and PDMS films were cut along the edge of glass (II).
210-nm-thick ITGZO was then sputtered on the parylene as
transparent conducting oxide (TCO) electrodes according to a
reported procedure [30].

For rigid devices, the substrate indium tin oxide (ITO)-coated
glasses were cleaned by sequential ultrasonication in soap water,
deionized water, acetone, and IPA for 20 min each followed by
15 min of ultraviolet (UV)-ozone treatment. For flexible devices,
the parylene-C/ITGZO and parylene-F/ITGZO substrates only
need 15 min of UV-ozone treatment before fabricating PSCs.
Note that the flexible substrate was attached to glass (II) by the
PDMS glue during the PSCs fabricating process. The PTAA
layer (2 mg mL−1 in tolune) was spin-coated (5000 r min−1, 30 s)
onto the substrate, and then annealed at 100°C for 10 min. After
the films cooled down to room temperature, the PEAI solution
(10 mg mL−1) in IPA was spin-coated onto the PTAA layer at
5000 r min−1 for 30 s, and samples were then heated at 100°C for
5 min. When the substrate was cooled for 5 min, the subsequent
perovskite film was prepared on the modified PTAA substrate.
The perovskite films (precursor solution: PbI2 (1.28 mol L−1),
FAI (1.21 mol L−1), MABr (0.16 mol L−1), PbBr2 (0.22 mol L−1),

and CsI (0.07 mol L−1) in a mixed solvent of DMF/DMSO (4/1,
v/v)) were prepared by a two-consecutive step program at
2000 r min−1 for 10 s (with a ramping rate of 200 r min−1 s−1)
and 6000 r min−1 for 30 s (with a ramping rate of
1000 r min−1 s−1), respectively. During the second step, 100 μL of
CB was poured on the center of the spinning substrates at 16 s
prior to the end of the whole spinning program. Then the
samples were immediately transferred to the hotplate (105°C)
and annealed for 60 min. The PCBM (20 mg mL−1 in CB)
electron transport layer was prepared with the speed of
1000 r min−1 for 30 s. BCP (1 mg mL−1 in ethanol) was spin-
coated at 5000 r min−1 for 30 s. Finally, the Cu (100 nm) elec-
trode with an active area of ~0.103 cm2 was deposited by thermal
evaporation, and ultrathin FPSCs were peeled from PDMS to
complete the device fabrication.

Device characterization
The current density-voltage (J-V) characteristics for the PSCs
were performed using a Keithley 2400 Source Meter under a
Xenon-lamp solar simulator (XES-40S1, SAN-EI). Prior to the
measurement, the light intensity of 100 mW cm−2 was calibrated
by using a standard monocrystalline silicon solar cell with a KG-
5 filter. The measurement conditions were as follows: reverse
scan (1.21 V→0.02 V), scan rate 40 mV s−1, and no delay time.

The optical transmittance spectra were collected by a UV-
visible spectrophotometer (Agilent 8453). Scanning electron
microscope (SEM, FEI Nova_NanoSEM 430) was used to
investigate the surface and cross-section morphology, with an
accelerating voltage of 10 kV. The three-dimensional (3D)
optical microscopy images were collected by a white-light
interferometer (Bruker Contour GT-K).

RESULTS AND DISCUSSION
The schematic of FOT process used in the fabrication of ultra-
thin FPSC substrates is depicted in Fig. 1. After the procedures
described in the EXPERIMENTAL SECTION, ultrathin FPSC
was completed with the device architecture of parylene/ITGZO/
PTAA/perovskite/PC61BM/BCP/Cu, and then peeled from the
PDMS/glass (II) substrate.

Corresponding to Fig. 1a–d, Fig. 2a–d further illustrate the
cross-sectional schematics, revealing unavoidable defects or
spikes such as dusts and agglomerations on the CVD surface.
Through the FOT process, the buried interface of parylene in
contact with the polished glass (I) was exposed and employed in
the subsequent device fabrication process, thus ensuring a
smooth substrate surface for ultrathin FPSCs. To evaluate the
surface morphology difference between films with and without
FOT route, we conducted the 3D optical microscopy (i.e., white-
light interferometer) measurement (Fig. 2e). It was found that
the parylene films exhibited sharp spikes of ~400 nm without the
FOT process, which was detrimental for performance of
optoelectronic devices. In fact, we also tried ultrathin FPSC
devices on parylene substrates without the FOT process, which
were all shorted out. As shown in Fig. 2f, through the FOT
process, a smooth surface without visible defects and spikes was
obtained, which provided an outstanding substrate for sub-
sequent ultrathin device fabrication. As the white-light inter-
ferometer has its detection limit, we also employed a stylus
profiler to further illustrate the surface roughness (see Fig. S1,
Supplementary information). After the FOT process, an opti-
mized surface roughness about 15 nm was obtained. ITGZO was
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then sputtered atop the parylene as the TCO electrode. Com-
pared with other TCOs such as ITO, ITGZO requires a lower
annealing temperature [30], which was compatible for ultrathin
flexible device fabrication. Fig. 2g compared the optical trans-
mittance spectra of 3-μm-thick parylene (-C or -F)/210-nm-
thick ITGZO, and commercially available 1.1-mm-thick glass/
135-nm-thick ITO. The ultrathin parylene/ITGZO substrate
exhibited a slightly higher transmission than commercially
available glass/ITO, especially in the near-infrared wavelength
region. And there was no clear difference between transmissions
of parylene-C and -F.

