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1. Introduction

Over the past 60 years, silicon and lately emerging technologies 
have dramatically pushed the global digitalization economy. 
The grow rate of technologies, devices and applications has 
been impressive. New materials, fabrication processes, and 
hybrid integration approaches were fused with the information 
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bioelectronics fabricated with emerging materials, technologies, and devices. 
The emergence of (bio)electronics as a ubiquitous feature of an advanced 
modern society is posing the challenge of managing an ever-increasing 
amount of e-waste, also making the recovery more and more difficult. Thus, 
new design approaches are required considering that a possibly small but 
significant fraction of mass-scale e-products is inherently impossible to 
recover. In this perspective, organic materials and technologies can provide 
important solutions. This review presents and analyses green materials 
and technologies underpinning the development of sustainable organic 
transistors, which promise to become key components for Earth-safe wide-
spread electronics and bioelectronics.
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technologies. Electronics is permeating 
our life, significantly augmenting the 
objects’ functionality or even creating new 
smart objects. Moreover, new-generations 
flexible, stretchable, and conformable 
materials and technologies, are further 
pushing up the demand of wearable, 
large-area and “invisible” electronics 
directly integrated in any object or even in 
the human body.

Along this direction, organic materials 
and technologies are playing a crucial 
role, enabling the large-area processing 
with low-cost industrial techniques, 
chemically-tunable material properties, 
mechanical flexibility, softness, and bio-
logical compatibility.[1–7] A very wide range 
of new functional materials, unconven-
tional fabrication processes and device 

architectures is now available, addressing the needs of a broad 
palette of application fields, including displays,[8–11] photovol-
taics,[12–14] photodetectors,[15,16] physical,[17–19] chemical,[20] and 
biological sensors,[21,22] analogue and digital electronics,[23–26] 
robotics,[26] energy harvesters,[27] soft actuators,[28,29] synaptic 
and neuromorphic computing,[30–33] medical and implant-
able devices,[34,35] and neural interfaces,[36–39] to name a 
few. Most of these applications rely on organic transistors. 
Remarkably, organic transistors combine the signal amplifi-
cation – typical of transistor architectures – with more spe-
cific features tailored for the target application. By the way of 
example, high-frequency organic transistors can be integrated 
in ultra-low-cost radio frequency identification tag (RF-ID)  
tags,[40] smart labels and multi-functional circuits,[41] piezo-
electric organic transistors on ultra-flexible surfaces can provide 
neurorobotics and neuroprosthetic interfaces,[42] synaptic tran-
sistors can yield neuromorphic computing,[30] and bioelectronic 
organic transistors can monitor in-situ cell biology[43] or, when 
properly endowed with receptors, detect biomarkers with high-
sensitivity in point-of-care early diagnostic settings.[44]

The wide range of functionalities offered by organic tran-
sistor technologies, often combined with hybrid silicon-organic 
approaches, are finding increasing exploitation in the present 
markets and are expected to open even more and new oppor-
tunities in the near future, especially considering the fields of 
medical diagnostics, healthcare, and implantable devices. As a 
matter of fact, a new era is already on the road. Smart objects 
are going to become intelligent, factories are going to be auton-
omous, and humans are going to browse the real world with 
new artificial technology-based capabilities.[45] Along this direc-
tion, implantable brain-computer interface technologies are 
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going to become reality, and they are expected to help the treat-
ment of Alzheimer’s, dementia, and spinal cord injuries, giving 
patients the opportunity to regain their motor sensitivity and 
capability. A “vision change” is thus going to take place, where 
the sustainability of our technology-based society becomes part 
of our developing model. This is critically urgent, considering 
the climate changes and the heavy environmental footprint of 
our lifestyle and economy model. An effective solution to such 
a global issue can come only by a holistic global approach with 
a paradigm shift of our behavior (awareness and lifestyle), 
of our governments (education and laws), and of the science 
(materials, technologies and devices).

Although, to date, organic materials and technologies mainly 
focused on large-area flexible and/or soft plastic substrates by 
processing solution-based active materials with quite toxic sol-
vents, there is a huge potential leveraging on the current knowl-
edge and pointing the directions of additive and/or solvent-free 
manufacturing techniques, for example, printing methods and 
depositions through shadow masks, synthesis of organic active 
materials soluble with benign solvents, for example, water, and 
requiring a low thermal budget for the fabrication, deposition 
and recycling. We emphasize that this is becoming imperatively 
more and more important for organic technologies, which 
target ultra-high volume mass production and hence could 
significantly contribute to increase the current volumes of 
electronic waste (e-waste). Here figures are dramatically high: 
it has been estimated that up to 50 million ton of consumer 
electronic products are discarded globally every year[46] making 
e-waste the fastest growing component of the municipal solid 
waste stream. This is the situation accounting for “conven-
tional” e-waste, substantially based on printed circuit board 
(PCBs) and electronic devices. Emerging technologies are 
expected to produce lightweight plastic-based electronics and 
bioelectronics for disposable applications. Hence, the emerging 
e-waste is expected to reduce the weight, but its recovery will 
be even more difficult than current e-waste. A new challenge 
is thus the development of organic transistor technologies that 
not only require less energy, less and easy-recyclable materials, 
as well as less and environment-friendly solvents, but also 
based on new circular design approaches, where the end-of-life 
e-product becomes a feedstock for humans and/or nature. The 
need of such new material and technology design directions is 
witnessed by plastic oceans (≈10 Mtons of plastic dumped into 
our oceans every year)[47] and it has been recently further high-
lighted by the COVID-19 pandemic. Practically, almost everyone 
had the chance to see masks dispersed in the environment and, 
considering the endless number of units fabricated and used, 
this is not so surprisingly. These global lessons clearly teach us 
that we should design new generations of materials, technolo-
gies, and devices considering that a possibly small but signifi-
cant fraction of mass-scale products is inherently impossible to 
recover. These new approaches have to minimize the environ-
mental impact making possible, for example, that end-of-life 
products can feed the Earth instead of polluting.

In this perspective, organic materials and technologies can 
provide important avenues. This is the background behind this 
article, that sets out to review green materials and technologies 
underpinning the development of sustainable organic transis-
tors, key components for future wide-spread electronics and 
bioelectronics. In Table 1 some definitions of key concepts 

related to sustainability and circularity are reported, in order to 
facilitate the reader.

We note that with respect to previous reviews[48–53] covering bio-
degradable materials, bioresorbable materials, natural materials, 
and green processing for green electronics, here we specifically 
focus on organic transistors. The analysis presented in this review 
would like to address the rational design of sustainable organic 
transistors entirely (or almost entirely) fabricated by components 
obtained from green sources through green processes, which can 
be biodegraded, disassembled, and recycled at the end of their 
life and reintroduced in a circular production of added-value tech-
nological products. More in detail, in Section 2 the materials are 
classified and analyzed considering the essential components of 
organic transistors. Each class of materials comprises synthetic, 
natural and natural-inspired green approaches. General consid-
erations on solvents, processing, degradation tests, and embodied 
energy are drawn in Section  3. Then, Section  4 introduces tran-
sistor architectures fabricated with green approaches and the cor-
responding figures of merits are presented. Integration strategies 
and fabrication technologies are discussed in Section 5. Finally, in 
Section 6 these advances are highlighted focusing on application 
examples accounting for the fields of electronics, bioelectronics, 
and artificial synaptic functionalities.

2. Green materials for Organic Transistors

Different types of organic transistor (OT) architectures share 
essentially the same components (Figure 1):

i. Substrates
ii. Insulators, ion-gels, and hydrogels
iii. Semiconductors
iv. Conductors

Table 1. Glossary of some key concepts at the basis of the review.

Term Definition

Sustainable Sustainability: “development that meets the needs of the 
present without compromising the ability of future generations 
to meet their own needs” (United Nations General Assembly).

The concept of “Sustainable” is a recent idea according to 
which the production of new materials should be obtained by 

minimizing non-renewable energy consumption, using recycled 
starting materials (if possible) and limiting the use of toxic and 

expensive reagents.

Circular approach Model of production that contrasts with the idea of linear approach 
or linear economy. A circular approach has as its objective the 

reduction of waste with the continuous reuse of resources.

Green Chemistry It is an area of chemistry and chemical engineering focused on 
the design of products and processes that minimize or eliminate 

the use and generation of hazardous substances. It aims also 
on reducing consumption of non-renewable resources and on 
developing technological approaches for preventing pollution.

Carbon footprint The amount of carbon dioxide released into the atmosphere, as 
a result of the activities of a particular individual, organization, 
or community. In this review we focus on the amount of carbon 

dioxide released for the fabrication process and materials.

Embodied energy Sum of all the energy required to produce any goods or 
services, considered as if that energy was incorporated or 

“embodied” in the product itself.
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In principle, each component could be designed and fabri-
cated according to criteria inspired by green production, zero-
waste impact and circular economy. However, the mutual inte-
gration of each “green” component into working devices remains 
a big challenge. To date, the most common configuration is rep-
resented by hybrid organic transistor (OT), which are based on 
the combination of “green” (e.g., the substrate) and “non-green” 
(e.g., the conductor electrodes) components. In this section we 
review the materials used in the fabrication of each component, 
analyzing the state of the art and discussing most of the relevant 
gaps that should be bridged for enabling an effective future devel-
opment of green and sustainable OT technologies.

2.1. Substrates and Dielectrics

Substrate represents the most relevant component (>99.5%) in 
terms of amount of material utilized for OT fabrication. For this 
reason, the environmental impact of any OT is ultimately deter-
mined by the type of substrate. The large majority of substrates 
utilized so far in production of green OT is based on limited 
classes of materials, in particular glass and paper. However, an 
ever-increasing number of alternative substrates, which ensure 

safe biodegradability and biocompatibility, is going to be devel-
oped. In particular, biodegradable synthetic, and natural poly-
mers are intensively investigated.[48,54,55] Most of these materials 
can be utilized also as dielectric layers for OT gates. Dielectrics 
play a key role in OT performances as they insulate the gate from 
the semiconductor and/or the source and drain electrodes, and 
control charge transport in the semiconductor channels. Ideally, 
they should be characterized by high permittivity and exhibit 
good interfacial compatibility with the semiconductor.

Here we discuss only a few examples of materials that have 
been or could be utilized to fabricate substrates and gate die-
lectrics (Figures 2–6), highlighting the aspects related to their 
environmental impact.

2.1.1. Non-Flexible Substrates: Glass

Glass is the most widely used material for OT substrates that 
do not require high flexibility. Common glasses are transparent 
amorphous solids made of a mixture of silica and other oxides, 
such as Na2O and CaO, which are earth abundant. Long tradi-
tion and highly developed technology of fabrication make glass 
available in a rich variety of optical, mechanical, thermal and 

Figure 1. Scheme of the elements of a typical organic transistor and the molecular components described in this section.
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Figure 2. Schematic representation of the main polysaccharides utilized as substrates, dielectric coatings and surface modifiers.

Figure 3. Schematic representation of β-Keratin proteins utilized as substrates and dielectrics: a) silk, and b) keratin.
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electrical properties.[56] In general, the glass slides utilized as 
substrates for OT are made of soda-lime, which represents over 
90% of common glass and is less expensive and more recy-
clable than the borosilicate counterpart. Soda-lime glasses are 
characterized by elastic and shear moduli of 71 and 29  GPa, 
respectively, with a compressive strength around 330  MPa.[57] 
However, the mechanical properties of glass can be easily tai-
lored and improved if necessary. For example, “gorilla” glasses, 
developed by replacing sodium with potassium ions in the 
melting mixture and widely utilized in touchscreens, exhibit a 
compressive strength of 900  MPa.[58] Although not biodegrad-
able, glass is fully recyclable. Recycling technologies made sig-
nificant progresses in the last years both in terms of efficiency 
and low environmental footprint. Nowadays 1 ton of recycled 
glass save up to 300 Kg of CO2 emission.[59] Moreover, glass 
substrates enable the full exploitation of conventional methods 
that are normally utilized for OT fabrication. The glass surface 
can be thoroughly cleaned by chemical (e.g., piranha solution, 

surface etching agents, solvents), and physical (plasma and 
ozone UV-cleaning) treatments and, if required, easily function-
alized with anchoring groups or receptors.

Surface roughness is usually low (< 2nm)  and tailorable, 
which is a key asset for OT fabrication. For example, the Bao’s 
group reported the use of ultra-smooth and ultra-strong ion-
exchanged sodium aluminosilicate (NAS) glasses for assisting 
the growth of organic semiconductor layers. The resulting 
devices exhibited superior electronic properties in comparison 
to conventional soda-lime substrates due to the improvement 
of charge carrier mobility, which took direct advantage of low 
surface roughness and reduced defect density of the organic 
molecules grown on NAS substrates.[60] The main difference 
between NAS and soda-lime glasses mechanical strength relies 
on the role of alkali ions. In NAS alkali ions enable the charge-
stabilization of Al3+ ions in a tetrahedral configuration, which 
reinforces the silicate network. On the other hand, in soda-
lime they break the silica network bonds, contributing to the 

Figure 4. Main components of natural shellac.

Figure 5. Schematic representation of gelatin electrolyte-based OECT; a) main components; b) geometric parameters; c) the gelatin hydrogel/
PEDOT:PSS channel interface and effect of pH on ionic concentration and channel conductivity. Reproduced with permission.[101] Copyright 2018, 
American Chemical Society
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formation of non-bridging oxygen sites. Moreover, conductive 
contacts can be easily deposited on glass substrates with pre-
cisely defined patterns through either physical (evaporation, 
sputtering) or chemical routes. Glass also enables the con-
trolled deposition of semiconductor components through spin 
or dip coating. In parallel, wettability can also be widely tuned 
by surface treatments.[61] For all those reasons, glass substrates 
are often the primary choice whenever new materials or archi-
tectures have to be assessed and compared to the existing ones.

