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ABSTRACT 
Organic solar cells (OSCs), particularly made based on solution processing methods, have made significant progress over the 
past decades through the concurrent evolution of organic photovoltaic materials and device engineering. Recently, high power 
conversion efficiencies around 18% and over 16% have been demonstrated in both rigid and flexible OSCs, respectively. While 
most of the OSC research has centered on efficiency and cost, their emerging and potential usages in many critical applications, 
particularly in biomedical fields have been rising. In this mini-review, we will briefly discuss the high-performance organic photovoltaic 
materials and the representative flexible OSCs to give a scope on the recent rapid development of OSCs. Besides, we will review 
some progress on the applications of OSCs in biomedical devices and integrated systems. The potential challenges associated with 
integrating OSCs for biomedical devices will be put forward.  
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1 Introduction 
Organic solar cells (OSCs), particularly made based on solution 
processing methods, which possess the advantages of scalable 
manufacturing, low-cost, lightweight, and mechanical flexibility, 
are regarded as one of the promising technologies to convert 
solar energy into electricity [1]. The state-of-the-art OSC 
device usually has a sandwich configuration, in which the 
active layer materials are layered between two electrodes with 
different work functions. Thanks to the invention of the bulk- 
heterojunction structure with interpenetrating donor/acceptor 
(D/A) networks, efficient charge generation and separation 
can occur in the active layer with a thickness of ~ 100 nm 
[2, 3]. For the past three decades, concerted efforts have been 
made by chemists, physicists, and engineers to develop novel 
materials, understand the photophysical mechanism, optimize 
the nanoscale phase separations, and improve the OSC 
performances [4–8]. In terms of their power conversion 
efficiencies (PCEs), over 18% for single-junction OSCs [9–11] 
and over 17% for tandem OSCs [12] have been successfully 
demonstrated. Such high PCEs cannot be achieved without the 
help of polymer donor materials and acceptor-donor-acceptor 
(A-D-A) structured nonfullerene acceptors (NFAs) [13–16]. 
As a matter of fact, the distinctive NFAs not only avoid some 
limitations of typical fullerene acceptors but also open a 
new pathway to increase the overall performance [8, 17, 18]. 
Theoretical predictions suggest that PCEs over 20% for single- 
junction OSCs and over 25% for tandem OSCs can be achievable 
by molecular optimizations and device engineering, encouraging 
the community towards further exploration [12, 19]. 

Nowadays, the highest OSC performances are mostly obtained 
by the indium tin oxide (ITO)-based rigid devices with small 
effective areas. Besides these, flexible devices with ultra-thin 
structures display comparable performances with their rigid 
counterparts. One of the key components of a flexible device is 
the flexible transport electrode (FTE). Several effective strategies 
have been implemented to fabricate the FTEs, such as sputter-
ing ITO on the flexible polymer substrate (PET or PEN), 
and developing silver nanowires (AgNWs) or poly(3,4- 
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) 
based transparent electrodes [20, 21]. For example, Chen’s group 
developed FTEs using silver nanowires and a polyelectrolyte 
on a PET substrate [22]. The corresponding flexible device 
not only achieved a record PCE of 16.5%, but also exhibited 
long-term storage stability and robust mechanical stability. 
Along with the nascent novel wide-bandgap polymer donors and 
Y6 acceptor, high PCEs around 15% have been demonstrated 
for single-layer flexible devices [23–26]. All these devices 
can maintain their performances with multiple bending tests. 
These results indicate the potential of flexible OSCs in future 
portable and wearable applications, such as clothing and 
wristwatches. 

As one of the photoelectric conversion technologies, OSCs 
have been utilized for many applications, ranging from energy 
systems (lithium battery and supercapacitor) [27–30], water 
splitting systems [31–33], and biomedical devices [34–36]. In 
particular, biomedical devices play a vital role in future healthcare 
by providing functions such as monitoring the health of the 
human body and providing therapeutic functions [37–43]. For 
instance, Someya’s group reported self-powered ultra-flexible 
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electronics for biomedical devices, in which the flexible OSC 
device was integrated with an organic electrochemical transistor 
to measure biometric signals with high signal-to-noise ratios 
(SNR) when attached to the skin or other tissues [44]. Moreover, 
the long-term stability and relatively high-power output ability 
are both beneficial for biometric signal recording. Employing 
a high-performance flexible OSC device as the power source 
for bioelectronics encourages the development of future self- 
powered and bio-integrated electronics and systems. 

This mini-review mainly focuses on flexible OSCs for 
biomedical applications. We will start with an introduction of 
high-performance organic photovoltaic materials to give the 
reader a broad scope on the recent rapid development of OSCs. 
Secondly, to meet the demand of bioelectrical applications, the 
flexible OSCs with representative results will be discussed. 
Then, the applications of OSCs in bioelectronics will be 
summarized. Lastly, we will put forward the challenges and 
future of integrated devices with OSCs and bioelectronics. 