To study the morphology difference among the perovskite
films grown on parylene-F, parylene-C, and glass-based sub-
strates, we performed the SEM measurement with both top and
cross-sectional views. As shown in Fig. 3a–c, the perovskite films
on parylene-F exhibited poor film coverage with several pinholes
on the film surface. In contrast, for perovskite films prepared on
parylene-C and glass, better film uniformity was obtained as
evidenced by the disappearance of pinholes on the surface.
Fig. 3d, e compare the cross-sectional SEM images of the per-

ovskite films. It was noted that the perovskite films on parylene-
F showed some large interfacial voids at embedded bottom
interfaces. Such voids would lead to charge accumulation, which
was detrimental to efficient charge extraction and could induce
the loss of device performance [31]. Compact perovskite films
were obtained on the prayelne-C-based substrate, which was
comparable to the perovskite films grown on commercialized
ITO-coated glasses. Note that cross-sectional SEM images for
the films on flexible parylene-F/C substrates showed a lower
resolution, which was possibly caused by the relatively low
conductivity of ITGZO on parylene due to the lower annealing
temperature for TCO on flexible substrates [23]. The improved
crystalline quality of surface and buried interface of parylene-C-
based perovskite films benefited the charge transportation,
which could contribute to higher device performance.

We then attempted to apply the ITGZO-coated parylene as the
substrate for inverted PSCs. The detailed device architecture was
parylene(-F or -C)/ITGZO/PTAA/perovskite/PC61BM/BCP/Cu
for ultrathin FPSCs. We also fabricated PSCs on the widely used
ITO-coated glass to compare the device efficiency between

Figure 1 Schematics of the fabrication process for ultrathin parylene-based FPSCs. (a) Deposition of the parylene film on pre-cleaned glass. (b) Coating
PDMS and placing another pre-cleaned glass immediately. (c) Peeling from glass (I) after PDMS solidified, then flipping over. (d) Cutting the films along the
edge of glass (II). (e) Sputtering ITGZO. (f) Fabricating the rest layers of PTAA/perovskite/PC61BM/BCP/Cu, successively. (g) Peeling from PDMS.
(h) Fabrication of ultrathin FPSCs completed.

Figure 2 (a–d) Schematics of the FOT process. (a) Deposition of parylene film on pre-cleaned glass. (b) Coating PDMS and placing another pre-cleaned
glass immediately. (c) Peeling from glass (I) after PDMS solidified, then flipping over. (d) Cutting the films along the edge of glass (II). (e) 3D optical
microscopy image of the parylene surface before the FOT process (i.e., 3D image of Fig. 2a). (f) 3D optical microscopy image of the parylene surface after the
FOT process (i.e., 3D image of Fig. 2d). (g) Optical transmittance spectra of related transparent electrode substrates.
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flexible and rigid PSCs. Fig. 4a shows the J-V characteristics of
the optimal-performing PSCs constructed on praylene-F, par-
ylene-C and glass. For parylene-F FPSCs, the champion PCE was
16.4% with an open-circuit voltage (VOC) of 1.07 V, a fill factor
(FF) of 0.64 and a short-circuit current density (JSC) of
23.8 mA cm−2, while parylene-C-based FPSCs delivered much
higher PCEs of 20.2% (VOC = 1.10 V, JSC = 23.9 mA cm−2 and FF

= 0.77), which was competitive to common FPSCs (PCE > 21%).
The PCE enhancement of parylene-C FPSCs is mainly derived
from the improved performance of FF and VOC. This could be
ascribed to the reduction of trap states in parylene-C FPSCs
which had been indicated by the better film quality. The sup-
pression of non-radiative recombination in devices thereafter
endowed FPSCs on parylene-C substrate with higher PCEs. In

Figure 3 Top-view (a–c) and cross-sectional (d–f) SEM images for perovskite films prepared on parylene-F/ITGZO, parylene-C/ITGZO and glass/ITO
substrates. Pinholes and interfacial voids are highlighted by red-dash circles.