2.1.2. Flexible Substrates: Paper

Low cost, flexibility and compatibility with roll-to-roll manufac-
turing are key hallmarks that made paper intensively investi-
gated for large area electronics.[62,63] Cellulose fibers constituting 
a paper substrate are usually obtained by wood or other renew-
able raw materials. Recovery of cellulose fibers from agricultural 
waste opens further directions towards a more sustainable pro-
duction of paper for electronics.[64] Moreover, paper substrates 
can be, at least in principle, fully recycled or biodegraded. How-
ever, most of the properties that make paper advantageous in 
fabrication of energy and information storage devices, sensors 
and actuators,[65–67] such as high surface roughness and porosity, 
represent major limitations for the development of thin film 
transistors, which normally ask for smooth and impermeable 
surfaces.[63,68–70] Moreover, the presence of impurities and strong 
dependence of paper resistivity on relative humidity (RH) are 
possible sources of hysteresis or even irreversibility in the elec-
trical behavior of a printed transistor.[71]

Several options have been explored in order to circumvent 
those drawbacks. In particular, hydrophobicity and imperme-
ability have been improved by means of functional coatings, 
made of polymers (e.g., polyethylene, polypropylene, polyu-
rethane, polyvinylalcohol), wax, and combination of smooth-
ening agents with barrier layers such as kaolin and latex.[63,72] 
However, most of these coatings compromise recyclability 
and biodegradability of the transistors and, in general, of the 
whole devices. A valuable support in this regard can be found 
by drawing inspiration from science and technology of pack-
aging, which actively investigated hydrophobic layers derived 
from natural polysaccharides, such as modified chitosan or 
starch.[73–75]

Surface roughness is another major drawback of paper 
substrates (see Table 2). In fact, as the gate dielectric thick-
ness is reduced, the presence of rough surfaces often entails 
huge gate leakage current, with detrimental effects on the OT 
performances. At the origin of high roughness of commercial 
paper is the fact that cellulose fibers are 10–20 µm in size. 
Smoother surfaces can be obtained by disintegrating cellu-
lose fibers into micro- or nanofibrils. This process is obtained 
through high-pressure homogenization and give rise to nano-
cellulose, which is in turn pressed to produce smooth paper. 
However, the mechanical nanofibrillation of natural cellulose 
is energy-demanding and can be detrimental for the integrity 
of nanofibers. On the other hand, 3–4  nm-sized individual 
nanofibers can be prepared through oxidation mediated by 
2,2,6,6-tetramethylpiperidine-1-oxyl radicals (TEMPO), followed 
by disintegration in water.[76,77] TEMPO-mediated oxidation 
allows to introduce carboxylate groups on C6 of cellulose fibrils, 
without altering their pristine crystallinity. Another example of 
cellulose with promising features for producing OT substrates 
is that obtained from bacteria like Acetobacter xylinum.[78] This 
type of cellulose does not contain any hemicellulose, lignin or 
other contaminations and is characterized by high moldability 
and lower roughness (20-50  nm), which is still too high for 
many OT application.[79] Moreover, the scalability of this route 
is still limited.

Table 2 compares the three types of papers described above, 
summarizing the typical ranges of mechanical properties 
(maximum loading stress, Young’s modulus), surface rough-
ness, porosity and optical transparency in the visible range 
(550  nm). It can be observed that nanocellulose can tolerate 
a loading stress which is remarkably higher than that of both 
bacterial cellulose and conventional paper. In particular, self-
standing transparent and flexible nanocellulose substrates 
are characterized by relatively high tensile strength (200–
300 MPa) and elastic moduli (6–7 GPa). Although a value of 
114 GPa has been reported for the elastic modulus of bacterial 
cellulose filaments on the basis of Raman data analysis,[80] the 

Figure 6. Examples of biodegradable and biocompatible synthetic polymers 
that have been utilized as substrates and insulators in organic transistor.

Table 2. Mechanical properties, average surface roughness, porosity and optical transparency at 550 nm for commercial paper, bacterial-cellulose, 
and nanocellulose.

  Max loading stress [MPa] Young’s modulus [GPa] Surface roughness [nm] Porosity [%] Optical transparency @550 nm [%]

Traditional paper 6[82] 0.5[82] 5000–10000[82] 50[82] 20[82]

Bacterial cellulose 1.5[79] 114[80] 20–50 [79] n.a. 85[81]

Nanocellulose 200–400[82] 7.4–14[82] 5[82] 20–40[82] 90[82]

Adv. Mater. Technol. 2022, 7, 2100445
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above-discussed limitations associated to bacterial cellulose 
and its higher average surface roughness make nanocellulose 
the actual golden standard for the fabrication of OT-grade 
substrates. On the other hand, the optical transparency at 
550  nm of both nano- and bacterial-cellulose, are very sim-
ilar and in the range of 80–90%.[81] Of course, the mechan-
ical properties and surface morphology of commercial paper 
exhibit a wide range of values which reflect the rich gamut 
of paper types that are available. A detailed analysis in this 
respect has been reported by Osterbacka and co-workers in 
their seminal review of paper electronics.[63] Direct fabrication 
of OT on commercial paper would give many obvious prac-
tical advantages in many sectors, including secure packaging, 
food and beverage control, and anticounterfeiting. Overall, 
several examples of OT fabricated on different types of paper 
substrates, including photo-, printer-, packing-, nano-, starch-
paper, as well as banknotes have been reported. A detailed 
summary of this research activity have been thoroughly 
described by Zschieschang and Klauk.[68] The performances 
reported in most of those examples are still far from those 
achieved with glass substrates.

2.1.3. Polysaccharides (Chitin, Chitosan, Starch, Galactomannan, 
Alginate)

Natural polysaccharides are useful not only to modify the sur-
face properties of paper, but also as OT substrates. Figure  2 
shows the structural relationships among cellulose and related 
polysaccharides. Although less investigated than cellulose, 
most of them can offer unique advantages for green organic 
electronics. For example, chitin and chitosan are attracting 
increasing interests in the field. Chitin (poly-β-(1,4)-N-acetyl-
d-glucosamine) is typically extracted from the exoskeleton of 
insects, crustaceans and mollusks and can be easily recovered 
from food-waste. The production of chitin by freshwater and 
marine arthropods exceeds 109 tons per year. Alternatively, it 
can be recovered also from fungi cell walls.[83] Conventional 
methods for extracting chitin from food-waste are based on 
two sequential steps, consisting of demineralization and depro-
teinization. Chemical demineralization relies on strong acids 
and high-temperature processes (e.g., HCl 1–2 m, 100 °C, 48 h)  
to completely remove the mineral components of the exo-
skeletons. Alternatively, lactic acid bacteria can be utilized 
for the same purpose, even though the biological route may 
require several days. Deproteinization is carried out by strong 
bases (NaOH, 1 m, 3–6 h, 65–100 °C). An additional decoloriza-
tion process operated through either acetone, H2O2, NaClO or 
organic solvents is necessary to remove natural pigments. Each 
acid and alkaline attack is interleaved by washing/neutralizing 
steps, which entail the consumption of significant amounts of 
water.[83]

Extraction from fungi does not require the demineraliza-
tion step, however fungal chitin is not pure but complexed 
with β-glucans, which makes this extraction route unsuitable 
for practical applications. Alternative approaches are based on 
the use of deep eutectic solvent (DES) or natural deep eutectic 
solvents (NADES), which are mixtures of organic molecules 
(acids,  alcohols, amines, amino acids, etc.) that are primary 

metabolites of plants.[84,85] To date, different types of NADES 
have been explored, all of them resulting from the combination 
of choline chloride with organic (lactic, malonic, citric) acids or 
urea. The use of choline chloride and lactic acid enables direct 
extraction of chitin at 70 °C, with full recovery of minerals and 
proteins.[86] Chitin is insoluble in water and has been suc-
cessfully utilized to fabricate transparent substrates for OLED 
devices.[87] However, to the best of our knowledge, it has never 
been explored as a substrate for OTs. On the other hand, chitin 
deacetylation produces chitosan, which is water soluble because 
amino groups in C-2 of d-glucosamine bear positive charges. 
Chitin deacetylation is usually obtained by alkaline (NaOH 
40–50%) treatment for 6 h at 107  °C or by enzymatic deacety-
lation, which proceeds through the hydrolysis of N-acetamido 
bonds. However, the enzymatic route is too expensive and time 
consuming for practical scaling up.[88]

Chitosan has been exploited in fabrication of substrates for 
organic field-effect transistor (OFET)[89] or as a coating layer for 
paper substrates. It can be utilized for a variety of other func-
tions, for example as dielectrics or even proton conductors for 
synaptic transistors.[90] Moreover, both chitin and chitosan can 
be combined with natural cross-linking agents, such as citric 
acid, limonene, genipin, etc., to produce hydrogels, which 
could be particularly useful for organic electrochemical transis-
tors (OECT).[91] Agarose and alginate can also be exploited in 
hydrogel formation (see Section 2.1.6). Other examples of (poly)
saccharide-based substrates are those made of caramelized sugar 
and bioplastics derived from potato or corn starch, which are 
commercialized with the name of Ecoflex by BASF[92] and 
should not be confused with the homonym siloxane-based elas-
tomer commercialized by SMOOTH-ON[93] that will be intro-
duced in Section 2.1.7.

Recently, galactomannan-based devices have been explored 
for transient electronics.[94] Galactomannan is a polysaccharide 
formed by a backbone of mannose units linked with each other 
by β-1,4-glucosidic bonds with lateral chains made of galactose 
connected to the mannose backbone through -1,6-glucosidic 
bonds. Galactomannan is abundant in different botanic spe-
cies, such as the Leucaena leucocephala seed endosperm and  
can be easily extracted in ethanol, freeze-dried and redispersed 
in water to form transparent films characterized by good flex-
ibility and mechanical properties, with experimental values 
of tensile strength and elastic modulus of 47.9 and 48.1  MPa, 
respectively.[94] Galactomannan is a very interesting materials 
for substrates because of its full biodegradability in mild condi-
tions. It tolerates ethanol and other organic solvents, but unfor-
tunately it is quickly dissolved in water.

2.1.4. Proteins (Keratins, Hard Gelatin)

Water insoluble proteins are a valuable alternative to polysac-
charide-based substrates. In particular, pioneering works by 
the Kaplan’ and Omenetto’s groups on silk opened the door to 
the fabrication of biocompatible and biodegradable electronic 
devices.[95] The structural part of silk is made of fibroin, a pro-
tein consisting of light- (L) and a heavy-(H) chain polypeptides 
interconnected through disulfide bonds at the C-terminus of 
the H-chains Each H-chain, which ultimately determines the 
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mechanical properties of silk fibers, is formed by 12 hydro-
phobic domains interspersed with 11 hydrophilic domains.[96] 
The hydrophobic domains form highly ordered crystalline 
regions through the assembly of β-sheet crystallites, as dis-
played in Figure 3. Silk fibroin can be extracted from the cocoon 
of silkworm Bombyx mori L. through a water-based eco-friendly 
method. Different processes enable to obtain fibroin in form of 
sponges, films and hydrogels. Films and hydrogels are particu-
larly relevant for OT fabrication. In the case of thin films, the 
technique utilized for the material deposition plays a key role 
on the final mechanical properties. Fibroin films prepared by 
dry-casting are usually affected by poor mechanical properties, 
whereas spin-coating and layer-by-layer routes enable to achieve 
products exhibiting remarkable toughness (328 kJ m–3), tensile 
strength (≈100  MPa) and general robustness, in spite of their 
extremely reduced (only few nm) thickness.[50,96] These proper-
ties, which make fibroin thin films similar or even superior to 
many synthetic polymers, originate from the direct formation 
of β-sheets during the coating process. Prolonged immersion 
in water or exposure to aqueous vapor minimize the natural 
brittleness of fibroin films. In parallel, silk fibroin solution 
can be cross-linked and transformed into hydrogels by playing 
with a variety of parameters (temperature, pH, ions, fiber 
concentration).

A high content of β-sheets and disulfide bridges is also 
observed in other keratins (silk itself is classified as a β-Keratin 
protein). Keratins are the structural proteins that form hair, 
nails, feathers, horns, claws, hooves in animals. Most of the bio-
logical sources of keratin are usually treated as waste and not 
recycled. In this perspective, recovery and production of keratin 
from organic and food industry waste could be a promising step 
towards the sustainable fabrication of OTs. High toughness 
and chemical resistance can make keratins interesting candi-
dates in the fabrication of transistor substrates. However, most 
of keratins have been utilized for producing dielectric layers. 
For example, Singh  et  al.[97] demonstrated that keratin can be 
extracted from chicken feathers and utilized as gate dielectric 
layer for biodegradable OFETs. Extraction is quite complex and 
time expensive. It consists of a series of washing steps with 
ether, ethanol and water, drying and subsequent treatment with 
urea solutions (pH = 10.5) containing l-cysteine as a reducing 
agent. The solution was stirred in bubbling N2 for 12 h at 70 °C 
and repeatedly dialyzed. The overall yield was 33.5%.[97]

Other protein-based dielectric layers have been obtained 
from gelatin or collagen, which are typically extracted from 
animal bones and skin, or egg albumen.[50,98–100] Soft gelatin 
has also been utilized in fabrication of hydrogels for organic 
electrochemical transistors (see Section 2.1.6).[101]

Table 3 summarizes the main utilization of polysaccharides 
and proteins in OT and their mechanical properties, which have 
been discussed in detail in Sections 2.1.3 and 2.1.4. Chitin, silk 
fibroin and keratin show the highest values of tensile strength 
and elastic modulus, which makes them more suitable for the 
fabrication of semirigid substrates. Other polysaccharides and 
protein-based materials like gelatin and collagen are more suit-
able as coating layers and components of hydrogels. Notably, 
all these materials are classified as biodegradable, thus they 
cannot be recycled. However, materials characterized by high 
chemical and mechanical stability, like chitin and keratin, can 
be also recycled and re-used for many cycles. This aspect still 
needs to be properly investigated in the future and could open 
the door to inner loops in the cycle of life of OT based on this 
type of substrates.

2.1.5. Natural Resins (Shellac)

Shellac is a biocompatible, natural resin produced by the 
female lac bug (Kerria lacca) and traditionally used in a variety 
of applications, as wood finish, varnish agent, sealant, electric 
insulator, as well as to prevent moisture losses from citrus 
fruits and masking bad taste of some oral drugs. Shellac is 
made of different chemicals, including aleuritic, shelloic, and 
jalaric acids and have been recently employed either as a sub-
strate or as a dielectric (see Figure 4).[109] Baek et al. compared 
the performances of shellac dielectrics with those of poly(4-
vinylphenol) (PVP), a common synthetic polymer dielectric, 
in OFETs based on donor-acceptor-type organic semiconduc-
tors.[110] This study revealed that unlike PVP, the hydroxyl 
groups of the alcoholic moieties of shellac remain protonated 
under working conditions. As a result, electron trapping is sup-
pressed, making shellac dielectrics suitable for n-type or ambi-
polar OFETs. Shellac films can be drop-casted from ethanol 
solutions and crosslinked below 70 °C. The resulting films are 
rigid and smooth.[109] However, the dielectric properties can be 
significantly influenced by the presence of impurities, which 

Table 3. Main utilization in organic transistors, mechanical properties, biodegradability and recyclability of various polysaccharides and proteins.

Material Main utilization in OT Tensile strength [MPa] Elastic modulus [GPa] Biodegradable Recyclable References

Chitin Substrate 3–80 330–2900 × 10–3 Yes Yes [102,103]

Chitosan Substrate, coating layer, hydrogel 1–7 0.8 × 10–3 Yes No [103,104]

Starch Coating layer hydrogel 1.6–10 79–205 × 10–3 Yes No [102,104]

Alginate Coating layer, hydrogel 28.5 12.9 × 10–3 Yes No [105]

Galactomannan Substrate, coating layer, hydrogel 48.9 48.1 × 10–3 Yes No [94]

Silkworm silk fibroin Substrate, coating layer, hydrogel 300–740 10–17 Yes No [96]

Keratin Substrate, coating layer, hydrogel 2–530 0.01–2.5 Yes Yes [106]

Gelatin Coating layer, hydrogel 0.1–0.2 0.04–0.07 × 10–3 Yes No [107]

Collagen Coating layer, hydrogel 0.9–7.4 1.8–46 × 10–3 Yes No [108]
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are unavoidable in naturally extracted raw materials. Thus, pre-
liminary purification steps could be necessary and should be 
accounted for in the evaluation of the overall sustainability.