2 High-performance organic photovoltaic 
materials 
The active layer of OSCs usually consists of electron donor 
and acceptor materials with suitable energy levels and balanced 
charge transport abilities. Note that the absorption ranges of 
the active layer are the prerequisites for efficient conversion of 
photons and thus, determining the current output [45, 46]. 
Generally, organic photovoltaic materials play a decisive role 
in enhancing their performance [5, 17, 47]. Polymer donor 
poly(alkyl thiophene) (such as P3HT) and fullerene acceptors 
dominated this research area in its early stage [48, 49]. 
However, their limited absorptions and unsatisfactory energy 
levels gave short-circuit current densities (Jsc) of ~ 10 mA·cm–2 
and open-circuit voltages (Voc) of 0.6 V, and thus PCEs around 
3%–5%. Subsequently, developing donor-acceptor (D-A) 
featured polymer donors (such as PTB7 families) by narrowing 
the optical bandgap pushed PCEs to ~ 10% [50, 51]. Meanwhile, 
small-molecule donors with acceptor-donor-acceptor (A-D-A) 
backbones (such as DRCN5T) [52, 53] or donor-acceptor- 
donor-acceptor-donor (D1-A-D2-A-D1) backbones (such as 
p-DTS(FBTTh2)2) [54] yielded PCEs around 10% when blended 
with a PCBM acceptor. Further device optimization with a 
ternary strategy or tandem device structure led to over 12% 
PCEs for fullerene-based devices [55, 56]. Since there is 
extensive literature on the history and development of fullerene- 
based devices, they will not be discussed here, and the reader 
is encouraged to browse the literature. 

However, the intrinsic drawbacks of PCBM acceptors, 
such as weak absorption ability mainly in the visible range 
and weak chemical and electronic tunability, limit the further 
development of OSCs. To resolve these issues, NFAs with 
versatile chemical structures and properties have been developed 
over the past few years. Numerous NFAs based on perylene 
diimide (PDI), naphthalene diimide (NDI), large-fused ring 
units (such as IDTT, IDT and et al.), and other aromatic ring 
units have shown advantageous efficiencies and stabilities 
[14, 19, 57]. From their chemical structures and molecular 
weights, the organic photovoltaic materials can be classified 
into two classes: polymer and small-molecule materials. With 
these in mind, we will briefly discuss the recent development 
of NFA- based devices from four aspects in this section. 

2.1  Polymer donor/small-molecule acceptor 

Currently, the highest efficiency of OSCs was realized by combining 
wide bandgap polymer donors (PM6, D18) and low bandgap 
small-molecule acceptors (Y6 and its analogs) [47, 58]. The 

polymer donor/small-molecule acceptor (PD/SA) has the advantage 
of high film quality of polymer materials and easily-tunable 
properties of both materials. Among different types of acceptors, 
SA materials with A-D-A architecture have drawn much interest 
because of their defined structures and simple tunability 
[14, 19]. In 2015, Zhan et al. reported a typical A-D-A acceptor 
ITIC based on the large fused-ring central core (IDTT) capped 
with two strong electron-withdrawing units (INCN) [59]. Its 
strong absorption ability in the infrared range and good 
electron mobility contributed to a promising PCE of 6.80% 
when blended with the polymer donor PTB7-Th. The A-D-A 
structured NFAs provide several advantages: 1) the energy levels 
can be precisely modified by tuning the chemical structures of 
the central fused-ring unit and/or the ending units; 2) strong 
intramolecular charge transfer (ICT) process between central 
D and ending A units leads to efficient absorption extending 
to the near infrared range; 3) multiple side-chains enable their 
good solubility in common organic solvents and prevent 
excessive self-aggregation in the nanoscale morphology. 

Inspired by these aspects, studies have shown that modifying 
the D, A, and side-chains produced a vast amount of SA 
materials with various bandgaps ranging from 1.80–1.20 eV, and 
different molecular packing and charge transport properties 
[13, 14, 60]. Meanwhile, developing wide bandgap donors to 
provide a complementary absorption with these acceptors is 
quite important to convert as many of the photons as possible [61, 
62]. Hou et al. reported the devices based on a wide-bandgap 
polymer donor PBDB-T and acceptor ITIC, which offered a  
broader absorption range from 400–800 nm and well-aligned 
energy levels [63]. The devices displayed a PCE over 11% 
with both high Jsc and Voc. The concurrent evolution of wide 
bandgap polymers and small-molecule acceptors significantly 
improved the PCEs to 12%–15% for single-layer OSCs. For 
example, the combination of the fluorinated polymer donor 
PM6 and the fluorinated acceptor IT-4F delivered a PCE of 
13.5% [64, 65]. The halogen-substituted strategy in donor and 
acceptor materials represents one of the most successful and 
widely-used methods of designing high-performance organic 
photovoltaic materials. 

In 2019, Zou et al. reported a new acceptor Y6 based on a 
multi-fused ring central unit with electron-deficient benzo-
thiadiazole core (TPBT) (Fig. 1) [66]. The synergistic contribution 
of the TPBT core and fluorinated ending groups help to 
enable an efficient absorption ability extending to 950 nm and 
maintain its suitable lowest unoccupied molecular orbital 
(LUMO)/highest occupied molecular orbital (HOMO) energy 
levels to match the wide-bandgap donors with a low-lying 
HOMO level. A PCE over 15% was recorded in its first 
implementation in OSCs by pairing with PM6. Recently, by 
fine-tuning the chemical structure of TPBT and device 
optimization, high efficiencies over 18% have been realized 
[10, 67]. The invention of Y6 families makes it possible to 
achieve ~ 20% PCEs for the devices using polymer donors 
and small-molecule acceptors [58, 68]. 