Figure 4 (a) The J-V characteristics of PSCs prepared on parylene-F/ITGZO, parylene-C/ITGZO and glass/ITO substrates. The J-V curves were tested under
simulated AM 1.5G sunlight at 100 mW cm−2. (b) The PCE distributions of 15 FPSCs on the parylene-F/ITGZO substrate and 15 FPSCs on the parylene-C/
ITGZO substrate, respectively. (c) The mechanical stability of parylene-C-based FPSCs during 50 continuous bending cycles. The inset showed the photograph
of a lightweight and ultra-flexible PSC rolled on a spoon handle. (d) Photograph of a parylene-C-based FPSC at the curvature radius of 1 mm. (e) Photographs
recording the weights of solar cells based on the glass (left) and parylene-C substrate (right), respectively. (f) Comparison of the lightweight solar cells with
high power-per-weight [23,25,32].
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comparison, control PSCs prepared on glass/ITO yielded a JSC of
23.3 mA cm−2, a VOC of 1.17 V, and an FF of 0.82, resulting in a
PCE of 22.2%. It was worth noting that rigid PSCs exhibited a
little lower JSC value compared with parylene-based FPSCs,
which could be enabled by the higher transmission of ultrathin
parylene films especially in the near-infrared wavelength region.
Nevertheless, since flexible substrate could not withstand high
annealing temperature, the conductivity of parylene/ITGZO was
inferior to that of ITO/glass, thus inducing a higher sheet
resistance (RS) which was undesirable for achieving high FF. The
drawback in FF for flexible solar cells is a long-standing bot-
tleneck in this field, which calls for further efforts in developing
high-conducting flexible substrates. Fig. 4b demonstrates the
performance distribution of parylene-F and parylene-C FPSCs
(15 devices for each group, see Table S1 of the Supplementary
information for detailed parameters). Parylene-C-based flexible
devices not only exhibited a higher average PCE, but also
showed an improved performance reproducibility. Subsequently,
we carried out the bending test to evaluate the mechanical sta-
bility. As shown in Fig. 4c, after continuously bending the FPSCs
for 50 cycles with a small bending radius of 1 mm (Fig. 4d), the
FPSC employing the parylene-C substrate retained 96% of its
original PCE, demonstrating excellent mechanical stability sui-
table for potential wearable devices (see Fig. S2, Supplementary
information). To evaluate the power-per-weight (under simu-
lated AM 1.5G with 100 mW cm−2 intensity) of the flexible and
rigid PSCs, the device weight was tested (Fig. 4e). We found that
the weight of PSCs prepared on ITO-coated glass (2.25 cm2) was
up to 628.81 mg due to the redundant weight from the thick
substrate, corresponding to a power-per-weight of 0.079 W g−1,
while the FPSC on the parylene-C substrate (2.25 cm2) got a
light weight of 1.50 mg corresponding to 6.67 g m−2. Due to the
use of ultrathin parylene-C film, a remarkable power-per-weight
of 30.3 W g−1 was accomplished which represents the state-of-
the-art value among various lightweight photovoltaics and
demonstrates the great promise of fabricating efficient, ultrathin
and ultralight solar cells with parylene-C films (Fig. 4f).

CONCLUSIONS
In this work, ultrathin FPSCs were prepared on a 3-μm-thick
parylene substrates with the FOT process to ensure a smooth
surface. ITGZO film was employed as the bottom transparent
electrode, and inverted PSCs were then fabricated. The FPSCs
constructed on the parylene-F substrate realized a PCE of 16.4%.
Due to the improved perovskite film quality, a PCE exceeding
20% was achieved for the FPSCs on parylene-C substrates, which
was comparable to the performance of the devices based on the
rigid glass and high-performance common FPSCs. Owing to the
high PCE and light device weight of 6.67 g m−2 on parylene-C
substrates, a remarkable power-per-weight of 30.3 W g−1 was
realized. This study opens a new avenue for fabricating efficient,
ultrathin and ultralight FPSCs with parylene-C films.
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超轻薄柔性钙钛矿电池
吴疆1,2†,陈鹏1†, 徐涵3, 喻茂滔1,李雷1,鄢浩明1,皇甫一鸣2, 肖云1,4,
杨晓宇1, 赵丽宸1, 王玮3,5, 龚旗煌1,2,6, 朱瑞1,2,6*

摘要 超轻超薄(薄于10 μm)柔性钙钛矿电池作为优秀的供能器件已在
全世界范围内吸引了研究者的目光. 特别地, 其具有超轻质的优势, 适
用于对器件重量较为敏感的特殊应用环境, 例如无人机、高空气球、
飞艇及航天器. 但目前, 超轻超薄器件与常规厚度柔性器件相比, 转化
效率仍有差距. 本文在3 μm厚、经平坦化转印处理的parylene-C衬底之
上, 采用锆、钛、镓掺杂的氧化铟作为透明电极, 实现了具有20.2%高
效率的超轻超薄柔性钙钛矿器件, 与常规厚度柔性器件处于同一水平.
我们同时制备了基于刚性玻璃和parylene-F(即parylene-VT4)衬底的参
比器件, 测试结果证明了parylene-C衬底的优势. 凭借着高效率和超轻
薄特性, parylene-C基钙钛矿器件实现了30.3 W g−1的超高能质比, 展示
出parylene-C在制造超轻超薄高效率光伏电池中的潜力.
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