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Abstract: In recent years, both biodegradable and bio-based electronics have attracted 
increasing interest, but are also controversially discussed at the same time. Yet, it is not 
clear whether they will contribute to science and technology or whether they will disappear 
without major impact. The present review will address several aspects while showing the 
potential opportunities of bio-organic electronics. An overview about the complex terminology 
of this emerging field is given and test methods are presented which are used to evaluate 
the biodegradable properties. It will be shown that the majority of components of  
organic electronics can be substituted by biodegradable or bio-based materials. Moreover, 
application scenarios are presented where bio-organic materials have advantages compared 
to conventional ones. A variety of publications are highlighted which encompass typical 
organic devices like organic light emitting diodes, organic solar cells and organic thin film 
transistors as well as applications in the field of medicine or agriculture. 

Keywords: biodegradable; bio-based; electronics; organic semiconductor; biocompatible; 
compostable 

 

1. Introduction 

Until the 1930s, plastics were almost exclusively fabricated from regrowing resources [1]. Only 
since the end of the Second World War have raw material sources of non-renewable fossil materials, 
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such as petroleum and natural gas, been generally used. However, within the last 20 years, efforts have 
continuously increased to enhance the share of bio-based materials in the world of plastics. 

Along with the objective to improve the properties of products and to reduce the production cost  
of materials, the general discussion about greenhouse gases, difficulties in waste management, e.g., the 
Great Pacific garbage patch in the ocean, and the awareness about the limitation of fossil fuels have 
contributed considerably to the revived interest and increasing implementation of bio-plastics. 

The following paper presents a comprehensive overview of bio-organic electronics and their 
potential to enable easy waste disposal. At first, essential terms are defined and correlated with 
standards while summarizing various testing procedures to assess the hazardous risk of potentially 
biodegradable electronics with regard to the environment. 

The principle structure of typical organic electronics is discussed with regard to their separate 
components. Most progress has so far been achieved in respect to the polymer carrier substrate, which 
will surely foster further innovation in this novel field. Besides, impressive achievements have also 
been demonstrated for the charge carrier transporting organic semiconductors itself. Hence, semi or 
fully biodegradable devices will be presented and their performance is discussed in more detail. 
Finally, an outlook to the future market is given. 

2. Policies and Guidelines 

2.1. Definitions and Standards 

In recent years, the syllable “bio” has become a powerful attribute to attract public attention  
for designated “green” processes. “Bio” is generally used in a broad context which often complicates 
communication between experts and beginners in this interesting field. Thus, in the following 
paragraph the use of these common terms shall be clarified in context to this paper. 

Products are considered as bio-based when they are made of materials derived from living  
(or once living) organisms. Often they are denoted as biomaterials—but this term is also widely used 
for any interaction between biological and non-biological systems. Bio-based materials are often 
biodegradable with a few exceptions (mainly composites where the degradable compound is combined 
with non-degradable materials). The term biodegradability, however, is a more precisely certified 
performance characteristic. According to EN 13432, compounds are biodegradable if a share of  
more than 90% converts to H2O, CO2 and biomass under defined temperature, humidity, and oxygen 
conditions within 180 days in the presence of microorganisms or fungi. However, biodegradable 
plastics are not inevitably made of bio-based, renewable materials. There are several examples where 
fossil resources are used, and a closer look into the production volume of biodegradable materials 
depending on their raw material origins (Figure 1) shows that the share of both types is nearly equal. 
Thus, the property of biodegradability is only linked to the chemical structure and not in any way 
related to its origin. In nature, the biodegradation occurs either aerobically or anaerobically. In  
the latter process, the material is converted without oxygen to methane, CO2, H2O, energy, and  
biomass [2]. In the presence of oxygen (aerobic), methane is not formed. 
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Figure 1. Global market of bio-based/non-biodegradable (green) and biodegradable (grey) 
plastics in 2012 with a total volume of 1.4 million tons [3]. 

 

Depending on the molecular weight of the compound, biodegradation begins with chain cleavage 
by enzymes (e.g., lipases and esterases) released by microorganisms. This mainly occurs on the surface 
of the biodegradable compound since the enzymes are too large to diffuse into the bulk material.  
After the cleavage, these fragments can be absorbed by the cells of the microorganisms. During that 
metabolism process, the cells can gain energy from this mineralization process [2,4]. 