2.2  Small-molecule donor/small-molecule acceptor 

Small-molecule materials have well-defined chemical structures 
and thus less batch-to-batch variation, easily-tunable properties, 
and purification process [69–71]. Thus, constructing OSCs 
with small-molecule donors and small-molecule acceptors 
(SD/SA) can fully exploit these advantages. However, due to 
the similar chemical structures and usually strong crystalline 
behavior of small molecules, the corresponding active layers 
sometimes exhibit homogeneous morphologies without suitable 
nanoscale phase separation, or large-scale phase separation 
and crystalline domains in blends. These factors lead to the 
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challenges of SD/SA based devices, which have only displayed 
efficiencies around 3%–7% prior to 2017, and are even inferior 
to those of their fullerene-based counterparts [72]. For example, 
a device based on DRCN5T:TPH exhibited a PCE of 6.16%, 
which is much lower than that of a DRCN5T: PC71BM based 
device (PCE of 10.10%) [73]. 

An alkylated acceptor IDIC with enhanced electron mobility 
of 1.1  10–3 cm2·V–1·s–1 and strong crystallinity was employed 
in the fabrication of all-small-molecule-based devices [74]. 
The first report using the acceptor IDIC and donor DRTB-T 
gave a promising PCE over 9% due to their complementary 
absorptions and optimized morphologies [75]. Solvent vapor 
annealing (SVA) and thermal annealing (TA) treatment were 
adopted to control their morphologies which featured domain 
sizes on the order of tens of nanometers. With continuous 
optimization of SD materials, the IDIC acceptor based all-small 
molecule devices yielded over 11% PCEs, which are comparable 
to those of the fullerene-based devices [76, 77]. In addition, 
plenty of alkylated SA materials based on different large-fused 
ring cores and ending units have been rationally designed 
and reported to pair with SD materials. For example, the 
DRCN5T based all-small molecule devices achieved nearly 10% 
efficiency when F-2Cl was developed as a new acceptor [78]. 
Recently, Lu et al. employed the liquid crystalline small- 
molecule donor BTR to pair with the acceptor Y6 [79]. With 

chlorinated side-chains and further device optimization, a high 
efficiency of 15.34% was obtained for the BTR-Cl:Y6:PC71BM 
based ternary devices [23]. Meanwhile, Hou et al. achieved a 
certified result with 15.1% efficiency by precisely controlling 
the structures of the small-molecule donor (B1) and acceptor 
(BO-4Cl)[80]. These results suggest the importance of developing 
SD and SA materials simultaneously. 

2.3  Polymer donor/polymer acceptor 

Apart from the SA materials, polymer acceptor (PA) materials 
have received increased attention due to their distinct merits 
of superior thermal stability and enhanced mechanical pro-
perties [81, 82]. The PD/PA based devices have continuously 
improved with recent reports showing encouraging PCEs over 
14% [60]. The polymer acceptor N2200 based on NDI and a 
thiophene unit, which was first reported in 2009, yields a high 
electron mobility of 0.06 cm2·V–1·s–1 and two obvious absorption 
peaks located at visible and infrared ranges [83]. Though the 
first case of PD/PA using N2200 resulted in a poor performance 
of 0.16% [84], synergistically modifying the backbones of N2200 
and PD contributed to higher efficiencies of 8%–10% [85, 86]. 
For example, the combination of polymer donor J51 and N2200 
displays well-matched absorption ranges and electronic energy 
levels, which helped to obtain a Jsc of 14.18 mA·cm–2, a Voc of 
0.83 V, and thus, a good PCE of 8.27% [87]. 

Figure 1  (a) Chemical structures of polymer donors (PTB7-Th, PBDB-T and PM6, respectively) and small-molecule acceptors (ITIC, IT-4F and Y6, 
respectively). (b) Chemical structures of small-molecule donors (DRCN5T, DRTB-T and BTR-Cl, respectively) and chemical structures of small-molecule 
acceptors (TPH, IDIC and BO-4Cl, respectively). 
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Besides the D-A type copolymer acceptors, Li et al. 
demonstrated a creative strategy to synthesize the polymer 
acceptor PZ1, in which the A-D-A type monomer was embedded 
into the polymer chain [88]. The features of the A-D-A 
monomer, such as its coplanar structure, high electron affinity, 
and good absorption ability, can be well maintained in the 
corresponding polymers. Furthermore, the good film quality, 
additional electron-transporting channels through the polymer 
chains, and tunable photophysical properties of this novel 
PA are beneficial for obtaining high-performance all-polymer 
devices. As a result, PZ1 displays a low optical bandgap of 1.55 eV 
and a high absorption coefficient. The corresponding devices 
based on PBDB-T:PZ1 achieved a top PCE of 9.19% in 2017. 
Later studies showed that changing the linker unit or modifying 
the large fused-ring unit resulted in several PZ1 analogs with 
improved performance, and these results suggested a successful 
and effective strategy by embedding the A-D-A monomer into 
the design of PA materials.  