2.1.6. Hydrogels for Electrolyte-Gated and Organic Electrochemical 
Transistors

Hydrogels are intensively investigated in the field of electrolyte-
gated (EGTs) and organic electrochemical transistors (OECTs) 
(see section 4) because they provide a practical route to exploit 
the high capacitance typical of liquid electrolytes, yet in form of 
semisolid materials that are able to entrap water and efficiently 
transport the ions at low driving voltage. Most of polysaccha-
rides and proteins discussed above can be properly formulated 
in order to produce non-toxic, biocompatible and biodegradable 
hydrogels. For example, Jo et al. investigated the use of gelatin 
hydrogels for fabricating OECTs and their integrated circuits, 
demonstrating that gelatin can act as a semisolid electrolyte 
that mediate the gate-to-channel charge injection.[101] In par-
ticular, the authors demonstrated that the mobility of charge 
carriers can be tuned as a function of the hydrogel pH. As 
shown in Figure  5, gelatin increases their cationic or anionic 
concentration when the hydrogel pH is maintained in acidic or 
alkaline conditions, respectively. As a result, the electrical con-
ductivity of the poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonat (PEDOT:PSS) channels is modulated by the hydrogel 
pH, which represents a very easy way to control the ion concen-
tration. In comparison to other hydrogels produced by micro-
crystalline cellulose or synthetic polymers, gelatin can be easily 
prepared from powder dissolution at 50 °C and the hydrogel pH 
is controlled by adding common organic acids, such as malic 
acid, bases like NaOH or neutral salts like NaCl, which repre-
sents a major advantage in terms of large-area fabrication and 
processing. Moreover, these types of hydrogels are particularly 
suitable for ion sensing, biointegration and edible electronics.

Agarose is another example of green material that can be uti-
lized to prepare hydrogels for electrolyte-gated organic transis-
tors. As shown in Figure  2, agarose is a polysaccharide made 
of d-galactose and 3,6-anhydro-L-galactopyranose linked by gly-
cosidic bonds. Agarose chains are organized in helical fibers, 
which are 20–30  nm in size and form extended 3D networks 
upon gel transition. The hydrogen-bonded gel network is 
characterized by the presence of channels with sizes ranging 
from 50 to several hundreds nm. Agarose hydrogels can serve 
as a constant reservoir of water and enable ion conductivity. 
Zhang et al. have recently demonstrated the use agarose hydro-
gels to fabricate hydrogel-gated organic field-effect transistors 
(HYGOFET) utilized in pressure-sensitive devices. Again, aga-
rose hydrogels play a key role in modulating the current of the 
organic semiconductor in a reduced (<0.5 V) voltage range.[111]

Cellulose, alginate, chitin, chitosan, and fibroin have also 
been extensively utilized to fabricate hydrogels. An updated, 
comprehensive overview on this topic can be found in 
Mondal et al.[112] We highlight the fact that the field of hydrogels 
for OT is extremely rich and complex, as these components 
ask for a synergistic combination of appropriate mechanical 
and electrical properties, together with non-toxicity, biocompat-
ibility, biodegradation, low cost, and easy processability.

2.1.7. Synthetic Polymers and Encapsulants: Stretchability,  
Biocompatibility, and Biodegradability

Flexible electronics asks for highly stretchable substrates and 
materials able to encapsulate and protect the electronic com-
ponents. A recent review by Li  et  al.[113] analyzes in detail the 
mechanical and optical properties, as well as permeability 
of some of the materials that are commonly utilized for 
those scopes, such as polydimethylsiloxane (PDMS), Dragon 
Skin, Ecoflex and hydrogels made by either synthetic (e.g., 
poly(acrylamide-co-acrylic acid) or natural (e.g., hyaluronic 
acid) components. All these materials are characterized by an 
extended cross-linking among the molecular chains that is 
based on weak interactions. This structural peculiarity makes 
them more stretchable of other inorganic or hard organic mate-
rials. For that reason, they are extensively investigated for planar 
and conformal 3D applications. The most interesting point is 
related to their biocompatibility, which makes them suitable for 
in vivo applications and skin devices. In this regard, the main 
constrains for the integration of OT and, in general, electronic 
device with human tissue are represented by elastic modulus 
and thickness, which should be very small to avoid or minimize 
any interference with natural motion, and stretchability, which 
should be high in order to prevent cracks or damages. The anal-
ysis of the mechanical properties revealed that these types of 
materials can be ranked according to the following ideal order: 
Hydrogels > Dragon Skin > Ecoflex > PDMS. In another recent 
paper, Skov and co-workers compared the mechanical proper-
ties of an extended range of formulation of PDMS and Ecoflex 
elastomers and blends of both the components, pointing out 
the superior performances of the latter and the importance 
of a fine tuning of formulations.[114] We also note that unlike 
PDMS, Ecoflex and Dragon Skin siloxane-based elastomers, 
which are biocompatible yet not biodegradable, a variety of 
hydrogels can be designed and fabricated in order to fulfill this 
important requirement. Research on biodegradable synthetic 
polymers has made tremendous progresses in the last years. 
An excellent overview in this regard has been reported by Bao 
and co-workers.[115] A variety of synthetic polymers have been 
tested either as substrates or insulators for organic transistors. 
Figure 6 shows some examples of the most common synthetic 
polymers that have been utilized for those applications.

Polyvinyl alcohol (PVA), polycaprolactone (PCL), 
poly(lactic-co-glycolic acid) (PLGA) are only a few examples of 
polymers that can combine biocompatibility and full degrada-
bility in the environment. The design strategy of these poly-
mers is based on the use of monomeric units that participate 
to physiological or natural cycles. For example, PLGA is formed 
by lactic and glycolic acids, which are common byproducts of 
metabolic routes. As the monomers are linked through ester 
bonds, they can be recovered by simple hydrolysis under mild 
conditions. PVA is another biocompatible polymer that undergo 
easy biodegradation and has the key advantage of allowing for a 
very fine control of crosslinking and swelling by simple adjust-
ment of the formulation.

Biodegradable elastomers based on poly(glycerol sebacate) 
(PGS) and on poly(glycerol sebacate) acrylate have been pro-
posed for applications in bioelectronic devices, as they can take 
advantage of esterase enzymes and hydrolysis processes that 
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normally operate in human body.[116] Other examples of biocom-
patible and biodegradable polyester is given by poy(diol citrates) 
that can be obtained by polycondensation of citric acid and linear 
aliphatic diols. A key asset of polyester elastomers is the easy 
modulation of the mechanical properties and biodegradability by 
small adjustment of the synthetic conditions (type of monomers, 
molar ratio, temperature, crosslinking time, working atmos-
phere, etc.).[117] For example, in the case of poly-(octanediol-co-
citrate) an increase of post-polymerization curing at 120  °C 
from 1 to 6 days results in an increase of the elastic modulus 
by a factor of nearly three (from 2.84 to 6.44 MPa) and decreases 
elongation from 253% to 117%. Moreover, the introduction of a 
second type of crosslinker agents, such as acrylate and fumarate 
can allow extending the elastic modulus over a wide range (from 
7.4 to 75.9 MPa for acrylate- and from 16.4 to 38.3 MPa for fuma-
rate- co-crosslinkers).[118] Most of polyester elastomer investi-
gated for biomedical applications exhibit mechanical properties, 
in particular flexibility and stretchability, which are comparable 
or even superior to the silicone-based counterparts. For example, 
poly(trimethylene carbonate-co-d,l-lactide) P(TMC/DLLA) with a 
50:50 molar ratio exhibits an elongation of 570%[119] and poly(4-
hydroxybutyrate) (PH4B) can reach about 1000%,[120] which 
is analogous to the values reported for Dragon Skin or some 
encapsulating hydrogels.
Table 4 compares some of the materials discussed above in 

terms of mechanical properties (flexibility/stretchability), gen-
eral applications and possibility of biodegradation or recycling.

We note that the numerical values reported in Table  4 are 
based on a non-exhaustive selection of data taken from litera-
ture, with the aim of providing an immediate, yet approximate, 
classification of each type of material in view of a given applica-
tion. On the other hand, as already discussed, each parameter 
may span over a wide range of values within each class of 
materials. Moreover, we highlight that the classification of a 
given material as flexible or nonflexible is based on their most 
common use. For example, glass is reported to give a reference 
of non-flexible substrate, even though ultra-thin glass sub-
strates have been utilized in fabrication of displays.[121] Analo-
gous arguments apply for biocompatibility, biodegradability, 
and recyclability, which have been considered only in general 
terms and for basic materials. As discussed before, most of 
these properties can be modified by adding specific co-factors 

and tuning the formulation of the final materials. In particular, 
the realm of biodegradable polymers covers an extremely rich 
palette of possible combinations –whose treatment is well 
beyond the scope of this work– which open exciting perspec-
tives on the way of sustainability.

2.1.8. Small Molecules (Sugars and Nucleobases)

In their pioneering works on green transistors, Irimia-Vladu 
and co-workers extensively explored the use of sugars and nucle-
obases as dielectrics for OFETs (Figure 7).[125] Glucose and lactose 
have similar dielectric constants (6.35 and 6.55 at 1 kHz, respec-
tively), but quite different breakdown fields (1.5 and 4.5 MV cm–1, 
respectively). Both sugars are biodegradable and can be easily 
processed in water and DMSO. Spin-coating gives rise to smooth 
films (roughness: 0.5–1  nm). Glucose was also combined with 
caffeine to produce all-natural compound-based OFETs with 
capacitance per unit area of 1.9 nF cm–2. Nucleobases (adenine, 
guanine, cytosine, thymine) can be extracted from natural 
sources and utilized as dielectrics, showing low losses and rela-
tive permittivity ranging from 2.4 (thymine) to 4.65 (cytosine) 
at 1  kHz. Cytosine and guanine exhibit the highest breakdown 
fields of about 3.4 MV cm–1 and 3.5 MV cm–1, respectively.

Unlike sugars, the films made of nucleobases are character-
ized by higher values of surface roughness (3–65 nm), resulting 
from progressive crystallization. However, in spite of such a 
relatively high roughness, limited hysteresis was observed. 
Among other types of organic small molecules utilized as gate 
dielectrics, melamine has been successfully utilized in combi-
nation with C60 semiconductors to fabricate OFETs.[125] Mela-
mine can be easily evaporated and, in general, it is suitable for 
vacuum processing. However, vacuum deposition results in 
formation of large crystals (size: 350–700nm), which yield high 
surface roughness (10-60 nm). In the range 10–104 Hz the rela-
tive permittivity of melamine insulating films is around 4.25. 
Overall, in comparison to natural biopolymers, biodegradable 
small molecules have the advantage of highest purity, which 
is maintained by vacuum processing and allows to counterbal-
ance surface roughness originated from crystallization. The 
main dielectric properties of the molecules described in this 
Section are listed in Table 5.

Table 4. Synoptic comparison of the mechanical properties and biodegradability/recyclability of the materials discussed in Section 2.1.7.

Material Tensile strength [MPa] Elastic modulus [GPa] Elongation [%] Biocompatible Biodegradable Recyclable References

glass 41–180 23.8–90.5 2 No No Yes [113]

PDMS 1.1–14.3 0.4–5 × 10–3 93 Yes No No [113]

Dragon Skin 2–3.5 170 × 10–6 1000 Yes No No [113]

EcoflexTM 0.8–2.4 20–125 × 10–6 164 Yes No No [113]

PCL 20.7–34.5 0.21–0.34 × 10–3 300–500 Yes Yes No [122]

PG/CL <1 N.A. 250 Yes Yes No [123]

P(TMC/DLLA) 50:50 10 16 × 10–3 570 Yes Yes No [119]

PGS 0.5 0.282 × 10–3 267 Yes Yes No [124]

Poly(diol citrates) 1.3–334.8 0.11–40.8 × 10–3 207–405 Yes Yes No [117]

PH4B 50 70 × 10–3 1000 Yes Yes No [120]
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2.2. Semiconductors and Conductors

At the heart of complementary OT technologies there are p- or 
n-type organic semiconductors, which are normally made of syn-
thetic compounds, including for example pentacene, rubrene, 
pyrrole, phtalocyanine, thiophene, aniline, naphthalene- and 
perylene-diimide units, as well as fullerenes. A few examples 
of these molecules are shown in Figure 8. The extremely rich 
variety of semiconductors derived from these molecules has 
been exhaustively reviewed by Facchetti[136] and, more recently, by 
Quinn et al.[137] Conductive polymers, such as poly(3,4-ethylenedi-
oxythiophene) (PEDOT), can also serve as electrodes or intercon-
nectors. Although most of those molecules are biocompatible, 

biodegradation is often hampered by the high stability of their 
C-C bonds. The transition towards green organic semiconductors 
and conductors featuring low/zero-toxicity, biodegradability or 
recyclability, can be accomplished through different approaches. 
On one hand, natural or bioinspired semiconductors and con-
ductors can be either extracted or de novo synthesized according 
to green chemistry protocols. Alternatively, synthetic organic 
semiconductors and conductors can be modified with functional 
groups that promote degradation under mild conditions. More-
over, even though not specifically designed for biodegradability, 
most of those functional groups are made of “green” units con-
sisting of sugars, amino-acids or esters. A few examples of these 
approaches are reported below.

Figure 7. Examples of small molecules utilized as dielectrics.

Table 5. Dielectric properties of the sugars and nucleobases small molecules.

  Permittivity Breakdown field [MV cm−1] Dielectric constant Surface roughness [nm]

Glucose n.a. 1.5[125] 6.35[125] 0.5–1[125]

Lactose n.a. 4.5[125] 6.55[125] 0.5–1[125]

Adenine 4.4-6.3@10-105 Hz[126] 1.5[127] 3.85[127]–13.9[127] 3–6.5[125]

Guanine n.a. 3.5[125] 4.35[127]–9.36[128] 3–6.5[125]

Cytosine 4.65 @ 1 KHz[125] 3.4[125] 17.6[128] 3–6.5[125]

Thymine 2.4 @1 KHz[125] n.a. 12.5[128] 3–6.5[125]

Melamine 4.25 @ 10–104 Hz[125] n.a. 4.7–10.2[125] n.a.

Polyvinyl alcohol 7-10 @ 1KHz[129] n.a.  1.3–11.3[130] n.a.

Polycaprolactone 4.4 @ 1 KHz[131] n.a.  3.22[132] n.a.