Along with the European standard 13432, there is a variety of other standards all over the globe 
available (ISO 17088, ASTM D 6400 in North America, GreenPla in Japan). The ISO 17088, EN 13432 
and ASTM D 6400 define the requirements concerning packaging and choice of materials being 
considered as “biodegradable” in industrial composting facilities. If a material passes the tests necessary 
to achieve this status, additional tests might be necessary to get the final product registration according 
to ISO 17088. After this procedure has been applied, it ensures that nonconforming, potentially toxic 
additives, colors and package goods are not used, and the products are allowed to have labels as 
depicted in Figure 2. The requirements of these standards are very strict, which is emphasized by the 
fact that freshly green leaves or wooden branches as thick as fingers would fail in these tests. Thus, 
polymeric materials only pass this test when they are sufficiently thin to quickly decompose. 

Figure 2. Selection of logos which indicate the biodegradability of products, e.g., as used 
in Belgium (a), North America (b), Finland (c), Japan (d), Catalonia (e), Germany (f), and 
Italy (g). 
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2.2. Environmental Impact and Biotoxicity 

Sustainable development and economics is one of the greatest challenges mankind has to face  
in the 21st century [5]. We have to rethink the character and design of our technologies, products  
and how they are produced. This has to result in changes to marketing patterns, distribution, usage  
and recycling. 

The recycling of discarded products could be a way to save materials and energy. However, a basic 
requirement of recycling is the collection of the used products. Most (mobile) consumer electronics are 
small and the majority of people will rather throw them into the waste than collecting and bringing 
them back to collection facilities [6]. This behavior will show a negative impact particularly in 
countries with inadequate waste regulations. Thus, the development of non-toxic, biodegradable 
electronics would be a step forward to diminish the problem. 

In order to prevent any negative impact of organic chemicals which are supposed to be introduced 
into the environment, it is necessary and important to duly assess the environmental and toxicological 
safety of these materials. Typically, the material itself as well as its potentially resistant residues (after 
biodegradation) has to be characterized [4]. Important test procedures comprise the “water-soluble 
intermediates-Daphnia test” and the “plant growth test”. The former one is of great importance because 
water-soluble intermediates may enter the groundwater and are easily absorbed afterwards by other 
organisms. The test has to be carried out in accordance to DIN 38412 where 10 water fleas are exposed 
to different concentrations of the designated pollutant at 20 °C and pH 7.0. In addition, a control stock 
solution is prepared where the testing material degrades enzymatically. After 24 h, the remaining 
number of swimming water fleas is evaluated. With this relation of concentration and living fleas, the 
toxicity can be evaluated. 

The plant growth test studies the eco-toxicity of materials and is described in EN 13431, annex E. 
There, the seedling growth behavior of four plant types (wheat, summer barley, mustard, and mung 
bean) is investigated both with treated and control soil. Subsequently, the harvest yield is correlated 
with the different soil mixtures. After these tests have been passed successfully, further experimentation 
involving higher organisms such as earth worm, rabbits, guinea pig and rats will follow. 

According to the chemical structure of classic organic semiconductors, the water solubility will be 
very low for the majority of this material class due to their extended π-system and the lack of highly 
polar functional groups. At the same time, there are plenty of aromatic compounds, structurally very 
similar to organic semiconductors, which are classified as toxic. Thus, it is mandatory to carefully 
investigate the hazardous impact of each designated “biodegradable” compound. 

3. Components 

Along with organic semiconductors, organic electronics comprise various other components  
like carrier substrates, electrodes, dielectrics, adhesives, and the organic semiconductor itself. Here, the 
term “organic” is considered according to the chemical definition, thus being mainly composed of 
hydrogen and carbon. Depending on their use, organic semiconductors are often sensitive against water 
and moisture and show an increasing number of defect sites over the operational lifetime. Therefore, 
the organic layers are protected with an encapsulation material (could be the same as the carrier 
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substrate) and an adhesive as shown in Figure 3. It is often recommended that both the adhesive as 
well as the encapsulation material have to feature a water vapor transmission rate (WVTR) smaller 
than 10−5 g/(m2 day) [7]. The controversial requirements of being insensitive against water or oxygen 
and biodegradable at the same time are very challenging. Thus, for appropriate discussion, each component 
is described separately. 