Recently, the backbone of the Y6 acceptor was also demon-
strated in PA materials by adopting the same method. The long 
branch alkyl chains enable the good solubility of the resulting 
polymers. The polymer acceptor PJ1, which consists of the Y6 
backbone and the thiophene linker, has a narrow bandgap 
of 1.40 eV and good electron transport property [60]. An all- 
polymer OSC using PBDB-T:PJ1 obtained a maximum PCE 
of 14.4% with low energy loss. More importantly, the device 
exhibited a quite stable morphology with high efficiency retention 
ratio under thermal annealing. The combination of PM6 and 
PJ1 analogues (PYT1) achieved a similar high PCE of 13.43% 
with an energy loss below 0.50 eV [89]. By further optimizing 
their structures, PD/PA devices have great potential in achieving 
high PCEs and outstanding thermal and mechanical stability. 

2.4  Small-molecule donor/polymer acceptor 

Liu et al. demonstrated efficient and thermally stable OSCs 
based on SD/PA blends, in which the SD is DR3TBDTC and the 
PA is PBN-11 (Fig. 2) [90]. Unlike traditional SD materials with 
strong crystallinity, DR3TBDTC shows suppressed-stacking 
behaviors due to the large steric hindrance effect of side- 
chains. Hence, suitable phase separations can be observed 
in the SD/PA active layer, which further led to a promising 
efficiency of 8.0%. This SD/PA combination also displayed very 
impressive thermal stability under a high temperature for 7 days. 
These results are expected to expand the research field of 
OSCs. 

In this section, we discussed the development of high- 
performance organic photovoltaic materials. Apart from these, 
the morphologies of the active layers with interpenetrating D/A 
networks on the order of tens of nanometers are also vital for 
realizing high efficiency. Adding a third or fourth component 
to the above D/A blends can effectively tune the morphology 
and regulate their energy alignments, and thus improve the 
overall performance. These organic photovoltaic materials 
on the ITO-based rigid substrate are the key components for 
achieving high-performance flexible devices. Further developing 
narrow bandgap materials with excellent charge transportability 
and stability is still of importance and necessity. 

3  Flexible organic solar cells 
Flexible OSCs that are bendable, stretchable, and more lightweight 
have received tremendous attention due to their potential 
in wearable and biomedical devices [35, 44]. Nowadays, high- 
performance photovoltaic materials with over 18% PCEs provide 

 
Figure 2  (a) Chemical structures of polymer donor J51 and polymer acceptors N2200, PZ1 and PJ1, respectively. (b) Chemical structures of small-molecule
donor DR3TBDTC and polymer acceptor PBN-11, respectively. 
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a platform for realizing efficient flexible devices. The main 
challenge of flexible devices is the development of flexible 
transparent electrodes (FTE), which should have the characteristics 
of superior transparency, high conductivity, suitable work 
function, smooth surface, and excellent mechanical flexibility 
[21, 91–94]. Generally, the polymer flexible substrates, such as 
polyethylene terephthalate (PET), polyethylene naphthalate 
(PEN), and polyimide (PI), are indispensable. The active layers 
can be directly deposited on the FTE to fabricate the flexible 
devices. Since the development of fullerene based OSCs, 
developing FTEs has always been one of the important topics 
in the OSC field, and plenty of reports demonstrated various 
FTEs using ITO or ITO-free conductive materials. 

3.1  Transparent ITO electrode based flexible devices 

The ITO electrode is a widely used transparent conductive 
electrode in organic electronics, especially for solar cells. 
ITO-based rigid and flexible electrodes equipped with high 
conductivity and transparency are both commercially available 
nowadays. The devices on the rigid and flexible ITO-patterns 
can follow the same fabrication process, which usually display 
comparable PCEs. Zhou et al. achieved a maximum efficiency 
of 13.2% based on the active layer of PTB7-Th:IEICO-4F by 
optimizing the interfacial layer on the rigid ITO patterns [95]. 
After replacing the rigid substrate with a flexible one, no obvious 
decrease in performance was observed for the corresponding 
flexible solar cell, which showed a high PCE of 12.5% (Figs. 3(a)– 
3(c)). The device displayed good mechanical flexibility and 
maintained 90% of the initial efficiency after 2,000 bending 
cycles with a bending radius of 5 mm ((Fig. 3(d)). 

The polymer substrates (such as PET) of the commercial 
flexible ITO patterns usually have thicknesses greater than 

hundreds of micrometers. Someya’s group developed ultra-thin 
FTEs by sputtering a 100-nm-thick ITO layer on a 1-μm-thick 
parylene substrate [96]. By combining stable active layers and 
implementing an inverted architecture, mechanically stable 
flexible OSCs with a total thickness of 3 μm were achieved, 
and the flexible device exhibited a PCE of 7.9% (Fig. 3(e)). The 
ultra-thin characteristic is quite beneficial for electronic textile 
applications. Furthermore, the devices were sandwiched with two 
elastomers to improve the water stability while maintaining 
its flexibility. The encapsulated devices showed superior water 
stability without sacrificing efficiency and mechanical property. 
This strategy can also be applied for ultra-thin PI substrates, 
as shown in Fig. 3(f). The flexible devices based on PTB7-Th: 
PCBM produced a PCE up to 10%, which is comparable to 
those of their rigid counterparts [97]. Importantly, the usage of a 
thermally stable PI substrate and teflon/parylene double-barrier 
layers enabled long-term device stability and ultra-thin 
characteristics with high mechanical compliance. These ultra- 
thin flexible OSCs with excellent stability can emerge as textile- 
compatible power generation devices for wearables, electronic 
textiles, and other sensors in the future. In addition, it is 
supposed that the output power ability of such types of devices 
can be significantly improved by adopting high-performance 
organic photovoltaic materials, such as PM6:Y6 blends which 
provide a complementary and broad absorption range extending 
to 950 nm, well-aligned energy level, and balanced charge 
transport property, and thus producing a high Jsc, Voc, and fill 
factor (FF), simultaneously [66]. 