Polydimethylsiloxane 2.67[133] 2.5–6.35[134] 2.3–2.8[135] n.a. 
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2.2.1. Natural or Bioinspired Organic Semiconductors

Nature is an endless source of inspiration also for organic semi-
conductors. From the simplest natural dyes to complex antenna 
and redox systems, a number of highly efficient and finely 
adapted structures can be found. In particular, organic molecules 
with extended conjugated π−systems can be characterized by 
good charge transport properties and highest occupied molecular 
orbital/lowest unoccupied molecular orbital (HOMO/LUMO) 
energies compatible with hole/electron charge injection or extrac-
tion when in contact with metal or conductive electrodes. By the 
way of example, beta carotene, with a long π-conjugated chain, 
has been utilized as p-type semiconductor in organic transistors 
made using glucose and caffeine as dielectrics. The field effect 
mobility was 4 × 10–4 cm2 V–1 s–1. In parallel, n-type semiconduc-
tors obtained from indigo natural dyes were tested in analogous  
transistors, exhibiting a field effect mobility of 1.5 × 10–4 cm2 V–1 s–1.  
Indigo dyes deposited on shellac/AlOx substrates can take  
advantage of their extended planar p systems and redox reversi-
bility for fabricating ambipolar devices with charge carrier mobility 
of 10–2 cm2 V–1 s–1.[125] Figure 8 shows a few examples of bio- or 
bioinspired molecules utilized as semiconductors for OT. Bioin-
spired anthraquinone derivatives, such as indanthrene yellow G 
and indanthrene brilliant orange RF were combined with natural 
substrates, giving rise to transistors with mobilities ranging from 
10–2 to 10–4 cm2 V–1 s–1.[54] As shown in Figure  8, most of those 
natural or bioinspired molecules have sites that can play both as 
acceptors (CO) and donor/acceptor (-NH, -OH) for hydrogen 
bonds, which represents a major advantage in view of biodegrada-
bility and integration in green devices. Rapid progresses towards 
fully green organic semiconductors have been obtained using 
oligo-furans, which can be processed by non-halogenated solvents 
and are characterized by mobilities around 10–2 cm2 V–1 s–1.

2.2.2. Synthetic Green Organic Semiconductors and Conductors

The development of biodegradable semiconductors and con-
ductors is essential not only for the production of environ-
ment-friendly OT, but also in view of specific applications, 
such as edible transistors or skin devices. A smart strategy to 
endow organic semiconductors with biodegradability is the 
exploitation of pH-sensitive stability of imine-bonds. Semicon-
ductor molecular units can be linked through imine bonds, 
which are stable in neutral environment, but undergo rapid 
acid-catalyzed hydrolysis. This strategy enabled the produc-
tion of diketopyrrolopyrrole-phenylenediamine (PDPP-PD) 
semiconductors, which are characterized by high hole mobility 
(0.12 cm2 V–1 s–1). Moreover, diketopyrrolopyrrole-phenylenedi-
amine can be completely degraded within 30 days in acid solu-
tion (pH = 4.6).[48]However, the imide bond breaking releases 
in solution the individual molecular units, which remain unal-
tered and could have potential toxicity as they contain benzene 
rings. This is a general warning for design of biodegradable 
materials. Molecular degradation or depolymerization can 
often give rise to molecular species that are more toxic than 
the pristine material.

The development of green electrodes is a further big chal-
lenge for OTs. The type of conductors can be either inorganic 
or organic. For obvious reasons, platinum and coinage metals 
(Au, Ag and Cu) cannot be considered as green components. 
However, the reactivity in air of earth-abundant, environment-
friendly metals, such as iron, zinc, or magnesium represents 
a double-edged sword. On one hand, it allows for easy and 
relatively fast degradation, which does not release any harmful 
byproduct. Fe electrodes were dissolved within 1 h at pH 4.6, 
producing iron ions that can be easily recovered and recycled.[48] 
Zn and Mg exhibit an analogous behavior, the dissolution rate 

Figure 8. Examples of organic semiconductors and conductors utilized in organic transistors.

Adv. Mater. Technol. 2022, 7, 2100445
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being strongly dependent on pH and temperature. In par-
ticular, Mg electrodes quickly dissolved (2 min.) in PBS buffer 
(pH  =  7.4) at 37  °C, which are conditions utilized to simulate 
biologic fluids, whereas it takes 12 h at 25 °C and pH = 10.[48] 
On the other hand, the high reactivity of non-noble metals can 
be detrimental for the stability and reliability of organic transis-
tors. Carbon nanotubes (CNTs) can be an alternative approach 
since when properly functionalized ensure biodegradation. 
However they pose serious concerns in terms of biocompat-
ibility and toxicity, because of their facilitated penetration 
through the respiratory systems.[138,139]

Biodegradable and biocompatible synthetic metals could be a 
solution to this conundrum, although achieving these proper-
ties in a single conductive polymer is not trivial. For example, 
PEDOT:polystyrene sulfonate (PSS) blend, which exhibit high 
conductivity (up to 4600 S cm–1) and can be easily produced over 
a large scale, being utilized as both cathode and anode, is bio-
compatible, yet not biodegradable. A general strategy to improve 
biodegradation is the infiltration of PEDOT:PSS into biodegrad-
able insulating matrices. Again, as in the case of PDPP-PD sem-
iconductors discussed above, degradation leaves behind non-
degradable organic units. However, in this case, the remaining 
PEDOT units are biocompatible. Alternatively, conductive poly-
mers can be modified by adding non-conjugated chains, such as 
polyurethane, which ensure polymer disintegration into harm-
less unit.[48] In a recent example, the biodegradable insulating 
polymer poly(ε-caprolactone) (PCL) has been mixed with poly-
aniline (PANI) to produce conductive and biodegradable nanofi-
brous yarn for smart textiles.[140] The idea at the basis of this 
approach is that high biodegradability of PCL can be harnessed 
to drive the overall degradation process, making the devices 
compostable. PCL degrades at 58  °C with 60% of humidity, 
however many environmental factors, including soil micro-
organisms and hydrolytic enzymes, can promote the process. 
Although not biodegradable, the PANI layer undergoes spon-
taneous detachment from the PCL surface within four weeks 
and this separation is directly stimulated by the progressive 
PCL degradation, which proceeds through water penetration 
within the PCL cracks. Overall, all these degradation strategies 
are quite general and offer a variety of solutions for improving a 
safe self-degradation of the conductive polymers.

3. General Considerations on Solvents, 
Processing, Degradation Tests, and Embodied 
Energy

A crucial aspect to be taken into account in the fabrication of 
green and sustainable OTs is related to the type of solvents 
utilized for extraction/synthesis of raw materials and their 
processing to prepare substrates and active layers. Toxic and car-
cinogenic halogenated and aromatic solvents have been widely 
employed in traditional processes. In the last years their use 
has been banned or strongly limited in most of the developed 
Countries. Ideally, water would be the green solvent par excel-
lence. Common alcohols, ketones, and esters can also be clas-
sified as green solvents, because of their low toxicity. However, 
most of polymers utilized as semiconductors or conductors 

have nonpolar backbones that limit their solubility in polar 
green solvents. Thus, finding efficient green alternatives is, in 
general, not trivial. The Hansen’s solubility parameters (HSP), 
which rely on thermodynamic data and quantification of the 
intermolecular forces involved in dissolution processes (disper-
sion, polar, and hydrogen bonding forces) have been used to 
predict solubility and design efficient solvent blends. Computer-
aided methods, based on HSP, enable a rapid screening, which 
is accurate in the case of small molecules, but can give rise to 
non-accurate predictions in the case of polymers, because of the 
uncertainty of polymer length. For this reason, the selection of 
green solvent is still largely based on empirical approaches. As 
discussed above in the case of substrate materials, the choice 
of solvents for extraction of raw materials such as polysaccha-
rides-including cellulose-and proteins is quite limited. HCl, 
NaOH, and ethanol are commonly used in different extraction 
steps, but DES and NADES alternatives are reported quite fre-
quently.[83] In both cases, aromatic and halo-aromatic solvents 
can be avoided.

On the other hand, the choice of green solvents is particu-
larly relevant and challenging in preparation of semiconductors, 
conductors and insulators. Solution-processed techniques rely 
on the control of the deposition conditions and solvent evapora-
tion upon drying. The latter step is crucial in the case of blends, 
as the solvent evaporation rate mediates phase separation and 
leads structuring of the active layer film, which in turn strongly 
influences the electrical properties. D. Ho et al. reported a com-
parative investigation over a wide selection of green solvents to 
process 6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-PEN), 
often utilized as organic semiconductor in OTFTs. This study 
allowed to sort optimal green solvents, that is, non-harmful sol-
vents having suitable boiling point and viscosity, which enabled 
to fabricate OFETs with field-effect mobilities comparable or 
even superior to those achieved by chlorinated or aromatic com-
pounds. The best TIPS-PEN performances were obtained by  
using isobutyl acetate, which exhibited high mobility 2.6 cm2 V–1 s–1  
and on/off ratio >  104. Very good results were also reported  
for dimethyl carbonate, anisole, t-amyl methyl ether and iso-
propyl acetate. Isoamyl acetate, n-amyl acetate and diethyl car-
bonate were quite promising, however processing should be 
optimized. The study was then extended to other n- and p-type 
semiconductors, showing encouraging results in the case of 
isopropyl acetate and anisole.[141] Other common strategies to 
improve the solubility and processability of polymer (semi)con-
ductors are based on the introduction of ionic moieties in the 
lateral size of the hydrophobic polymer chain. As ionic chains 
limit the stability of the semiconductor to a narrow range of 
pH, neutral moieties are preferred as side groups. Successful 
examples are given by 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)
ethyl chains that have been linked to polythiophene to achieve 
P3TEGT polymers, which can be directly processed in water and 
employed in preparation of OFET devices with hole mobility of 
3.5  ×  10–5  cm2 V–1 s–1. Analogously, other non-ionic polymers 
such as PPDT2TFBT-A enabled ethanol processing and produc-
tion of OFET with hole mobility of 1 × 10–2 cm2 V–1 s–1.[141]

The fabrication of OT based on multilayered architectures 
asks for different deposition steps for semiconductor, elec-
trodes, and gate dielectric. For example, OFETs with a top-gate 
bottom-contact architecture require to deposit the dielectric 
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layer in the last deposition step. Thus, the employment of a 
solvent that dissolves the dielectric compound(s), yet does not 
dissolve the underlying semiconductor, is mandatory. More-
over, in some contexts, such as bulk heterojunctions, it is nec-
essary to achieve interpenetrated phases that are maintained 
separated at the nanoscale. Although this type of architectures 
is usually applied for molecular photovoltaic devices, useful 
lessons can be drawn also for OT fabrication. For example, 
limonene, a natural molecule extracted from citrus fruit peel, 
have been exploited as an orthogonal solvent to selectively 
dissolve fullerene derivatives (PCBM) deposited on poly(3-
hexylthiophene) (P3HT) layers. Limonene allows for excellent 
wetting of P3HT, without inducing its extended dissolution. 
As a result, PCBM layers can be uniformly spin coated over 
P3HT layers, yet PCBM/P3HT intermixing is minimized. In 
addition to its green nature, limonene outperforms dichlo-
romethane and other halogenated solvents utilized for the 
same scope.[142]

The rich palette of natural or bioinspired compounds that 
could be used as selective orthogonal solvents, makes that a 
burgeoning, yet still quite unexplored field, which promises to 
reach major breakthroughs in the next years. Another major 
aspect to be considered in design and fabrication of green 
OT is their degradation. In this regard, we should distinguish 
between different scenarios. The first one is that of degradation 
in natural environment. As discussed above, substrate deter-
mine over 99.5% of mass of OTs, thus substrate degradation 
is the main parameter to take into account. Natural environ-
ments offer a variety of factors that can promote degradation, 
such as temperature, solar irradiation, mechanical forces, enzy-
matic processes, including aerobic and anaerobic reactions, 
which can be mediated by fungi and bacteria, etc. Although 
quite heterogenous, the ways to test biodegradation are quite 
easy to implement. In fact, the degradation of green OTs should 
be tested directly in real or simulated natural environments. In 
general, substrates made of naturally derived materials are fully 
biodegradable. In parallel, anthropic chemical treatments can 
be applied in order to accelerate degradation and/or recovery 
and recycling of raw materials. Typical tests are carried out in 
acidic or alkaline conditions. On the other hand, OT for edible, 
or transient wearable electronics should be digested, cleared, or 

bio-resorbed through safe routes and without releasing harmful 
byproducts. In these cases, simulated biological fluids can be 
utilized to test biodegradation. The simplest tests are based on 
PBS solutions reproducing the physiological pH (7.4), with tem-
perature fixed at 37 °C. Under these conditions silk fibroin dis-
solve in 3 h, whereas keratin films are stable over 7 days, but 
can be degraded within 15 days by adding protease enzymes.[143]

Closely related to degradation in biological fluids is bio-
compatibility. Several studies on biocompatibility have been 
reported for silk fibroin, which was demonstrated to be safe for 
human skin and does not induce inflammations of cytotoxicity 
in feline and rat brains.[50,144] Keratin did not show any cytotox-
icity.[50] Collagen and PEDOT:gelatin films enabled adhesion 
and growth of endothelial cells, which could be helpful in view 
of fabricating OT for in-vivo bioelectronic applications. The use 
of biocompatible components can also be exploited to prepare 
composite substrates, as demonstrated in the case of chitin-silk 
membranes.[50]

Finally, a correct evaluation of the environmental impact of 
materials and processes involved in fabrication of OTs should 
take into account the energetic cost and CO2 footprint. This 
analysis is often totally neglected in the large majority of scien-
tific papers on this topic, yet it should be taken as a mandatory 
figure of merit in order to classify a given OT as “green”. The 
most critical issue in evaluating embodied energy is the absence 
of data related to the cost of extraction of natural materials and 
integrated evaluation of all the processes and chemicals utilized 
in the fabrication chain. In general terms, the evaluation of the 
“embodied energy” should account for the energy invested in 
the product lifecycle considered as a whole, which includes data 
for transports, manufacturing and disposal/recycling. For those 
reasons, an accurate estimate of the energy utilized to produce 
the components needed to fabricate an OT is not trivial, which 
represents a relevant part of the great uncertainty in classifying 
it as “green”.
Table 6 reports data extracted from two commercial software 

tools (OPEN LCA and CES Selector) dedicated to the calculation of 
embodied energy and CO2 footprint. Only a very limited portion 
of the materials described above is reported. No data are available 
for most of polysaccharides, proteins, small organic molecules, 
and polymers utilized as dielectrics or (semi)-conductors, as well 

Table 6. Embodied energy and carbon footprint values of relevant materials for organic transistors. All data have been extracted from OPEN LCA 
(Green Delta, version 1.10.3, Berlin, Germany, 2006), except from those of glass and paper, which have been extracted from CES selector (Granta 
Design, Cambridge Engineering Selector (CES) Software, 2019).

Material Role in OT Embodied energy [MJ kg−1] Carbon footprint [kg kg−1]

Glass Substrate (non flexible) 37.5–41.5 2.2–2.43

Paper Substrate (flexible) 49–54 1.11–1.23

PMMA Substrate, coating, gel 94.91769 3.92416

PVA Substrate, coating, gel 60.4175 2.8817

Melamine Small molecule dielectrics 92.28233 5.55856

Glucose (from starch hydrolysis) Small molecule dielectrics 16.77161 1.17416

Silver Conductor (not “green”) 4692.88268 319.61703

Gold Conductor (not “green”) 645299 61559

Magnesium Conductor (“green”) 286.92285 28.23575

Zinc Conductor (“green”) 30.99322 2.82859
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as for biodegradable elastomers that can be applied for stretch-
able substrates. As discussed above, over 99.5% of the mass of a 
transistor is given by the substrate, which is expected to have the 
major impact in defining its sustainability.