Figure 3. Schematic illustration of (a) the cross section of an organic device consisting of 
an organic device stack deposited on a substrate, encapsulated with a barrier material that 
is fixed with an adhesive (Adh). The composition of the organic device stack defines the 
properties of an OSC (b), an OLED (c), or an OTFT (d). 

 

Depending on the device functionality, the organic device stack is composed of a certain material 
layer sequence which can result in organic light emitting diodes (OLEDs), organic solar cells (OSCs) 
or organic thin film transistors (OTFTs). Organic device stacks of these three types are represented  
in Figure 3. 

The layer structures of OLEDs and OSCs are very similar. In the common bottom structure where a 
transparent anode on a transparent substrate is used, the device fabrication may start with deposition of 
the electrode on the substrate material. A barrier free charge carrier transport from the anode to the 
hole transport layer (HTL) is ensured by limiting the difference of the highest occupied molecular 
orbitals (HOMOs) of the single materials to less than 0.3 eV for the interfaces [8]. Similar requirements 
exist between HTL and the functional layer, i.e., absorption layer (AL) for OSCs and emission layer  
(EL) for OLEDs. In both cases, it is necessary to prevent the electrons from entering the HTL and,  
vice versa, the holes from entering the ETL. This can be realized by implementing materials with 
favorable energy levels providing transport barriers that block either electrons or holes. On the electron 
transporting side from AL to ETL, the lowest unoccupied molecular orbitals (LUMOs) of the single 
materials are used and have to align with the work function of the cathode. 

The value of the charge carrier mobility of organic semiconductors has to be high for all organic 
electronic devices; however, achieving a sufficiently high value is even more important when used in 
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OTFTs. Usually, for organic semiconductors, the hole mobility is larger than the electron mobility. 
Hence, depending on the electrode polarization, holes are accumulated on the semiconductor/dielectric 
interface after a voltage is applied between gate and source. Due to the voltage between drain and 
source, the majority of charge carriers are able to move along the interface. 

3.1. Substrate Materials 

One of the most decisive properties of organic electronics to successfully enter the future market is 
their inherent flexibility due to the weak intermolecular forces of organic semiconductors. Along with 
the ductility allowing new application scenarios, also the possibility to use potentially low cost roll-to-roll 
processes will enable use of the application in consumer electronics. By defining the mechanical 
properties and providing certain barrier properties, the substrates highly influence the device lifetime. 
Conventionally, plastic substrates such as polyethylene terephthalate (PET), polyethylene naphthalate 
(PEN), polycarbonate (PC), and polyimide (PI) have been widely used. However, decomposition for 
all these polymer foils may take 30–450 years [9], thus causing a serious waste problem in some areas 
of the world. In addition, their production costs are highly dependent on the oil price. 

Therefore, new biodegradable, bio-based, flexible and transparent substrates have attracted considerable 
attention. Depending on their composition, they may derive from earth-abundant renewable materials or 
still rely on fossil resources. Figures 4 and 5 schematically illustrate the variety of biodegradable plastics. 

Figure 4. Schematic representation of the diversity of degradable materials. 
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Figure 5. Established biodegradable polymers potentially usable as carrier substrates. 
Starch originating from potatoes or corn consist of the branched amylopectin (1) and linear 
amylose (2). Cellulose (3) is structurally similar, but differs from the bonding type between 
the glucose monomers. Polyhydroxy alkanoates (PHA) (4) and polylactic acid (PLA)  
(5) may derive from various sugars, fatty acids or starch. Other typical representatives  
are polyhydroxybutyrate-co-valerate (PHBV) (6) and polyhydroxybutyrate-co-hexanoate 
(PHBH) (7). Polybutylene adipate-co-terephthalate (PBAT) (8) is a polymer with aromatic 
fragments. Polyesters are represented by polycaprolactone (PCL) (9), and polybutylene 
succinate (PBS) (10). Polyvinyl alcohol (PVA) (11) has a rather simple structure compared 
to the aforementioned structures. 