3.2  ITO-free based flexible devices 

Despite these achievements associated with ITO-based 
flexible devices, the high-cost and intrinsic brittle property of 

Figure 3  Flexible OSCs on the ITO based FTEs. (a) The illustration of a flexible OSC on the commercial ITO based FTE. (b) Chemical structure of
IEICO-4F. (c) J‒V curve of the flexible device using PTB7-Th:IEICO-4F. (d) Normalized device parameters of the PTB7-Th:IEICO-4F-based flexible solar 
cell as a function of bending cycles with a bending radius of 5 mm. (a)–(d) Reproduced with permission from Ref. [95], © WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim 2019. (e) Washable ultra-thin flexible OSCs using ITO based FTEs, and structure of the free-standing OSCs, chemical structure of 
PNTz4T, and schematic of the double-side-coated OSCs. Reproduced with permission from Ref. [96], © Macmillan Publishers Limited, part of Springer 
Nature 2017. (f) Photograph of 3-μm-thick OSCs adhered on textile and the schematic of the ultra-thin OSCs, and J‒V curves of the rigid and the 
flexible device. Reproduced with permission from Ref. [97], © Xu X., et al. 2018. 
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ITO limit its large-scale applications in the future. Thus, it is 
necessary to replace ITO with other conductive materials to 
develop ITO-free and low-cost FTEs. Many alternative transparent 
electrodes, such as carbon materials-based electrodes, ultra- 
thin metals, and metal grids, have been well investigated [20, 
21, 98–101]. Here, we will discuss the solution-processed FTEs 
using AgNWs and conductive polymers (mainly PEDOT:PSS), 
which possess excellent conductivity and robust mechanical 
properties. It should be noted that nowadays, these two FTEs 
are widely used in the nonfullerene based OSCs with high 
performances. 

Silver nanowires (AgNWs). AgNWs, which can be solution- 
processed, have been widely used to fabricate FTEs due to the 
excellent physical properties and conductivity of silver. The 
AgNWs were first used as the transparent electrode for OSCs 
in 2008 [102]. Compared to the ITO electrode, the AgNWs 
electrode obtained a similar or greater optical transparency at 
the same sheet resistance (~ 15 ·sq–1) (Fig. 4(a)), leading to a 

slightly enhanced photocurrent. Subsequently, You et al. first 
demonstrated a AgNWs/PET anode for flexible OSCs, which 
yielded a recoverable efficiency of 2.5% under large deformations 
(Fig. 4(c)) [103]. The low work function of the AgNWs/PEDOT: 
PSS and the non-ideal ohmic contact between the FTE and 
the active layer led to their unoptimized performances. Still, 
these pioneering results implied that AgNW was a promising 
candidate for FTEs. Since then, great effort has been devoted 
to developing universal AgNWs-based FTEs for OSCs from 
several aspects including, for example, improving the surface 
roughness and the adhesion to the flexible substrate, controlling 
the work-function of the corresponding electrodes, and avoiding 
the oxidation of silver [22, 24, 25]. 

Recently, the development of nonfullerene photovoltaic 
materials has boosted the overall performances of the devices 
utilizing AgNWs-based FTEs. With the guide of an empirical 
model, Chen et al. demonstrated a record efficiency of 17.3% 
for the tandem OSCs on the ITO rigid substrate [12]. Then, 

 
Figure 4  Flexible OSCs on the AgNWs based FTEs. (a) Solar photon transmissivity vs. sheet resistance for Ag gratings, ITO, CNT meshes and AgNW 
meshes deposited on the glass substrates. Reproduced with permission from Ref. [102], © American Chemical Society 2008. (b) and (c) The experimental 
setup used for measuring the J‒V curves of flexible devices and the corresponding J‒V curve of the device after bending, respectively. Reproduced with 
permission from Ref. [103], © American Chemical Society 2011. (d) The diagram of inverted flexible device reported by Chen et al. (e) Optical transmittance
of the PET substrate, PET/FlexAgNE, PET/pristine AgNWs, glass/ITO, and PET/ITO. (f) PCE values for flexible devices as a function of the number of cycles
of repeated bending at a bending radius of 5 mm. (d)‒(f) Reproduced with permission from Ref. [22], © Sun Y., et al. under exclusive licence to Springer 
Nature Limited 2019. (g) Schematic illustration of a flexible OSC and chemical structures of the donor PBDB-T-2F and the acceptor Y6. (h) Transmittance of 
the flexible substrate (λ = 550 nm) plotted as a function of film sheet resistance. (i) J‒V curves of the flexible devices. (g)‒(i) Reproduced with 
permission from Ref. [25], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. (j) Schematic of the fabrication of the biomimetic flexible electrode. 
(k) and (l) Transmission spectra of the various electrodes and J‒V curves of the corresponding devices. (j)‒(l) Reproduced with permission from Ref. [23], 
© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020. 
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they successfully created an FTE using a water suspension of 
AgNWs and a negative-type PSSNa. Due to the ionic electrostatic 
charge repulsion, the resultant FTE has a smooth surface with 
low sheet resistance, high transparency of ~ 92%, and excellent 
mechanical flexibility. The FTE was used to fabricate the tandem 
devices, which gave a high PCE of 16.55%, representing the best 
result of flexible OSCs to date [22]. More importantly, the FTE 
can be successfully employed in fullerene and nonfullerene binary 
or ternary blends. As presented in Fig. 4(f), the performances 
of the different types of OSCs remained almost unchanged 
after bending 1,000 times with a bending radius of 5 mm, 
indicating the excellent mechanical stability of such flexible 
devices. 