Interestingly, we note that embodied energy associated to the 
production of commercial paper is significantly higher than that 
needed to fabricate soda-lime glass, whereas the average CO2 
footprint is lower. In general, glass and paper can be classified as 
sustainable substrates, as the carbon footprint associated to their 
production is limited and both of them can be recycled, or in 
worst case scenario, disposed without major environmental con-
cerns. On the other hand, gate dielectric polymers such as PVA 
or PMMA have a relatively high energetic cost, however their 
contribution to the OT mass is quite limited. The same argu-
ments apply for conductors. Unfortunately, the absence of data 
related to conductive polymers restricted the comparison among 
conventional metals, like silver and gold, whose production is 
greatly energy consuming and in the case of gold poses serious 
social concerns, and “greener” metals like magnesium and zinc, 
can make their way in OT for transient or edible electronics in 
view of their biocompatibility and reduced carbon footprint. An 
important aspect in this analysis is related to the role played by 
solvents utilized for raw material extraction, purification and pro-
cessing has probably the stronger impact, as already discussed in 
recent papers on chitin/chitosan[83] and pectin extracted through 
different routes.[145] This issue is illustrated with an example in 
Table 7, which reports the variability of embodied energy and 
CO2 footprint associated to the production of starch. We note a 
strong dependence on the source of extraction. Using potatoes 
allows for a remarkable reduction of the impact in comparison 
to other sources, in particular rice, which is characterized by 
an embodied energy of the same order of magnitude of that 
required for silver production (Table 6) and a very strong carbon 
footprint. This example clearly demonstrates that using materials 
derived from natural sources is not per se sufficient to ensure 
their low environmental impact. As a consequence, the clas-
sification of a transistor (or, in general, an electronic device) as 
“green” or “sustainable” should not be based only on the type of 
materials utilized as components, but requires a deeper analysis 
of the energetic cost of production. Moreover, this example also 
highlights the importance of a careful selection of the sources 
and extraction methods. In this regard, developing strategies that 
enable extraction and purification of raw natural materials with 
reduced amount of solvents, such as those based on microwave 
and sonication-assisted methods,[145,146] could help mitigating the 
energy impact of OT fabrication.

Overall, the limited number of available data and the critical 
issues related to the evaluation of the energy and environmental 
impact make the production of reliable databases extended to 
all the materials utilized to fabricate green electronic devices 
one of the most compelling challenges for the near future.

4. Transistor Architectures and Figures of Merit

Various architectures have been used for the fabrication of 
organic transistors fabricated with green materials and technol-
ogies. The adopted architecture depends on the specific mate-
rials, solvents, fabrication technology, and operation conditions. 
Considering the last 10 years, an overview of the various organic 
transistor architectures, materials, fabrication technologies and 
figures of merit is shown in Table 8. The comparison shows 
that the most commonly used OFET architectures are bottom-
gate top-contacts (BG-TC).[54,109,110,125,147–155] In this architecture 
the gate and the insulator are deposited before the semicon-
ductor, reducing the semiconductor sensitivity to the roughness 
and wettability properties of the substrate. On the other side, 
the roughness of the substrate could be critical for the integrity 
of the insulator and planarization layer are used for improving 
the yield.[54,74,147] Other architectures used for the implemen-
tation of green OFETs are the bottom-gate bottom-contacts 
(BG-BC) and top-gate top-contact (TG-BC) structures.[156–159] 
BG-BC and TG-BC architectures have found application also 
for the implementation of ion-gated transistors, including both 
EGOFETs and OECTs.[69,74,160–162] Since in ion-gated transistors 
an ionically-conductive and electrically-insulating material is 
used for the electrostatic coupling of the gate with the channel, 
a simple yet effective implementation approach commonly 
used for EGOFETs and OECTs is based on lateral-gate bottom-
contact (LG-BC) architecture.[163,164] In this structure the gate 
and the source and drain electrodes are on the same level.

Table 8 shows that most of the approaches focused on the 
use or development of substrate materials, including paper, 
starch paper, cellulose, PLGA, caramelized glucose, ecoflex, 
hard gelatine capsule, natural resin shellac, and polysac-
charide.[54,69,74,109,147,149,150,153,155,156,158,163,164] As mentioned in 
Section  2.1, various planarization materials, including for 
example PVA, chitosan, and aurin, were used, especially in the 
case of paper substrates.[54,74,147] Various works also focused on 
the development of green materials and approaches for the 
gate insulator. Several approaches focused on natural mate-
rials including guanine, adenine, glucose, caffeine, shellac, 
almond gum, albumen and melanin.[54,109,110,125,151,159] Other 
approaches were devoted to the development of naturally 
degradable gate insulators including for example polymeth-
acrylated tannic acid (PMTA), trimethylsilyl cellulose, Fe-Gel-
atin, and choline-based ionic liquid embedded in polysaccha-
ride.[149,164] The gate insulator is a key component of a tran-
sistor and a large capacitance per unit area (Ci) results in both 
low-voltage operation and large on-current. When a polarizable  
gate dielectric is used, the typical Ci ranges from ≈1  ×  10–9  
F cm–2 to ≈700 × 10–9 F cm–2, and the best values were achieved 
with high-performance approaches based on self-assembled 
monolayers[148,153] When ion-based insulators are adopted, 
the nanoscale ionic-electronic charge compensation results 

Table 7. Embodied energy and carbon footprint values of different types 
of starch, obtained from the manipulation of different natural sources. 
Data extracted from OPEN LCA (Green Delta, version 1.10.3, Berlin, 
Germany, 2006).

Source of starch Embodied energy [MJ kg−1] Carbon footprint [kg kg−1]

Potato 0.77622 0.12804

Rice 4983.83261 787.55635

Pea protein 9.32064 0.75469

Maize 9.61064 0.92187

Wheat 11.61937 1.13517

Adv. Mater. Technol. 2022, 7, 2100445
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in Ci in the range 1  ×  10–6–100  ×  10–6 F cm–2, thus enabling 
the sub-volt transistor operation.[69,74,161,162,164] Finally, the few 
approaches addressing the development of green semiconduc-
tors include indanthrene yellow G, beta-carotene, PDPP-PD, 
and P(DPP-DTT-MS)-PE polymers. We note that the devel-
opment of green organic semiconductor is particularly chal-
lenging, and to date the best performance were demonstrated 
by Bao and co-workers.[153] More in detail, they developed a 
fully disintegrable and biocompatible polymer transistor with 
hole field-effect mobility of up to 0.12 cm2 V–1 s–1 operating 
at a negative maximum voltage of −10  V with an on/off cur-
rent ratio >104. Interestingly, BG-TC OFETs were fabricated 
on ultrathin cellulose (800-nm-thick) biodegradable substrates 
with iron source and drain electrodes. The transistors were 
also integrated in unipolar pseudo-CMOS circuit configura-
tion and both inverters and logic gates were demonstrated. 
The logic circuits were fully disintegrated after 192 h in a pH 
4.6 buffer solution, finding relevant application in environ-
ment-friendly transient electronics.

The pioneering work by Irimia-Vladu  et  al. demonstrated 
a wide set of biocompatible and biodegradable materials for 
OFETs. As displayed in Figure 9, OFETs based on a BG-TC 
architecture were fabricated with various substrate materials, 
gate insulators and semiconductors. The use of materials from 
nature are a key approach for environmentally-safe devices 
in low-cost, large volume, disposable or throwaway electronic 
applications, such as in food packaging, plastic bags, and dis-
posable dishware. Figure  9b–c shows the transfer and output 
characteristics of edible OFET fabricated on a gelatin capsule. 
A smoothing layer of aurin was used to reduce the roughness 
of the substrate. Guanine and adenine layers were deposited 

in vacuum and the organic semiconductor perylene diimide 
was deposited by spin-coating. Evaporated gold was used for 
gate, source and drain electrodes. We note that although on 
one side evaporation is an high-energy budget process, on the 
other side it is solvent-free when shadow masks are used. The 
edible OFETs showed a field-effect mobility μ = 0.02 cm2 V–1 s–1,  
a threshold voltage VT  = 10  V and a maximum on-current of 
2  ×  10–7 A at VG  = −20  V. The output characteristics display 
distinct linear and saturation regions, with flat output current 
when operating in saturation.

Much larger attention has been paid on paper-based organic 
transistors. Thanks to its renewable nature, low cost, ubiquity, 
and flexibility, paper can be a possible alternative to plastic in 
next-generation flexible electronics.[63,165–167] To date, several 
researchers have contributed to the development of OFETs 
on paper substrates and an excellent review by Zschieschang 
and Klauk specifically covered organic transistors on paper.[68] 
Along this research direction, Klauk and co-workers demon-
strated low-voltage high-frequency operation organic transis-
tors and circuits on commercial and banknote paper substrates. 
Low-voltage and high-frequency operation are very important 
features when organic transistors are used in portable applica-
tions relying on mobile power supplies and harvesting devices. 
Figure 10a shows the schematic cross-section of the p-type 
and n-type organic transistors fabricated on banknotes for 
active anti-counterfeiting or tracking features.[148] The p- and 
n-channel were fabricated by using dinaphtho[2,3-b:2′,3′-f ]
thieno[3,2-b]thiophene (DNTT)[168–172] and N,N′-bis(2,2,3,3,4,4,4) 
heptafluorobutyl-1,7-dicyano-perylene-(3,4:9,10)-tetracarbox-
ylic diimide (Polyera ActivInk N1100)[173,174] organic semicon-
ductor, respectively. These semiconductors were chosen for 

Figure 9. Organic transistors fabricated with natural or natural-inspired materials. a) Bottom-gate top-contact OFET fabricated with various substrate, 
gate insulator and semiconducting natural or natural-inspired materials. b) Transfer and c) output characteristics of an edible OFET on a hard gelatin 
capsule substrate. Aurin is used as smoothing layer. The gate dielectric is made of adenine and guanine. The organic semiconductor is perylene diimide. 
Reproduced with permission.[54] Copyright 2010, Wiley-VCH.
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their relatively high carrier mobilities and good shelf-life sta-
bility.[175,176] The OFETs were based on a BG-TC architecture and 
both the metals and the organic semiconductors were thermal 
evaporated. A high-specific capacitance (Ci) gate insulator was 
obtained by oxidation of the Al gate and subsequent chemical 
grafting of alkylphosphonic acid SEM. The transfer character-
istics of a DNTT-based OFET fabricated on a banknote is dis-
played in Figure 10b. The TFT showed a field-effect mobility of 
1.1 cm2 V–1 s–1, a threshold voltage of −1.4 V, an on/off current 
ratio of 105, and a subthreshold swing of 0.1 V dec–1. The gate 
current was below 10–9 A, confirming the excellent quality of 
the oxide/SAM gate dielectric. The stability of the OFET against 
mechanical deformations of the substrate was investigated by 
measuring the ID–VG characteristics before and after bending, 
which resulted in a tensile strain of about 3%. No appreciable 
variations were recorded. The authors investigated the impact 
of the surface roughness of the substrate by fabricating various 
organic transistors with the very same materials and process 
on three different substrates, namely glass (RMS roughness 
0.3  nm), PEN (RMS roughness 1  nm), and banknote (RMS 
roughness 190 nm). The effect of the surface roughness on the 
carrier mobility was clearly observed since the measured mobil-
ities consistently decreased from 3.6 to 1.1 cm2 V–1 s–1 while the 

gate current consistently increased from 10–11 to 3  ×  10–10 A, 
with the increasing the substrate roughness. These effects were 
attributed to the detrimental impact of the surface roughness 
on the degree of molecular ordering in the organic semicon-
ductor film and to the density of structural defects in the gate 
dielectric induced by the surface topology of the substrate.[177] 
Figure  10c shows the measured ID–VG characteristics as func-
tion of VD of n-type OFETs fabricated on banknotes. The OT  
showed a record field-effect mobility of 0.17 cm2 V–1 s–1, an on/off 
current ratio of 4 × 105, and a subthreshold swing of 0.17 V dec–1.  
Unipolar (p-type) and complementary inverters and ring oscil-
lators fabricated on a banknote are displayed in Figure  10d. 
The ring oscillators enabled to evaluate the switching delay 
per stage. The best performance, achieved with a minimum 
channel length of 1 µm and at a supply voltage of 4  V, were 
2.5 and 10 µs in the case of unipolar and complementary oscil-
lators on banknotes, respectively, As a comparison, when the 
circuits were fabricated on PEN substates, the switching delay 
of unipolar and complementary circuits were 0.58 and 6 μs, 
respectively. The slightly reduced performance was attributed 
to the reduced mobility and increased gate current due to the 
increased surface roughness. Figure  10e shows a comparison 
between the ring oscillators fabricated on a banknote and on 

Figure 10. Organic transistors and circuits fabricated on paper substrates. a) Schematic cross-section of p-type (DNTT) and n-type (N1100) BG-TC 
OFETs connected in an inverter configuration. The Molecular structures of the organic semiconductors DNTT and Polyera ActivInk N1100 are showed. 
b) Transfer characteristics of a DNTT OFET on a banknote before, during and after bending. The channel length and width are 100 µm and the gate-to-
contact overlap is 20 µm. Transfer characteristics of a N1100 OFET on a banknote. c) Transfer characteristics of a N1100 OFET fabricated on a banknote. 
d) Photograph of OFETs and circuits fabricated a banknote. e) Photographs of unipolar ring oscillators fabricated on a banknote (top) and on plastic 
PEN foil (bottom). Reproduced with permission from.[148] Copyright 2018, Wiley-VCH. f) Schematic 3D view and cross-section of BG-BC printed OFETs 
on commercial paper substrate. g) Transfer characteristic and gate leakage current of a p-type TIPS pentancene OFET. h) Transfer characteristic gate 
leakage current of a n-type ActiveInk N1400 OFET. i) Average saturation mobility of p-OFETs before and during bending at different radius (R = 45, 25, 10, 
7.5, and 5 mm). Error bars are the standard deviation. j) FIB-SEM image of an OFET cross-section. The various materials are highlighted. Reproduced 
with permission.[158] Copyright 2020, Wiley-VCH.
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PEN, demonstrating the strong impact of the surface rough-
ness on the deposited materials. Despite this, circuits oper-
ating at few volts and frequencies of several hundred kilohertz 
directly on paper substrates were demonstrated.