 

For example, starch is transformed into glucose, which is further used as fermentation feedstock for 
monomers, e.g., lactic acid for poly lactic acid (PLA) or polyhydroxy alkanoates (PHA) production. 
Other feedstocks for fermentative monomer production are sucrose, glycerol, or plant oil. Intensive 
work has been carried out to access cellulose raw materials not only for bioethanol production, but  
also for different chemical intermediates and monomers such as lactic and succinic acid. Whereas the 
materials 1–7 are derived from these renewable resources, the compounds 8–11 originate (partly) from 
fossil fuels. Aliphatic polyesters (9, 10) are the first completely fossil-based polymers which are 
biodegradable at the same time. Structures such as polybutylene adipate-co-terephthalate (PBAT) (8) 
represent a mixture of both natural and synthetic origin. The only existing biodegradable polymer  
with an all-carbon backbone is polyvinyl alcohol (PVA). The main substrate type that has successfully 
been integrated in organic electronic technology in recent years is cellulose in its various  
modifications [10–13]. Although the initial roughness of these substrate types is initially challenging, 
the roughness level could be lowered either by adjusted fabrication parameters or by additional 
(bio)coatings. Another biodegradable and well investigated polymer for substrate use is poly lactic 
acid [14]. For further detailed information about this material class, the authors recommend the 
excellent overview about biodegradable polymers given by Breulmann and co-workers [15]. 
  



Electronics 2014, 3 451 
 

 

3.2. Adhesives 

The development of biodegradable adhesives is a very critical issue for achieving biodegradable 
electronic products. A biodegradable material which is resistant against water appears to be mutually 
preclusive (exception e.g., shellac). In the subsequent paragraphs, examples are presented which  
are mainly dedicated for packaging purposes and thus have less distinctive barrier requirements than 
devices targeted for long term applications like displays—hence, the impermeability against water is 
usually not evaluated. 

In 1996, a biodegradable, polymerizable adhesive consisting of diacrylate with mono- or disaccharide 
residues was described [16], while later in 2002 an eco-friendly adhesive based on soy protein was 
developed [17]. In the latter example, additives such as copper naphthenate, o-phenyl phenol or 
copper-8-quinolate are inserted to improve the moisture stability. An interesting report shows how a 
biodegradable gecko-inspired tissue adhesive is developed while being resistant to water treatment for 
a sufficiently long time [18]. Another work combines human serum albumin and organic acid-based 
crosslinkers with active ester groups, creating solid-liquid type adhesives without the presence of any 
organic solvents [19]. 

A water-based conductive adhesive for electrical interconnects and printed circuits was published 
by Yang and co-workers [20]. This environmentally harmless, but not biodegradable, adhesive based 
on polyether diol was stable for 1440 h at 85 °C and a relative humidity of 85% and can potentially be 
used for flexible consumer electronics. 

Bettinger et al. determined biodegradable adhesives for organic electronics and asserted that  
they should be highly crystalline, highly hydrophobic and easy to process while maintaining 
performance under high-salinity environments and at elevated temperatures. Poly-L-lactide turned out 
to be a promising candidate because it can repel water (and vapour) for several months [21]. 

While these examples show that a variety of biodegradable adhesives are available and easily 
accessible, information about their barrier properties and potential applications in organic electronics is 
still missing. 

3.3. Organic Semiconductors 

A requisite of organic semiconductors is the existence of a π-conjugated carbon backbone allowing 
the delocalization of electrons. Along with the delocalization of electrons, also the absorptivity of these 
molecules increases with the extension of the π-conjugation. Thus, a great variety of natural dyes are 
existing that can also be considered as organic semiconductors. Such material classes comprise polyenes 
(like the carotenes), quinones, anthraquinones, indole, pyran and oligopyrrol colorants as well as 
pteridines, isoquinolines and phenoxazine. Most of them comprise several aromatic structures and 
functional groups such as hydroxyl-, amine-, imine, or even halide groups. Thus, in order to explore 
the usage of organic compounds that are both semiconducting and biodegradable, scientists were focusing 
on these natural dye structures and their derivatives. The most commonly used so far are presented  
in Figure 6. 
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Figure 6. Chemical structures of biodegradable or biocompatible organic semiconductors 
(12–19) and dielectric materials (20, 21). 