Li et al. adopted a welding strategy to develop FTEs with a 
tight binding of the upper electrode and the underlying PET 
substrate embedded with AgNWs (Fig. 4(g)) [25]. The upper 
hybrid electrode consists of solution-processed Al-doped 
zinc oxide and AgNWs network, which interact well with the 
AgNWs network of the underlying PET substrate. The integrated 
FTEs present a favorable sheet resistance, smooth surface, 
high optical transparency, and mechanical flexibility. Due  
to the outstanding photovoltaic properties of PM6:Y6, the 
corresponding flexible device displayed a high PCE of 15.21% 
with almost the same Voc/Jsc/FF values in comparison with 
those obtained from the rigid ITO electrode-based devices. 
Besides, the flexible devices showed robust mechanical stability 
with 1,200 bending cycles at a radius of 4 mm, while retaining 

over 90% of their initial efficiencies. Recently, a record PCE of 
16.1% was realized by a flexible OSC made with a biomimetic 
electrode design strategy inspired by the merits of a leaf [23]. 
As shown in Fig. 4(j), the biomimetic FTE was constructed by 
enveloping the AgNWs and the light scattering polystyrene 
(PS) spheres within a zinc oxide protecting layer on the 
flexible PI substrate. The newly designed FTEs simultaneously 
displayed a smooth surface, high transmittance around 90%, low 
sheet resistance, and excellent bendability. These advantages, 
together with the ternary blends of PM6:N3:PC71BM, contributed 
to its outstanding PCE of 16.1%, which is comparable to the 
16.2% of its corresponding rigid ITO-based device. 

Nowadays, flexible OSCs based on the AgNWs FTE have 
shown their unique merits of high efficiency, robust mechanical 
flexibility, and universality for various organic photovoltaic 
materials. In the meantime, flexible devices with a large area 
of 1 cm2 displayed over 12% PCEs, indicating the uniformity 
of the AgNWs based FTE. It is still necessary to improve the 
efficiency, enhance the long-term stability, and simplify the 
fabrication processes of AgNWs FTE in the future. 

Conductive polymers (PEDOT:PSS). The most extensively 
investigated conductive polymer for constructing FTEs is 
PEDOT:PSS, which is composed of the conductive component 
PEDOT and the insulating component PSS [104–106]. Their 
chemical structures are presented in Fig. 5(a). Its work function 
and conductivity can be well manipulated by tuning the ratio 
of PEDOT to PSS. In a conventional OSC device, PEDOT:PSS 

 
Figure 5  Flexible OSCs on the PEDOT:PSS based FTEs. (a) Chemical structures of PEDOT:PSS. (b) Comparison of square resistance and electrical 
conductivity of the PEDOT:PSS with diverse acid treatments at room-T and DMSO doping. Reproduced with permission from Ref. [109], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2018. (c) The schematic structure of the flexible device. (d) J‒V curve of the flexible device. (e) Bending performances 
with different bending diameters of the flexible devices. (c)‒(e) Reproduced with permission from Ref. [110], © WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 2019. 
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(Clevios P VP AI 4083) is widely used as the hole transporting 
layer to modify the work function and the surface of ITO. 
Meanwhile, PEDOT:PSS with a lower ratio of PSS (such as 
PH1000) and thus enhanced conductivity can be used as a con-
ductive transparent electrode [107, 108]. During the development 
of fullerene acceptors based OSCs, extensive efforts have been 
made to fabricate the PEDOT:PSS based FTEs, which should 
have high conductivity, low sheet resistance, and excellent optical 
transmittance. 

Among different methods of treatment, organic acids, such as 
H2SO4, HNO3, have been used to treat the pristine PEDOT: 
PSS films and tune the conductivity and sheet resistance (Fig. 5(b)). 
With systematic investigations, Ge et al. selected methanesulfonic 
acid (CH3SOOH) to treat the PEDOT:PSS films on the flexible 
PET substrate at room temperature [109]. The slightly acidic 
property of CH3SOOH not only prevents damage to the PET 
substrate but also enables a suitable work function of –4.91 eV 
for PEDOT:PSS films. Meanwhile, low sheet resistance and 
high conductivity were realized for the treated films. All these 
factors contributed to a high PCE of 14.06% for the flexible 
device based on a ternary blend of PM6:Y6:PC71BM, which is the 
best result for PEDOT:PSS-based flexible OSCs to date [110]. 
The corresponding flexible device also displayed superior 
mechanical flexibility, which is supported by the high retention 
of the initial efficiency after 1,000 bending cycles under a radius 
of 7.5 mm. However, the performance of the flexible device 
was lower than the 16.67% PCE obtained with the rigid devices, 
mainly due to its relatively lower Jsc and FF. These results suggest 
that there is still much needed development to create efficient 
and stable FTEs based on PEDOT:PSS. It should be noted that the 
hygroscopicity and acidity of PEDOT:PSS are not advantageous 
for the long-term stability of the devices [110–112]. 