Other alternative approaches for the development of OFETs 
on paper substrates rely on the use of additive low-temperature 
fabrication methods. Printing techniques have gained interest 
for the rapid, precise and reproducible deposition of functional 
material. In this respect, inkjet printing on paper is very com-
petitive than other approaches. As recently demonstrated by 
Casula  et  al. low-voltage all-organic transistors and comple-
mentary circuits can be ink-jet printed on commercially avail-
able paper substrates.[158] The proposed organic transistors are 
based on a bottom-gate bottom-contact architecture, as sche-
matically depicted in Figure 10f. More in detail, BG-BC OFETs 
were fabricated on a 185 µm thick flexible paper substrate with 
a specific weight of 190 g m–2 and a surface coated nonporous 
primer layer with a surface roughness of about 0.5 nm. OT fab-
rication was based on two large-area techniques, namely ink-jet 
printing of electrodes and semiconductors and chemical-vapor-
deposition (CVD) of the gate insulator. Gate, source, and drain 
were fabricated by ink-jet printing the commercially-available  
biocompatible conductive polymer PEDOT:PSS. Parylene C film 
was deposited with CVD method obtaining a Ci = 9 × 10–9 F cm–2.  
P-type OFETs were obtained by ink-jet printing of TIPS  
pentacene while for n-type OFETs the ActiveInk N1400 was  
spin-coated. The process required a low thermal budget, with 
a maximum process temperature of 60 °C. The ID–VG charac-
teristics of the fabricated p- and n-type OFETs are displayed in 
Figure 10g,h, respectively. In both cases the gate leakage current 
was of the order of 10–10 A, which is comparable with the drain 
off-current. The p-type OFETs showed an average threshold 
voltage of −0.4  V, a subthreshold slope of 0.5  V dec–1, an on/
off current ratio >103, and a field-effect mobility in saturation 
regime of 0.2 cm2 V–1 s–1. The n-type OFETs showed compa-
rable parameters, viz. an average threshold voltage of 0.5  V, a  
subthreshold slope of 0.6 V dec–1, an on/off current ratio > 102, 
and a field-effect mobility in saturation regime of 0.01 cm2 V–1 s–1.  
To assess the device stability under operating conditions, 
the author measured over 500 double-sweep transfer charac-
teristics and observed a threshold voltage variation limited to  
a few hundreds of millivolts for the p-type OFETs and about 
1 V for the n-type OFETs. The mobility was less affected by the 
bias stress and it reduced of about 15% and 10% in the case of 
p-type and n-type OFET, respectively. The OFETs mobility was 
also monitored as a function of the bending radius and bending 
cycles. The minimum bending radius was equal to 5 mm and 
up to 200 bending cycles were performed. The saturation field-
effect mobility of both the p-type and n-type OFETs was not 
affected by the mechanical stress. As displayed in Figure  10i 
the maximum mobility reduction was less than 10% in the case 
of p-type OFETs with a bending radius < 7.5 mm. To verify the 
nanoscale OFET structure, focused-ion beam scanning electron 
microscopy (FIB-SEM) was performed. A device cross section 
is shown Figure 10j, where the stacking of various layers com-
posing the device is clearly visible. The FIB-SEM image showed 
that the deposited materials did not penetrate the substrate and 
formed a continuous layer, which is fundamental for the devel-
opment of printed electronics. FIB-SEM analysis also enabled 

a quantitative evaluation of different layers thicknesses, proving 
the integrity of the OFET architecture fabricated on commer-
cially available paper substrate.

Another transistor component that is receiving increasingly 
attention is the gate insulator, especially the class of biomate-
rial-based insulators. Biomaterials are biodegradable, bioresorb-
able, biocompatible, typically environmentally friendly, and do 
not require chemical synthesis. Along this research direction, 
an interesting approach by Guo and co-workers, proposed the 
use of chicken albumen dielectrics in OFETs.[151] The albumen 
was obtained directly from eggs without further extraction. 
Albumen is composed of 40 proteins and upon irreversible 
denaturation under thermal processes, the disulfide bonds 
formed between cysteine groups cross-link the protein mole-
cules. The most significant function of protein disulfide bonds 
in a dielectric layer of OFETs is the reduction of gate leakage 
current in albumen film without any additional additives. The 
authors found that the hydrophobicity of albumen dielectrics 
was tuned by means of the thermal treatment temperature 
and an optimized baking procedure was proposed. Upon spin-
coating, the albumen films were baked at 100  °C for 10  min, 
120 °C for 10 min, and 140 °C for 10 min to ensure the forma-
tion of a smooth and dense film for device applications. The 
proposed OFETs were based on BG-TC architecture, as sche-
matically depicted in Figure 11a. OFETs were fabricated on 
glass substrates and ITO was the gate electrode. Then albumen 
was spin-coated and properly baked. P- and n-type OFETs were 
obtained by thermal evaporation through a shadow mask of 
pentacene and C60 organic semiconductors, respectively. Finally, 
Au source and drain electrodes were evaporated. Figures 11b,c 
shows the measured forward and backward transfer character-
istics of pentacene and C60 OFETs with albumen dielectrics. 
Negligible hysteresis was displayed thanks to natural protein 
properties, hydrogen-bond inter-changes, and disulfide-bond 
crosslinking in irreversible thermal denaturation without 
any additional crosslinking agents. The pentacene- and C60 
albumen OFETs showed on-currents > 10–6 A at the maximum 
gate voltage |VG| = 25 V, threshold voltages of −8 and 1.5 V, on/
off ratio of ≈104, and leakage currents of the order of 10–10 A. 
The field-effect mobility of p- and n-type OFETs were 0.09 and 
0.13 cm2 V–1 s–1, respectively. Overall, this performance demon-
strated that albumen is an excellent dielectric in both pentacene 
and C60 OFETs. The specific capacitance of the albumen dielec-
trics was thoroughly investigated by means of metal–insulator–
metal (MIM) structures. Figure  11d compares the measured 
capacitance per unit area of albumen dielectrics with PMMA 
and PS dielectrics. The latter are typical dielectric materials 
used in OFETs. Investigating the frequency range 102–106 Hz, 
at 25 V, the capacitance per unit area of albumen was >12 × 10–9 
F cm–2, viz. almost the double of that obtained with PMMA 
and PS. A relative dielectric constant of albumen in the range 
5.3–6.1 was obtained, in agreement with other reports.[178] The 
larger specific capacitance resulted in a larger driven current, 
as readily visible by the output characteristics (ID–VD) display 
in the inset of Figure 11d. The influence of environmental con-
ditions on albumen dielectrics was also investigated by storing 
the MIM devices in nitrogen (relative humidity RH <  0.1%), 
ambient (RH% =  ≈50%), and water vapor (RH >  90%) con-
ditions at room temperature. As displayed in Figure  11e the 
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albumen capacitance was stable over 60 h either in nitrogen 
and ambient. Remarkably, a slightly decrease of <10% was 
obtained for the MIM devices stored in water vapor conditions. 
The excellent electrical and stability properties of albumen-
based OFETs allowed the fabrication of flexible complementary 
inverters operating at supply voltages of 15 and 20 V showing 
static gains of −15.3 and −20, respectively.

More recently, the concept of naturally degra-
dable dielectric materials has been further investi-
gated.[54,69,110,125,149,151,154,156,159–161,164] Along this research direc-
tion, Kim and co-workers suggested the poly-methacrylated 
tannic acid (PMTA), derived from natural tannic acid, as a 
naturally degradable dielectric material for reducing e-waste.[154] 
Tannic acid (TA) is abundant in nature, inexpensive, a “green” 
material that can be degraded by soil bacteria, and it is also 
edible.[179,180] However, the molecular weight of TA is too small 
and thus unsuitable for the fabrication of the dense structures 
needed for robust electrical materials. To overcome this limita-
tion, the authors substituted the abundant hydroxyl groups in 

TA with methacrylate groups forming the dense structure of 
PMTA. Interestingly, although methacrylate groups in meth-
acrylated tannic acid (MTA) formed robust bonding, PMTA still 
contains many ester groups, which can be easily hydrolyzed 
making PMTA by-products soluble in water.[181]

The BG-TC OFET architecture and the molecular structure 
of PMTA are displayed in Figure  11f. Gate, source, drain, and 
semicondutor were deposited by thermal evaporation while 
PMTA was deposited by spin coating. The measured drain 
and gate current as a function of the gate voltage are displayed 
in Figure  11g. The OFETs show a maximum on-current of 
3 × 10–6 A at the maximum VG = −20 V, an on-off current ratio 
>  104 and the gate leakage current was <3  ×  10–9 A. The for-
ward and backward VG sweep shows no hysteresis even if no 
surface treatment of the PMTA layer was used. The maximum 
field-effect mobility obtained with untreated PMTA layer was 
0.14 cm2 V–1 s–1 and it increased to 0.23 cm2 V–1 s–1 when the 
PMTA was treated with hexamethyldisilazane (HMDS) SAM. 
The specific capacitance of a PMTA MIM device as a function 

Figure 11. Organic transistors fabricated with naturally degradable gate dielectrics. a) Schematic structure of a BG-TC OFET fabricated with albumen 
dielectrics. b) Transfer characteristics of a p-type albumen/pentacene OFET. c) Transfer characteristics of a n-type albumen/C60 OFET. d) Capacitance-
frequency characteristics of albumen, PMMA, and PS MIM devices. Inset: output currents of pentacene OFETs with albumen, PMMA, and PS dielec-
trics. Reproduced with permission.[151] Copyright 2011, Wiley-VCH. f) Schematic cross-section of poly-MTA (PMTA) and of a BG-TC OFET fabricated 
with PMTA. g) Drain and gate current as a function of the gate voltage of a p-type pentacene OFET. h) Capacitance-frequency characteristics of PMTA 
devices. i) Percentage variation of the PMTA capacitance as a function of storage time in ambient environment. j) Degradability test of PMTA/pentacene 
OFETs on PVA substrates immersed in PBS buffer solution at 35°C. Reproduced with permission.[154] Copyright 2018, Elsevier.

Adv. Mater. Technol. 2022, 7, 2100445

 2365709x, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202100445 by U
niversity D

egli Studi D
i B

ari, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH2100445 (22 of 38)

www.advmattechnol.de

of frequency is displayed in Figure 11h The PMTA capacitance 
per unit area was in the range 20–28 × 10–9 F cm–2 and a non-
monotonous trend was observed by increasing the frequency 
from 2 to 106 Hz. Moreover, PMTA showed an electrical break-
down strength as high as 5.4 MV cm–1, which is more than the 
double of that obtained with PMMA, PS and PVP dielectrics (in 
all cases the MIM thickness was 154  nm). Figure  11i displays 
the variation of PMTA capacitance measured as a function of 
time, demonstrating that the capacitance of PMTA dielectric 
insulators is stably for over 30 days. The degradability test of 
the OFETs fabricated with PMTA insulating layer on PVA sub-
strates was tested by immersing the devices a PBS solution 
(pH 7.4) at 35 °C. As displayed Figure 11j the OFETs were fully 
degraded after 8 days. Further tests in 3.5 wt% NaCl solution at 
35 °C (close conditions to seawater) demonstrated fully decom-
posed OFETs within 19 days. The good stability in ambient 
environment, the quite fast degradation in salt water conditions 
and considering that the by-products of PMTA degradation are 
non-toxic,[182] health risks during waste disposal show good 
potential for reduction of e-waste.

Very recently, biocompatible and biodegradable organic tran-
sistors based on the OECT architecture have been proposed by 
Kim and co-workers.[164] They developed a solid-state electrolyte 
composed of levan polysaccharide, a transparent, flexible, and 

water-soluble biomaterial,[183] and two ions, namely choline and 
malate. Choline can be found in many plants, eggs, and ani-
mals and it is a class of quaternary ammonium compound that 
can be dissolved in water.[184] Malate contributes to sour taste of 
fruits.[185] Relevantly, the biocompatible, biodegradable, and solid-
state electrolyte was used for both the gate insulator and the sub-
strate of the OECTs. Figure 12a shows the schematic 3D view 
of the lateral-gate bottom-contact (LG-BC) OECT architecture. 
The Levan-Based Solid-State Electrolyte (LSE) was fabricated 
by dry casting of a solution mixed with levan and ionic liquid 
synthesized from choline, malate ions, and evaporating solvent. 
Dry casted freestanding LSE film showed 98% transmittance in 
the visible region. The p-type semiconducting polymer poly(3-
hexylthiophene), poly[3-(5-carboxypentyl) thiophene-2,5-diyl] 
(P3CPT) was deposited using transfer method, and Cr/Au elec-
trodes were deposited by thermal evaporator using shadow 
mask. A 100  µm thick LSE film was used as substrate as well 
as solid-state electrolyte. We note that the various components of 
the organic transistor, including the semiconducting polymers 
based on polythiophene, are biocompatible and can also be used 
in biological applications.[186–188] The semiconductor polymer was 
spin-coated on oxygen plasma treated PDMS mold and placed on 
the LSE film. The semiconducting polymer was transferred on 
the LSE film by the coated PDMS at 90 °C for 20 min.

Figure 12. Biocompatible and biodegradable organic ion-gated transistors. a) Schematic 3D view of the LG-BC organic electrochemical transistor 
(OECT) architecture and relevant materials. b) Simplified cross-section and the working principle of the LG-BC OECT. c) Capacitance per unit area and 
phase angle as a function of frequency for various Levan: [Choline][Malate] ratios. d) Transfer characteristics as a function of the bending radius. Inset: 
photograph of the fabricated organic transistors under bending. e) Photographs showing water-solubility when the organic transistors were immersed 
in deionized water for 0 (left), 30 (middle), and 120 (right) minutes, respectively. Reproduced with permission.[164] Copyright 2020, Wiley-VCH.
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The simplified cross-section and the working principle of the 
organic transistor are displayed in Figure  12b. The transistor 
gaiting relies on the ion transport within the solid-state elec-
trolyte and the ionic-electronic interaction at the electrolyte/
polymer interface.[189–191] Depending on the applied gate voltage, 
the polymer switches from ion impermeable to ion permeable 
operation. More in detail, at low gate voltage (|VG| < 0.5 V) the 
ions cannot penetrate the P3CPT semiconductor and a single-
interface electric-double-layer (EDL) is obtained, resembling 
the EGOFET architecture. By contrast, at high gate voltage ions 
penetrate the semiconductor and a volumetric EDL is obtained, 
as in conventional OECT operation. Since ions can drift in the 
LSE accumulating at the gate/electrolyte and electrolyte/semi-
conductor interfaces, it is not required that the gate is aligned 
to the channel. The gate can be placed on the same level of the 
source and drain and this greatly simplifies the device fabri-
cation. In addition, because of the nanoscale ionic-electronic 
charge compensation, the gate capacitance per unit area is 
large, thus allowing low-voltage operation. Electrochemical 
impedance spectroscopy was used for the characterization of 
the LSE capacitance per unit area as a function of frequency. 
A frequency range from 1 to 104 Hz was scanned and various 
Levan: [Choline][Malate] ratios were explored. Figure 12c shows 
that in all the cases the capacitance per unit area significantly 
reduced by increasing the frequency. The maximum capaci-
tance was as high as 1 × 10–4 F cm–2 and at the maximum fre-
quency it reduced down to 10–8 F cm–2 considering the best 
material 1:1 wt% Levan: [Choline][Malate]. Importantly, adding 
choline-based ionic liquid dramatically increased EDL capaci-
tance of LSE. The more ionic liquid in the LSE, the closer 
capacitive behavior was observed.