 

The natural compound melanin has extensively been studied as semiconducting biomaterial. 
Usually, this compound exhibits low charge carrier mobilities and thus, melanin would not be suitable 
for electronic devices due to its highly disordered chemical structure [21]. However, evidences have 
been shown that contradict this hypothesis [22]. Mostert et al. has found that free charge carriers from 
comproportionation reactions are produced by water absorption. Therefore, melanin is a chemical  
self-doping polymer and can, in fact, be used for bioelectronics applications. 

Furthermore, the focus has turned towards carotenoids as applicable semiconducting materials. The 
most widely reported examples of these small-molecule polyenes are bixin and β-carotene (12). The 
suitability of biodegradable materials for their utilization in organic electronics, in particular organic 
thin film transistors, is explored by Irmia-Vladu and his co-workers [21,23–26]. The semiconductors 
are used as gate-controlled charge transport material between the source and drain electrodes [23]. 
Additionally, natural chlorophyll, hemin, phenazine, terpenoid molecules and indigo (13a) are listed as 
natural p- and n-type semiconductors, whereas nature inspired materials such as indanthrene yellow G, 
brilliant orange RF, epindolidione (14), perylene diimide (15) and naphthalene diimide are described 
as biocompatible. These synthetic organic semiconductors have higher field effect mobilities  
(4 × 10−4–1.5 cm2 V−1·s−1) than the natural organic semiconductors (~10−4 cm2 V−1·s−1), are suitable 
for vacuum processing, highly stable and barely toxic. 

In 2011, Głowacki et al. evaluated dyes from the material classes acridones, anthraquinones, 
carotenoids, and indigoids [27] and also determined the charge carrier mobilities in the range of  
~10−4 cm2 V−1·s−1 when applied in OTFTs. Ambipolar indigoids and quindacridones showed the most 
promising semiconductor properties due to their long-range order, crystallinity and highly dielectric 
characteristics. For comparison, the electrical properties are given in Table 1. 
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Table 1. Overview of electrical properties of natural semiconductors comprising the 
energy levels (HOMO, LUMO), the band gab Eg determined by cyclic voltammetry (CV) 
or by optical measurements, the charge carrier mobility for holes (µh) and electrons (µe) as 
well as the dielectric constant εr [27]. 

Material 
HOMO 

(eV) 
LUMO 

(eV) 
Eg CV 
(eV) 

Eg Optical 
(eV) 

µ (cm2/VS) εr 

Indigo (13a) −5.5 −3.8 1.7 1.7 µe = 1 × 10−2, μh = 1 × 10−2 4.3 
Tyrian Purple (13b) −5.8 −4.0 1.8 1.9 µe = 0.3 [28], μh = 0.2 6.2 

Cibalackrot (16) −5.6 −3.5 2.1 2.0 µe = 9.3 × 10−3, μh = 5.3 × 10−3 4.8 
Quinacridone (17) −5.4 −2.9 2.5 2.0 μh = 0.1 5.2 
Vat Yellow 1 (18) −6.3 −3.6 2.7 2.3 μe = 4.2 × 10−2 3.8 
Vat Orange 3 (19) −6.2 −3.8 2.4 2.1 µe = 8.8 × 10−3 3.8 

β-carotene (12) −5.84 −3.54 NA 2.3 μh = 4 × 10−4 2.5 

Along with great electrical properties, thin films of indigo dyes show strong absorption bands  
(450–730 nm) and are thus highly interesting for other optoelectrical applications like organic solar 
cells. The thermal and photochemical stability, the low band gap of 1.7–1.8 eV (as tyrian purple 13b) 
and high planarity of the molecules are of great advantage for indigo and its derivatives. 

While natural organic semiconductors have been evaluated for device fabrication, the classic n-type 
material fullerene C60 has been investigated with regard to its toxic nature. For this purpose, C60 
nanowhiskers have been exposed to macrophage cells and metabolized on average 6 μm long and 660 nm 
wide (in diameter) C60 nanowhiskers. No toxic effects on mammalian cells have been observed [29].  
A good overview about toxicity aspects of C60 is given by Partha and Conyers, in particular regarding 
the importance of functionalized fullerenes and its dose dependency [30]. Neither in vitro studies on 
supramolecular structures nor in vivo studies on normal “cell” morphology or viability have revealed any 
toxicity which is in contradiction to listed references [30]. Hence, the toxicity of C60 remains under debate. 