The aforementioned two conductive materials (AgNWs 
and PEDOT:PSS) have also been successfully utilized in the 

construction of ultra-thin flexible devices, recently [24]. As 
shown in Fig. 6(a), the transparent electrodes were deposited 
on 1.3 μm polyethylene naphthalate (PEN) substrates, which 
is the key factor to produce ultra-thin flexible devices with a total 
thickness of 2 μm. The newly-developed low work function 
interlayer of zinc ion chelated polyethylenimine (PEI-Zn) plays a 
vital role in matching the promising nonfullerene active layers. 
As a result, the ultra-thin flexible devices using PBDB-T-2F: 
Y6 binary blend achieved a PCE of 12.3% and 15.0% on 
PEDOT:PSS and AgNWs electrodes, respectively. When the 
resultant devices were attached on a pre-strained elastomer, 
the devices became stretchable with stable device parameters 
under a compression ratio up to 45%. 

In this section, we summarized the high-efficiency flexible 
and ultra-thin devices based on ITO, AgNWs, and PEDOT:PSS, 
respectively. Nowadays, outstanding efficiencies and mechanical 
flexibility are demonstrated in flexible OSCs with different 
device structures (e.g., conventional and inverted devices, single 
and tandem layer devices) and various organic photovoltaic 
materials (e.g., fullerene and nonfullerene materials, binary 
and ternary blends). These results highlight the great potential 
of OSCs in bioelectronic applications. However, the long-term 
stability of the devices is still a big challenge for the OSC 
community, which should be considered in the future 
development of flexible devices. 

4  OSCs in biomedical devices 
In this section, we will discuss several cases of OSC’s applications 
in implantable biomedical devices and sensors. As one of the 
power generation devices, OSC devices have been combined 
with additional components in the self-powered bioelectronic 
devices. As displayed in Fig. 7, Zhang et al. developed an 
integrated system consisting of a biocompatible OSC device  

 
Figure 6  Ultra-thin flexible OSCs using PEDOT:PSS or AgNWs based FTEs. (a) Device structure of the ultra-thin solar cells. (b) Photograph of the
fabricated ultrathin device (left) and photograph of the device attached on the wrist (right). (c) Chemical structures of the active layer materials. (d) J‒V
curves of the ultrathin devices with PEDOT:PSS or AgNWs as the transparent electrodes. Reproduced with permission from Ref. [24], © Qin F., et al.
2020. 
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Figure 7  Schematic representation of an OSC/OBEI integrated system 
for exerting an ES effect on PC12 cells. Reproduced with permission from 
Ref. [113], © American Chemical Society 2016. 

and an organic bioelectronic interface (OBEI) electrode, which 
is capable of providing electrical stimulation for PC12 cell 
differentiation and neurite outgrowth [113]. Considering the 
high-transparency of biological tissues in the near-infrared 
region, the OSC devices based on -carotene/PTCDI-C8 
and P3HT/PCBM were tested under the near-infrared light 
illumination, which can generate different Voc of 0.11 and 0.49 V, 
respectively. By further adjusting the electrode gaps of the OBEI 
devices, tunable electrical fields in the range of 220–980 mV·mm–1 
were achievable for the OSC/OBEI integrated devices. The 

integrated power-delivery bioelectronic devices can promote 
obvious neurite outgrowth and manipulate the polarity of 
differentiated PC12 cells. The results indicate that adopting OSC 
devices as the power source device to design next-generation 
implantable bioelectronics is a viable approach. 

The continuous development of OSCs, including the high- 
efficiency organic photovoltaic materials, flexible devices with 
robust mechanical behaviors, and long-term device stability, 
make them more suitable for usage in bioelectronics. As 
discussed above, Someya et al. demonstrated ultra-thin, high- 
efficiency flexible OSCs with excellent mechanical characteristics 
and extraordinary stability by double-sided polymer passivation. 
Recently, they conducted a high-throughput room-temperature  
molding process to form nano-grating morphology on the 
ZnO electron transporting layer and fabricated ultra-thin 
flexible OSCs that exhibited a high power-per-weight value of 
11.46 W·g–1 [44]. Figure 8 shows that the devices can be wrapped 
over a spatula rod and pulled by tweezers, indicating that the 
devices can accommodate large mechanical deformations, 
which is critical for adhesion to dynamic and complex three- 
dimensional biological tissues and skin. The OSC device 
was then integrated with an organic electrochemical transistor 
(OECT) to realize a self-powered flexible biosensor. A conformal 
self-powered cardiac sensor was demonstrated as shown in Fig. 8. 
Clear electrocardiogram signals with an SNR of 25.9 dB were 
recorded with the sensor under LED light illumination because 
of its good skin conformability. Furthermore, a maximum SNR 
of 40.02 dB was achieved when the device was attached to the 
surface of a rat heart. These results highlight the possibility 

 
Figure 8  Schematic representation of an OSC/OECT integrated system for bioelectronics. (a) Structure of the OSC device. (b) Photograph of the OSC 
device wrapped over a spatula rod and pulled by tweezers, after delamination from the supporting glass substrate. (c) Wiring diagram for cardiac signal
recording and photograph of the self-powered integrated electronic device attached to a finger or to the heart of a rat, respectively. (d) Measured output
current from the recorded cardiac signal trace, under light illumination. (e) Measured output current from the ECG trace, under light illumination.
Reproduced with permission from Ref. [44], © Springer Nature Limited 2018. 
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of accurate and precise acquisition of biological signals by 
combining the ultra-flexible OSCs as the power source with 
other functional electronic devices. 