A photograph of the fabricated organic transistors under 
bending is displayed in the inset of Figure  12d. The impact 
of the mechanical stress was investigated by measuring the 
transfer characteristics as a function of the bending radius. 
Figure  12d shows that without bending (no strain) the max-
imum on-current was 2  ×  10–4 A at the maximum (negative) 
gate voltage VG  = -2  V and the on-off current ratio was >103, 
in agreement with state-of-art OECTs fabricated with conven-
tional photolithographic and printing methods.[192–195] The cal-
culated maximum transconductance was about 2  ×  10–3 S at 
VDS = −1 V (OECT channel length and width = 1000 µm). As the 
degree of cross-linking of the biodegradable LSE increased, the 
electrolyte and organic transistors on the electrolyte enhanced 
the reliability of electrical performance against bending. Var-
ious electrical characteristics measured as a function of the 
bending radius and stretching (Figure  12d) demonstrated that 
the LSE OECTs were robust to the mechanical stress. In addi-
tion, biocompatibility and immune response was accurately 
evaluated by in vivo experiments of OTs implanted subcutane-
ously into rats. After a natural acute immune response at the 
initial stage of implantation, over time (5 days), the distribution 
of macrophages of the M2 phenotype increased and the tissue 
was remodeled as soon as all the implanted materials were 
biodegraded. Figure 12e shows dissolution behavior of organic 
transistor arrays when immersed in deionized water at room 
temperature. LSE completely dissolved within 2 h. LSE film 
and semiconducting polymer reacted with water and slowly 
dissolved, while gold electrodes were dispersed in water or any 

other bio-solution like buffer solution, cerebrospinal fluid as 
the substrate dissolved. The excellent biocompatibility and bio-
degradability properties combined with the mechanical stability 
and the low-voltage operation, allowed the measurements of 
ECG signals directly on the organs, as for example the heart of 
rat, opening opportunities also for implantable and resorbable 
bioelectronics.

5. Integration Approaches and Technologies

Conventional manufacturing of traditional silicon electronics 
involves expensive and time-consuming fabrication processes 
including high-temperature doping, vacuum-based deposi-
tion, photolithography, as well as dry/wet etching. In general, 
biocompatible and biodegradable materials are not compatible 
with the standard etching processes and several techniques 
have been utilized to fabricate and pattern green materials. 
Those techniques can be classified according to three main 
categories, namely vacuum-based mask deposition, transfer 
printing, and solution-based printing. So far, conventional 
vacuum mask-based deposition is the mostly used fabrica-
tion scheme. This techniques use shadow masks to define the 
layout of devices and offer the advantage of avoiding solvent 
compatibility issues, as typically experienced with photolitho-
graphic methods.[196] Many bioresorbable electronics materials 
have been processed into functional layers by this scheme, as 
for instance on silk.[197,198] However, vacuum based mask dep-
osition is not applicable to circuits with highly complicated 
designs due to the limited resolution and possible diffusion of 
deposited materials. Moreover, the choice of substrates is nar-
rowed because the temperature of substrate should be kept well 
below its glass transition temperature during the deposition to 
avoid deformation or degradation.[199]

Using vacuum-based mask deposition techniques, Bao et al. 
first reported a thin film p-channel 5,50-bis-(7-dodecyl-
9H-fluoren-2-yl)-2,20-bithiophene transistor fabricated on a 
poly(lactic-co-glycolic acid) (PLGA) substrate with a PVA gate 
dielectric.[199] We note that PLGA has been approved by the US 
Food and Drug Administration (FDA) and it is widely employed 
in pharmaceutical, medical, and industrial fields due to its bio-
compatibility, biodegradability, non-toxicity. The transistors fab-
ricated on PLGA showed a hole mobility of 0.253 cm2 V–1 s–1, 
similar to the one achieved with an OFETs fabricated with the 
same semiconductor but on Si substrate, and an on/off ratio 
of 9.4  ×  103.[200] Since then, PLGA has also been utilized in 
organic electrochemical transistors (OECTs)[201] as well as in 
water-gated OFET[202] as a biodegradable substrate. Moreover, 
cellulose has been used as OFET substrate as well.[203] Recently, 
Bao  et  al. reported an ultrathin, ultralightweight cellulose 
substrate for transient electronic applications.[153] Figure 13a 
shows a fully biodegradable and biocompatible BG-TC OFET 
fabricated on an ultrathin cellulose (800-nm-thick) substrate 
using vacuum-based mask deposition techniques. More in 
detail, the gate, source, and drain electrodes were deposited by 
thermal evaporation through a shadow mask, the Al2O3 insu-
lating layer was deposited by atomic-layer-deposition at 150 °C 
and treated with butylphosphonic acid as the SAM layer, and 
the synthetized PDPP-PD semiconductor was deposited by 
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spin coating. In order to realize “green” electronics with zero 
footprint, a totally disintegrable conjugated polymer was then 
combined with the biocompatible substrate. In addition, iron 
was used for the gate and source-drain electrodes instead of 
gold. The work function of iron (4.8 eV) is close to the HOMO 
level of the polymer (5.11 eV), making it a good candidate for 
the replacement of the commonly-used gold. Indeed, although  
gold is a bio-compatible material widely used in implantable 
electronics,[54,204] it is not dissolvable.[205] The iron-based devices 
showed reasonable hole mobilities of 0.12  ± 0.04 cm2 V–1 s–1  
with on/off ratios >104.  Although operational stability for 
three days in DI water was demonstrated, the OFETs were 
rapidly degraded in a pH 4.6 buffer solution containing  
1 mg mL−1 cellulase. Figure 13b displays the degradation process,  
showing that iron electrodes degrade rapidly under this condi-
tion, typically within 1 h. Considering the other OFET mate-
rials, including the conjugated polymer, cellulose substrate, 
and alumina, they were completely degraded within 30 days. 
Interestingly, for practical applications the degradation speed 
of the device could be potentially tuned trough appropriate 
decomposable encapsulation materials.

Comparatively, the lesser developed solution-based printing 
techniques, relying on non-vacuum and scalable methods, are a 
promising route toward the low-cost and facile manufacturing 
of green organic transistors.[206–208] Remarkably, solution-based 
digital printing is an additive manufacturing process with 
significantly reduced material waste compared to the conven-
tional subtractive methods. Among the various printing tech-
niques used for the fabrication of organic transistors, transfer 
printing – delivering processed and integrated materials from 
one substrate to another – has found wide application for green 
electronics and bioelectronics.[209,210] Transfer printing enables 
to expand the range of processable substrates by sequestering 
the harsh conditions of conventional fabrication processes (e.g., 
heating and etching) from the target substrate. Indeed, devices 
can be temporarily fabricated on conventional substrates such 
as Si wafers with standard fabrication processes, and then 
transferred onto biocompatible and biodegradable “green” 
substrates with the help of sacrificial layer and polydimethyl-
siloxane (PDMS) stamp. Transfer printing has facilitated the 
integration of bioresorbable materials on almost any substrate 
of interest.[156,211]

Recently, Xiang et al. reported carbon nanotube transistors  
and integrated circuits that can be transferred to arbitrary  
surfaces. Interestingly, integrated circuit fabrication pro-
cesses were combined with transfer printing.[211] The transfer- 
printing fabrication process is illustrated in Figure 14a–c. 
Two transfer approaches, both wet and dry, were developed 
to meet different application environments. A sacrificial 
layer was positioned on a silicon wafer (Figure  14a). Sput-
tered copper (100 nm) was used for the wet etching approach 
and a spin-coated polyimide was used for the dry etching 
approach. Silicon dioxide (≈300 nm) was then deposited as a 
buffering layer via plasma-enhanced chemical vapor deposi-
tion (PECVD), and combined with evaporated and thermally 
oxidized yttrium (10  nm) on its surface. Following substrate 
preparation, the transistors and integrated circuits were fabri-
cated by photolithography to pattern Ti/Au as the buried-gate 
electrodes, Ti/Pd/Au as the source–drain contact electrodes, 
and HfO2 (20  nm) as the high-k dielectric. A solution-pro-
cessed semiconducting thin film was dip-coated as the active 
layer. Notably, hexamethyldisilazane (HMDS) monolayer 
passivation, which is often used in standard silicon fabrica-
tion processes, was utilized before dip-coating the carbon 
nanotubes thin film. The standard photolithography process 
yielded wafer-scale integrated circuits. For example, devices 
were fabricated on a 2-in. wafer, as shown in the inset image 
of Figure 14a. A transfer technique was then implemented, as 
depicted in Figure 14b,c. Various types of sacrificial layer were 
eliminated via different approaches. For wet etching, a thermal 
release tape was adhered to the devices, and the devices were 
soaked in a ferric chloride (FeCl3) solution for 3 h to remove 
the Cu sacrificial layer. After gently rinsing the devices in 
water and drying them under nitrogen, the devices with tape 
were pressed against the target substrate on a hot plate to 
release the tape and complete the process. In the dry etching 
process, the target substrate was mounted on a PDMS film. 
The devices, together with polyimide, were first transferred 
to the target substrate. Next, inductively coupled plasma was 
applied to eliminate the polyimide, and the target substrate 

Figure 13. Totally disintegrable electronics fabricated with conventional 
deposition techniques. a) Schematic of the materials and device structure 
used for totally disintegrable electronics. The electrodes were deposited 
by thermal evaporation through a shadow mask, the Al2O3 insulating 
layer was deposited by atomic-layer-deposition and treated with SAM, 
and the PDPP-PD semiconductor was spin coated. b) Photographs of a 
device at various stages of disintegration. Scale bars: 5 mm. Reproduced 
with permission.[153] Copyright 2017, National Academy of Science.
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was then gently peeled off the PDMS to complete the proce-
dure. Figure  14d-f shows the bio-integration capability of the 
fabricated devices with arbitrary nonconventional substrates. 
The authors demonstrated the operation of the transferred 
devices and circuits on a curved plant leaf. The transistors on 
biodegradable flexible substrates showed good reproducibility. 
When integrated in an inverter circuit topology, the circuits 
operated at ultralow power consumption, with an off-state cur-
rent as low as 10–13 A µm–1, a subthreshold swing of 0.06  V 
dec–1, and a static power consumption of 2.5 × 10–13 W. A full 
adder integrated circuit and a read-only memory operating at 
a supply voltage as low as 2 V were also demonstrated.

Printing methods, including for example screen-printing, 
spray-coating, transfer printing, and ink-jet, are applicable to 

a variety of natural-based, biodegradable and bioresorbable 
materials and substrates.[212–214] Schematics of common 
printing techniques are summarized in Figure 15.

Template-based printing methods, including screen printing, 
stencil printing, and microcontact printing, utilize predefined 
pattern of masks, screens, stencils, or soft stamps. Liquid inks 
containing functional materials are casted or sprayed onto the 
whole area of substrates and are selectively deposited according 
to the predefined pattern. Along this technology direction, an 
interesting approach combining screen-printing, high preci-
sion laser drilling and thermal evaporation was proposed by 
Peng  et  al. and a OFET-based 8  ×  8  active-matrix array onto 
standard paper was demonstrated.[216] Interestingly, the authors 
designed a silver nanoparticles paste used for the fabrication of 

Figure 14. Fabrication process and bio-integration capability. a–c) Schematic illustration of the key transistor fabrication procedures via dry etching or 
wet etching approaches. The device fabrication was accomplished on a 2-inch wafer, as shown in the inset of panel a. d–f) Photographs showing the 
bio-integration capability of the electronic devices transferred onto a wrist, biodegradable polymer (PVA) and a plant leaf. Reproduced with permis-
sion.[211] Copyright 2018, Springer Nature.
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the gate electrode and for the reduction of the paper substrate. 
The Ag paste contained silver nanoparticles with a diameter 
of 300  nm and showed a viscosity of 200  Pa s. This high vis-
cosity was selected o prevent the paste from spreading or being 
absorbed into the cellulose fiber. The Ag paste did not require 
post-deposition sintering process and was dried in ambient 
environment for 2 h, thus minimizing the thermal budget 
of the process and possible substrate mechanical deforma-
tions and stress due to the temperature treatments. The sche-
matic process and the optical and scanning electron micros-
copy (SEM) images of a mesh are displayed in Figure 16a. 
The electrical conductivity of the single layer screen-printed 
silver electrode on the paper substrate was measured to be 
104 S cm–1, which is comparable to other commonly used metal 
or indium tin oxide (ITO) electrodes. Such a large conductivity 
on high roughness surface is difficult to achieve by conven-
tional thermal evaporation or magnetron sputtering of a metal 
thin film. Furthermore, the screen-printed gate electrode can 
eliminate the need for thick underlying dielectric buffer layers 
such as PDMS and Cytop on the paper surface. Figure  16b 
shows that the surface roughness of the bare paper was sev-
eral micrometers (Figure 16c) and it reduced to around 150 nm 
after the deposition of the screen-printed Ag gate (Figure 16f). 
Then, the roughness was further reduced to <50 nm by depos-
iting a parylene-C layer via CVD as gate dielectric. The same 
Ag paste and different mesh patterns were used to screen-
print the source/drain electrodes and electrical interconnects. 
By optimizing both the screen printer settings and the mesh 
parameters, the printed electrodes. The schematic cross-section 
of the BG-TC OFETs as well as the SEM images of the various 
materials are displayed in Figure  16c–f. OFETs with repeat-
able 60 µm channel length and nine source/drain fingers were 
obtained. The OFETs showed a mobility and on/off ratio as 
high as 0.56 cm2 V–1 s–1 and 109, respectively.