Additionally, it is noteworthy that the indanthrene dyes biodegrade slowly compared to natural 
compounds [23], however, perylene diimide and epindolidione show little toxicity, thus, they will not 
be assigned as “biodegradable” [24,25]. 

3.4. Electrode Materials 

Compared to the components described before, the replacement of conventional electrodes appears 
to be rather challenging since metals can hardly be metabolized. 

The degradation of biocompatible porous silicon nanowire barcodes was shown by Chiappini and 
co-workers in 2010 [31]. When exposing the barcodes to phosphate buffered saline solution at 20 °C,  
a complete degradation within 24 h is observed, while the exposure to oxygen plasma resulted in 
oxidation within 72 h. It has been concluded that the surface influences the degradation rate.  

The conductivity of the biological conductor melanin highly depends on its hydration level.  
Proton conductivity is the mechanism which is responsible for the charge transport. It can be used as 
thin film for biomedical applications. Synthetic conducting polymers such as polyaniline, polypyrrole, 
and polythiophene can be used as organic electrode as well, but little is known concerning their 
biodegradability. Only for PEDOT:PSS does data exist suggesting it is not toxic to living tissue [32]. 
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A good overview about degradable, biocompatible metals for medical applications is, in particular, 
provided by Hendra Hermawan [33]. The main focus has centred on magnesium- and iron-based 
alloys. For these examples, the metals degrade in a special physiological environment that is comparable 
to the human body. The degradation behaviour of Mg, Fe, Mn, and Pd alloys is presented and electrical 
resistivities ranging from 0.044 Ω·mm2/m (Mg) to 0.43 Ω·mm2/m (Mn) have been determined. 

A comparable article is published by Cheng et al. [34]. The suitability of Fe, Mn, Mg, Zn, and W 
for clinical biomedical applications has been tested and cytotoxic properties have been isolated for 
manganese and zinc. 

3.5. Dielectric Materials 

The main function of dielectric materials is to prevent electrical current flow which is needed  
to insulate different electrical connections. The main requirements for their use in OTFTs are low 
dielectric losses and leakage currents as well as high breakdown strengths [23,24,26]. 

Apart from shellac [35], natural dielectrics originating from two material classes have been 
investigated in 2010. The first group comprises sugar-based small molecules such as fructose or lactose 
which can be wet-processed from water and/or dimethyl sulfoxide. The second group consisted of 
various nucleobases like adenine, guanine, cytosine and thymine. Their dielectric properties fulfil the 
requirements for the use in OTFTs. Nucleobases such as adenine (20) and guanine (21) can easily be 
purified and evaporated as thin films (up to 2.5 nm) which enable DNA-like sequences [23,24,26]. 
Moreover, DNA which has been functionalized by a cationic surfactant reaction became soluble in 
polar solvents and allowed wet coated thin films. Thus, it can easily be applied as electron blocking 
layers (EBLs) in OLEDs or as gate dielectrics in OTFTs [23,24,32]. In addition to these materials, 
polyvinyl acetate which can be cross linked by UV exposure, has been used as gate dielectric, too [21]. 
Advanced n-type organic transistors and light emitting transistors have successfully been built up by 
using natural silk fibroin, whose degradation lifetime may range from weeks to years [36]. The easily 
obtainable and inexpensive natural compound chicken albumin is utilized as gate dielectric in OFETs, 
too [37]. The spin-coated and thermally treated, unmodified material generates high quality thin  
films for devices with excellent performance. Furthermore, organic thin film transistors implemented 
in complementary inverters have been presented utilizing spin-coated natural cellulose as high k gate 
dielectric [38]. The inverters have shown good performance including an excellent switching behavior. 
Finally, Khor and Chung gave a good overview about the use of different natural materials as dielectrics 
and discussed the structural and electrical behavior of screen printed, commercially purchased aloe 
vera gel [39]. In particular, the dependence on the drying temperature, duration and thickness of the 
thin film on glass substrate is studied. 