A self-powered pressure sensor which consists of a flexible 
OSC underlying a piezo-transmittance microporous elastomer 
(PTME) was successfully fabricated for sensing the human 
finger motions (Fig. 9) [114]. The flexible OSC was fabricated on 
the commercial ITO/PET substrate using PTB7-Th:PC71BM as 
the active layer. The intensity of the light transmitted through 
the PTME increases with the increasing applied pressure, 
which will affect the current output of the underlying OSC. 
Recording the current output of OSC device can show the 
detected applied pressure on the PTME. As a result, the 
integrated devices exhibited a high sensitivity of 0.101/kPa 
with a linear behavior. Besides, the sensor showed good  
mechanical stability and bending insensitive properties, which 
meet the demands of bioelectronics. Taking advantage of these 
properties, the pressure sensor was used for finger motion 
sensing. Figure 9(c) shows that the flexion and extension 
angles of fingers affect the output current due to the pressure 
change on the PTME. This work offers a new method to design 
flexible pressure sensors based on OSCs for bioelectronic 
devices. 

Apart from these aforementioned examples (Table 1), however, 
OSCs have been fairly less explored or implemented in the 
biomedical field despite already achieving high efficiency and 
flexibility. Designing and fabricating bioelectronics powered  

 
Figure 9  Schematic representation of an OSC/PTME integrated system for 
bioelectronics. (a) Photograph of a finger with the finger motion sensor on the 
finger based on the integrated system. (b) Photograph of controlling the 
prosthetic robot finger using the sensor on the human finger. (c) The 
sensor response over the finger angle of 0°‒90°. Reproduced with permission 
from Ref. [114], © Elsevier Ltd. 2020. 

by the high-efficiency and flexible OSCs still requires greater 
effort in the near future. 

5  Outlook 
In this mini-review, we discussed the rapid development of 
high-performance organic photovoltaic materials, flexible OSC 
devices, and the applications of OSCs in biomedical devices. It 
is encouraging that high PCEs of > 18%, > 16%, and > 15% 
have been realized in the rigid, flexible, and ultra-thin flexible 
OSCs, respectively, which can be attributed to the continuous 
development of novel photovoltaic materials and device 
engineering. In addition, thin devices can be made stretchable 
when attached on the pre-strain elastomers, which showed 
stable performance under stretching and compression. 

These attractive merits of OSCs pave the way to develop 
self-powered bioelectronics that can be integrated on or under 
the surface of biological tissues. The existing studies have 
demonstrated their promising potentials in biomedical devices, 
and the future of such applications can be expected. To further 
meet the demands of the emerging biomedical devices, improving 
the OSC’s overall efficiency, long-term stability especially in 
biological environment is still urgent and necessary. One 
important factor related to improving the efficiency is that the 
light dosage to human skin and tissues should be maintained 
below the tissue optical safety threshold. Then, the shined 
light can be safely absorbed by the human tissues and water. 
The absorption of light by tissues at the tissue transparent 
window (700–970 nm) is relatively low. Therefore, the flexible 
OSCs are required to possess sufficient PCEs at those specific 
wavelengths to provide the required power. Flexible OSCs 
constructed from novel organic photovoltaic materials that 
can absorb near infrared (NIR) light hold promise for 
biomedical applications. Besides the long-term stability, the 
flexible OSCs must conform to the target surface to avoid 
mechanical damage to the human skin or tissues. Additionally, 
studies of the biocompatibility, dissolvability, or retrievability 
of the flexible OSCs may be needed to realize long-term 
biomedical devices. 

Apart from the power-generation OSC units, integrating 
OSCs with various biomedical functionalities including different 
types of physical and biochemical sensors, drug delivery, 
and nongenetic optical stimulation can shed light on their 
future novel bioelectronics applications. We foresee increased 
utilization of OSCs in creating novel biomedical devices in 
the near future. 
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Table 1  A brief summary of representative applications of organic solar cells in biomedical devices 

OSCs 
Integrated devices 

Active layer Voc (V) Jsc 
(mA·cm–2) FF (%) PCE (%)

Functionality Ref. 

OSC/OBEI P3HT:PCBM 0.59 9.66 0.64 3.68 
Cell growth; 

Cell differentiation 
[113] 

OSC/OECT PTB7-Th:PCBM 0.785 19.17 69.7 10.49 
Sensor; 

Cardiac signal recording 
[44] 

OSC/PTME PTB7-Th:PCBM — — — — 
Pressure sensor;  

Motion monitoring 
[114] 
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