4. Applications and Markets 

4.1. Consumer Organic Electronics 

In the field of electronics, bio-based materials receive increasing interest because they show 
potential for having a positive impact on the environment. Already, years ago, IBM investigated  
bio-based materials like lignin as laminate and demonstrated their potential to save resources [40]. 
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High-tech companies like Samsung and Apple are already using biodegradable components in their 
electronics as covers for their products such as the Samsung Galaxy S3 or the iPhone 4/4S/5.  
In addition, a variety of examples have been published where organic electronics have been applied on 
biodegradable substrates. Zhu and co-workers have used both nanopaper and regenerated cellulose 
films (RCF) for organic electronics. Both types consist of cellulose nanofibres and differ only in their 
orientation. As a result of the better scattering properties, an appropriate handling temperature  
and similar roughness compared to classic PET, green OLEDs have been successfully demonstrated  
on such substrates [41]. Another work showed that even the deposition of indium tin oxide (ITO) on 
bacterial cellulose by r.f. sputtering is possible. The resulting OLED device achieved 25% of the 
reference device performance produced on conventional glass [11]. Although ITO has to be replaced 
on the long-term time scale, this report shows that common thin film technology can also be applied on 
biodegradable substrate types with slight adaption of the processing parameters. 

Another promising work with bacterial cellulose as carrier substrate demonstrated the proof of concept 
of developing a dynamic display by using simple electric dopants and inks [12]. With regard to energy 
storage devices, the conductivity of conventional paper has been increased by depositing carbon 
nanotubes and silver nanowires [42], whereas cellulose fibers have also been used to improve the 
mechanical properties of electronically conductive polymers while retaining very high conductivities [43]. 
Large-area organic electronics on unmodified paper have been fabricated by Barr and co-workers. 
They have built monolithically integrated OSC on paper with a dimension of 7 × 7 cm2 [44]. Although 
the subcells made on paper achieved lower efficiencies than those fabricated on glass, still a total 
voltage of 49 V has been realized (compared to 70 V for the sample on glass). The complete decomposition 
in water has also been shown for OSC on cellulose nanocrystal substrates, which have achieved 
efficiency values of 2.7%. However, effects originating from the metal electrodes or the conventional 
organic semiconductors have not been addressed [9]. 

In the field of field effect transistors (FETs), flexible devices have been fabricated with cellulose 
paper as dielectric material and achieved results comparable to conventional PET or glass substrates. 
Even the application of OTFT on conventional bank notes has been impressively demonstrated [44,45]. 
With regard to the semiconductor material itself, anthraquinones, perylene bisimides and indigo are 
applicable as semiconductors in fully “green” OTFTs [16,35]. 

According to market prediction, the production of biodegradable plastic will increase fivefold from 
1102 tons (2010) to 5779 tons by 2016 [3]. On the one hand, a greater availability of biodegradable 
plastic will increase the research interest in that field resulting in better device performance; on the 
other hand, the consumer will most likely request more and more green technology. However, it is 
unlikely that biodegradable organic electronics will enter the market of entertainment electronics 
where long-term stability is a necessary requirement. The characteristic of biodegradability will be 
accompanied by short lifetimes due to sensitivity against water and oxygen. However, in the field of 
smart packaging, this is an advantage due to its intention for single use and fast insertion into the 
recycling system. At present, the demand for smart packages with sensing and information technology is 
already continuously rising, though it is very expensive due to used resources. 
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4.2. Medicine 

The need for a healing support is often temporary in the field of medicine [33]. The  
application of fully biodegradable materials will allow a complete degradation after fulfilling its 
function which is much better than an additional surgery. Therefore, the use of biodegradable 
electronics for medical applications like biomedical implant devices for energy harvesting, medical 
diagnosis, sensing, photonic biomedical devices, tissue engineering scaffolds or drug delivery is highly 
anticipated [18,19,23,26,31,32,35,46–51]. Benefits for biomedical science, including biocompatible 
devices, are predicted because of their ability to align to curved, elastic, and soft surfaces. Biocompatibility 
is defined as a sustainable, mutual co-existence of biomaterials and tissues [52]. A comprehensive 
overview about bio-integrated electronics for medical applications over the last 10 years is given by 
Koo and co-workers [53]. 

Biocompatible/biodegradable microelectromechanical systems (MEMS) received growing interest, 
in particular for biomimetics, tissue engineering and drug delivery [54]. The biodegradable MEMS are 
fabricated by micromolded polycaprolactone with milimetersized reservoirs, which are filled with 
water and covered with a gold membrane. 

King et al. have explored biodegradable polymers for therapeutic medicine [55]. Three dimensional 
monolithic microdevices are bonded from stacked, microstructured PDMS mold. The resulting microfluidic 
networks show improved speed, resolution and precision as well as reproducibility, manufacturability 
and scalability compared to previous methods. A bacterial cellulose membrane is used as flexible 
substrate for OLEDs for potential photodynamic therapy to treat skin cancer and other skin diseases [11]. 

Additionally, it has been shown that a combination of organic semiconductors and bioactive 
molecules have great potential for clinical applications, especially for bioresorbable temporary medical 
implants [21]. Muskovich and Bettinger focused on the translation of bioelectric communication 
between the intra- and inter-cellular environment as well as the important role of material selection and 
the subsequent quality of the biotic–abiotic interfaces [56]. 

4.3. Agriculture/Horticulture 

In the field of agriculture and horticulture, bio-plastics are already widely used in the form of foils, 
ribbons and planting pots as displayed in Figure 7. Reasons for their use are the adjustable lifetime and the 
advantages of fully compostable materials [57]. In order to study the impact of these materials on soil, 
degradation dynamics of agricultural films have been examined in more detail by IR thermography, 
SEM analysis and mechanical tensile tests [58]. Further application scenarios for food safety have been 
discussed such as pesticide and microorganism detection [59]. 

To the best of the authors’ knowledge, there are no publications about the use of biodegradable 
electronics in horticulture or agriculture. One reason could be that electronics have been generally 
uncommon in this field. However, the possibility of integrating electronics without negative impact on 
the environment can open new opportunities. One approach could comprise sensors for nutrients or 
water in soil that change their shape (hydrogels in polymer micro systems) or color (OLED). Further, 
the installation of a sensor directly at the plant to measure special surface behavior due to external 
influences is conceivable. 
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Figure 7. Examples of biodegradable materials: (a) plant pot (©Limagrain) and  
(b) mulching film (©BASF). 

 

5. Conclusions 

We have shown the recent progress and great potential of bio-organic electronics for the future 
consumer market, medical field and agriculture. A survey performed by Theinsthid and co-workers 
showed that businesses are highly interested in “greener” electronics because they expect economic 
advantages over their competitors and growth opportunities for their companies, as well as to more 
easily satisfy customer requirements and receive new opportunities in new markets [60]. 

These business interests are accompanied by distinctive market growth of cheap, flexible organic 
electronics which is expected to continuously increase, reaching a market share of approximately 12 
billion USD by 2020 [61]. These cheap electronics are supposed to enter the huge market of  
smart packaging that appears to be the most promising field for biodegradable organic electronics.  
In addition, it is not too easy to estimate the market benefits of these bio-based electronics for disease 
detection or clinic therapy which need to be bio-compatible. These requirements will be more easily 
achieved if the materials are biodegradable or of bio-based origin. 

However, it should be mentioned that there are obstacles before this kind of technology will fulfill 
the promise of sustainability and wealth. Although tremendous progress has been made to develop 
biodegradable materials, which completely degrade at the domestic compost heap, often the so-called 
biodegradable materials used today are still not fully converted in industrial composting plants and 
significantly disturb the sensitive waste management system. This has led to recommendations from 
various waste disposal associations to exclude biodegradable plastics from the regular compost bin.  
In addition, it will remain a matter of discussion if there is a real need for biodegradable electronics 
when the waste recovery system of a country is effectively working, and then to foster the disposable 
culture among the citizens further. However, the usage of bio-based materials would bring a different 
societal value by promoting the development of plastics which originate from regrowing resources 
ensuring their wide use also after the petroleum age. 

Furthermore, scientific proofs about the designated positive ecologic impact of bio-materials are 
still missing. Examples have been reported, where no evidence is seen for any environmental advantage, 
by substituting established materials with bio-based and biodegradable ones [32]. Profound life cycle 
analysis according to DIN EN ISO 14040 and 14044 are strongly requested by the experts to show that 
the utilization of bio-based and/or biodegradable materials will reduce CO2-emission as well as the 
consumption of scarce resources and that the development of biodegradable products will have only 
positive long-term effects. 
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