With the development of additive manufacturing, various 
digital printing techniques with continuous manufacturing 
capabilities have been widely investigated. These digital 
printing techniques, such as inkjet printing,[217,218] aerosol jet 
printing,[219] and electrohydrodynamic (EHD) printing,[220] 
employ the movement of motorized stages for patterning. They 
are mask-less, drop-on-demand processes with high fabrica-
tion speed and minimized material waste.[221] The feature size 
of the digital printing is highly dependent on the diameter of 
the printing orifice and the printing speed. The smallest feature 
size achievable by traditional inkjet printing is around 20 µm, 
although fine features down to the submicron level have been 
produced with newly developed printing technologies.[222]

Combining printing transfer methods based on commercial 
tattoo-paper and ink-jet printing, Caironi  et  al. proposed the 
integration of biocompatible active electronic devices on edible 
substrates.[156] Temporary tattoo-paper consists of a sub-micro-
metric film of ethylcellulose (EC), a cellulose derivative, attached 
to a paper sheet by means of a sacrificial water-soluble starch/
dextrin layer. More in detail, by exploiting tattoo-paper, it was 
possible to easily and reliably transfer the sub-micrometric EC 
layer onto many different items. The tattoo-paper was soaked 
with water that dissolved the starch sacrificial layer, and it was 
then pressed onto the target object. Finally, the paper sheet was 
peeled off to release the conformable, hundreds of nanometers 
thick EC layer. Various sets of p-type and n-type OFETs were pre-
sented and characterized onto temporary tattoo-paper, where EC 
acted both as transferrable substrate and as gate dielectric layer 
of the OFETs. The OFET electrodes were deposited by inkjet-
printing and subsequent sintering of a commercially available 
silver nanoparticle (AgNP) ink. Importantly, the AgNP biocom-
patibility with the human body has been recently proved.[223,224] 
Sintered nanoparticles created a continuous layer of material 
that hinders phagocytosis, which is a dominant mechanism for 

Figure 15. Schematics of common printing techniques: a) screen printing, b) stencil spray printing, c) microcontact printing, and d) digital printing. 
Reproduced with permission.[215] Copyright 2018, Wiley-VCH.
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in vitro cytotoxicity.[225] The device fabrication steps are sketched 
in Figure 17a. The silver source and drain electrodes were inkjet-
printed and subsequently sintered directly on untreated tattoo-
paper. The typical channel width (W) and length (L) of the fab-
ricated OFETs were W ≈ 1000 µm and L ≈ 50 µm. Likewise, the 
semiconductor was also inkjet-printed, and annealed to remove 
residual solvent from the film. A separate piece of tattoo-paper 
was used to laminate a thin EC layer on the device, by exploiting 
the above mentioned transfer technique. This second EC layer 
acted as gate dielectric, providing an average gate capacitance 
of about 5.5  ×  10–9 F cm−2 at 100  Hz, a value compatible with 
conventional low-k insulating polymers such as PMMA. As dis-
played in Figure 17b, at the end of the fabrication process (before 
transfer) the OFETs have a staggered top-gate bottom-contact 
configuration, on the top of the tattoo-paper ready for transfer. 
The latter was achieved by first soaking the entire sample into 
water to dissolve the starch sacrificial layer, and then by placing 
it onto the edible substrate and removing the paper. OFETs 
were transferred on two different types of substrates: a glass 
microscope slide, serving as a rigid and planar reference, and 
a pharmaceutical, hard-gelatin capsule (Figure 17c). In order to 
remove the water in excess after the final transfer without com-
promising the integrity of the capsules, all samples were left to 
dry overnight in vacuum at a pressure of about 10 mbar. Overall, 
the fabrication procedure used scalable printing techniques and 
the tattoo transfer process. Moreover, four different polymer 

semiconductors, namely P3HT, 29-DPP-TVT and P(NDI2OD-
T2), were tested. This demonstrates the versatility of the transfer 
procedure and the compatibility with both hole and electron 
transporting materials, as required by robust complementary 
logic circuits.[226]

6. Sustainable Organic Transistor Applications

The widespread application of smart electronics has brought 
to a terrific revolution in human lifestyle, although resulting 
in the rapidly growing electronic waste and environmental 
issue. To this end, green and sustainable electronics and bio-
electronics have triggered great research interest.[49,53] In addi-
tion, biocompatibility and biodegradability allows implanted 
electronics dissolved or resorbed by the body, greatly reducing 
the risk of infection by secondary surgery for device removal in 
clinical applications.[49] Although biodegradable and sustainable 
electronics are urgently required, the implementation of appli-
cations based on green and circular approaches is still in its 
infancy. One of the most widely explored field of application of 
sustainable electronic is represented by the realization of elec-
tronic circuits, such as inverters and logic gates, which act as the 
basic backbone of most modern-day electronic devices without 
using any toxic and expensive materials. In this perspective, all-
organic printed circuits fabricated on a commercially available 

Figure 16. Transistor structures on printer paper. a) Schematic process of the screen-printing approach. Top middle inset shows an optical image of 
the enlarged source/drain pattern, where the light blue part is covered by emulsion. Top right inset is an SEM image of channel area defined between 
two fingers. b) Surface roughness (root mean square) after different fabrication processes. c) SEM surface image of the paper substrate. d) Schematic 
cross sectional structure of the transistor. e) SEM cross sectional image of the transistor under the drain electrode area. f) SEM surface image of the 
screen-printed gate electrode on paper. Reproduced with permission.[216] Copyright 2014, Springer Nature.
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paper substrate were recently demonstrated.[158] Specifically, 
complementary organic inverters and logic gates were fabri-
cated by combing inkjet printing and chemical vapor deposi-
tion, a mixed technology suitable for up-scalable to industrial 
size. The complementary inverter is a fundamental building 
block for both digital and analogue applications.[24] Logic gates 
are essential components for digital electronics. The OFET 
architecture and the figures of merit of both p- and n-type ink-
jet printed transistors were detailed presented in Section  4. 
Figure 18a displays the transfer voltage characteristic VO–VI 
and the corresponding static gain of a complementary inverter 
printed on commercial paper. The inverter showed a rail-to-rail 
behavior operating at low voltage (VDD = 5V), with a static gain 
of about −14 and a transition voltage from VDD to GND close 
to the ideal point VDD/2. The latter is a pre-requisite for a large 
noise margin. We note that the noise margin is a very relevant 
parameter in digital applications since it provides a quantitative 
evaluation of the inverter immunity against input signal varia-
tions (noise). According to the “maximum equal criterion”, the 
noise margin can be obtained by mirroring input and output 
voltages in the transfer curve and by determining the size of 
the maximum square that fits in the area between the original 
and the mirrored transfer curve. As shown in Figure  18b, the 
noise margin results to be 1.4 V which is about 50% of the max-
imum value VDD/2. Starting from basic inverters, logic gates 
were obtained. Indeed, an inverter is the simplest form of logic 

gates, that is, the logic NOT. As proof of concept of the pro-
posed technology, complementary NOR, OR, NAND, and AND 
logic gates were presented. As an example, Figures 18c,d shows 
the circuit configuration of a NAND and AND logic gates. This 
logic gates were fabricated by connecting two p-OFETs in par-
allel (pull-up network) and two n-OFETs in series (pull-down 
network), as shown in Figure 18c. Similarly, in a NOR gate the 
pull-up network consists of two p-OFETs in series and the pull-
down networks of two n-OFETs in parallel, while the comple-
mentary OR gate is obtained by connecting the output of the 
NOR to the input of an inverter. Typical voltage characteristics 
of the various logic gates are reported in Figure 18d. The oper-
ating voltage was VDD = 5 V, while the two input voltages, A and 
B, were 5 V for logical 1 and 0 V for logical 0. The fundamental 
logical operations AND, NAND, OR and NOR were demon-
strated, thus proving the great potential of fully-organic printed 
transistors for the development of low cost, flexible, portable, 
and easy recyclable electronic products.

Among the fields of application of biodegradable and sus-
tainable electronic proposed so far, remarkable is the case of 
biosensors for in situ health and food monitoring.[227–236] In 
this perspective, a biodegradable and biocompatible solid-state 
LSE OECT (structure and operation described in Section 4) has 
been recently applied in biomedical applications by electrocar-
diogram (ECG) recordings on skin of human body and heart 
of rat.[164] More in detail, Figure 19a shows the equivalent cir-
cuit used for ECG recording and the fabricated device attached 
on the skin. Excellent skin adhesion was obtained because 
the levan polysaccharide substrate and dielectric are based on 
fructose, which results in soft and sticky ideal properties to 
create a direct perfect contact with the body. The ECG signal 
coming from the heart muscular tissue where cell depolariza-
tion as ionic influx occurs generates the spread of ionic current 
to whole body that, in turn, results in a potential gradient on 
the human body. These potential changes affect measured cur-
rent from the biodegradable organic transistors by modulating 
polarization of the electrolyte, when attached on the target sur-
face. The recorded ECG signals from human skin are shown in 
Figure 19b when VGS = 0 and −1 V with VDS = −1 V. The ECG 
depicted the typical and periodical spikes with an amplitude of 
about 0.4 µA similar with heart beat signals from standard ECG 
equipment. Importantly, there was no remarkable current when 
the transistor was biased in off state (at VGS = 0 V), because the 
potential change on the skin was sufficient to generate polari-
zation of the OECT solid-state electrolyte. As a further applica-
tion example, biodegradable organic transistors were attached 
to the heart of rat for recording ECG (Figure 19c), settling the 
same experimental conditions with human skin attachment. As 
displayed in Figure 19d the ECG measurements shows a max-
imum peak current of about 15 µA, a larger value with respect 
to the human skin because of the organic transistor was posi-
tioned directly on the organ. In the case of the implanted tran-
sistor the biodegradable nature of the electrolyte and substrate 
eventually resulted in its degradation by body fluids.

Another challenging and emerging field of application of 
biodegradable and sustainable electronic is represented by neu-
romorphic devices. In fact, the connectivity of neurons through 
the synapses is a dynamic metabolic process that plays a crucial 
role in signal processing and cognitive behaviors. The efficiency 

Figure 17. OFET fabrication on tattoo-paper. a) Scheme of the OFET 
fabrication steps on tattoo-paper substrates. b) OFET structure before 
after transfer. c) Photograph of a set of silver electrodes transferred on 
to a pharmaceutical capsule. Reproduced with permission.[156] Copyright 
2018, Wiley-VCH.
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of connection, also referred as synaptic weight, changes with 
time, which involves learning, memory and various computa-
tional tasks of the brain. Such characteristics are called as syn-
aptic plasticity. There are several mechanisms to alter the syn-
aptic weights, including excitatory postsynaptic current (EPSC), 
short-term plasticity (STP), long-term plasticity (LTP), spike-
timing-dependent plasticity (STDP), etc. These mechanisms 
dominate the synaptic cognitive functions. These configura-
tions make our brain operate in an energy efficient mechanism. 
Inspired by such brain computation, neuromorphic computing 
has been proposed, exhibiting advantages of high degree of par-
allelism, low power consumption, high storage efficiency and 
good fault-tolerant characteristics.[237] Recently, several kinds of 
bio-inspired neuromorphic devices have been proposed, dem-
onstrating essential synaptic plasticity behaviors, including two-
terminal memristors,[238,239] three-terminal transistors[33,240–242] 
and multi-terminal transistors.[243,244] In this perspective, 
organic synaptic transistors with biodegradability and ultraflex-
ibility have been recently realized by exploiting neutral polysac-
charides as self-supporting dielectric layers.[245] The fabricated 
devices were only 200 nm thick allowing bending, folding and 

conformability to arbitrary-shaped objects. Dextran was used 
as the dielectric layer and the ultra-flexible and organic biode-
gradable synaptic transistors emulated the essential synaptic 
functions, including EPSC, STP, and LTP. Dextran was used 
as the dielectric layer and a bottom-gate top-contact configura-
tion, that corresponds to the structure of a biological synapse 
was used (Figure 20a). Specifically, the gate voltage pulse is 
regarded as the presynaptic stimulus, and the current in the 
conductive channel is analogous to the postsynaptic activity. 
The mobile proton in the dextran dielectric layer acted as the 
neurotransmitter and migrates in response to the presynaptic 
spikes. To assess the synaptic response of the dextran-based 
devices, the EPSC was measured by applying a presynaptic 
spike (−5 V) to the gate electrode. Hence, EPSC was triggered 
when the negative voltage pulse driven the charge carriers 
toward the DNTT channel. This eventually resulted in a peak 
current of about 2.5 μA at the end of the pulse (Figure  20b). 
Subsequently, protons inside the dextran membrane gradu-
ally drifted back to the initial positions, and the EPSC decayed 
back to the initial value within a few seconds. As displayed in 
Figure 20c, the pulse amplitude dependent EPSC was tested in 

Figure 18. Printed fully-organic complementary circuits on commercial paper. a) Inverter voltage transfer curve and static gain. b) Determination of the 
noise margin of the inverter. c) Circuit schematic of an AND and NAND logic gates. d) Outputs versus two inputs (A and B) voltage characteristics of 
AND, NAND, OR, and NOR logic gates. Reproduced with permission.[158] Copyright 2020, Wiley-VCH.
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the dextran-based synaptic devices in order to further investi-
gate the synaptic response. The maximum (negative) value of 
EPSC increased from −0.3 to −1.1 µA with the increment of 
the presynaptic stimuli amplitude (from −2 to −5  V) since an 
increasing number of protons were attracted towards the gate 
electrode. This, in turn, increased the time for the protons to 
diffuse back to the equilibrium positions.

Importantly, the degradation characteristics of the dextran-
based synaptic transistors were investigated. The devices were 
partially buried in the soil to simulate the situation of devices 
discarded to the natural environment carelessly. As shown in 
Figure  20d, the disintegration of the synaptic organic transis-
tors array after dripping water was very fast. The transistors 
completely disappeared after only 15 s. Overall, the reported 
application examples prove that organic transistors can be 
a viable route for sustainable and green electronics, bioelec-
tronics and neuromorphic applications.

7. Summary and Outlook

Organic transistor technologies have demonstrated huge 
advances in the broad field of large-area, flexible, conform-
able, soft, and lightweight electronics and bioelectronics. Such 
emerging technologies are enabling a vast number of new 
applications, where electronic and bioelectronic sensors, cir-
cuits, and actuators can be embedded in objects, clothes, and 
humans. On one side the approaching era of “(bio)electronics 

everywhere” will positively impact on the progress of our 
society and economy. On the other side, the emergence of elec-
tronics as ubiquitous feature of an advanced modern society is 
posing the challenge of managing an ever-increasing number 
of e-waste. In addition, emerging technologies will also enable 
the ultra-low-cost mass-production of lightweight plastic-based 
electronics and bioelectronics for disposable applications. 
Hence, the emerging e-waste is expected to reduce the weight, 
but the recovery will be even more difficult with respect to cur-
rent e-waste. Therefore, new sustainability requirements have 
to be considered for the development of next-generation green 
organic transistor technologies. Fortunately, organic materials 
and technologies can offer relevant solutions in this direc-
tion, leveraging on both chemical tunability of the synthetic 
approaches and low-thermal-budget additive techniques.

This review provided a snapshot of current green materials 
and technologies for the fabrication of sustainable organic tran-
sistors. We started considering the class of materials required 
for the fabrication of the organic transistor main components, 
namely the substrate, gate insulator, semiconductor, and con-
ducting electrodes. Substrate represents the most relevant 
component in terms of weight while the impact of functional 
materials is mainly due to the energy and solvents used for 
the fabrication. Interestingly, materials used for the substrate 
are increasingly used also as gate dielectric. At present, the 
most widely used green materials for substrate and gate die-
lectric include glass, paper, polysaccharides, proteins, natural 
resins, hydrogels, synthetic polymers and encapsulants, sugars 

Figure 19. ECG recording with biodegradable organic transistors. a) Photograph of the device on the skin of the human. Inset: equivalent circuit for 
measurement of ECG signals. b) Recorded ECG signals from the human skin with a standard EGC and the biodegradable OT. c) Photograph of the 
device on the heart of rat. d) Recorded ECG signals from the heart of rats. Reproduced with permission.[164] Copyright 2020, Wiley-VCH.
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and nucleobases. Then, we focused on natural or bioinspired 
organic semiconductors as well as on synthetic green organic 
semiconductors and conductors. The overview shows that bio-
degradable materials and green processed materials are still in 
their infancy and the transition towards green organic semicon-
ductors and conductors featuring low/zero-toxicity, biodegra-
dability, or recyclability, can be accomplished through different 
approaches. On one hand, natural, or bioinspired semiconduc-
tors and conductors can be either extracted or de novo syn-
thesized according to green chemistry protocols. On the other 
hand, synthetic organic semiconductors and conductors can 
be modified with functional groups that promote degradation 
under mild conditions.

A crucial aspect to be considered in the fabrication of green 
and sustainable organic transistors is related to the type of 
solvents utilized for extraction/synthesis of raw materials 
and their processing to prepare substrates and active layers. 
Ideally, water would be the green solvent par excellence. 
Common alcohols, ketones and esters can also be classified 

as green solvents, because of their low toxicity. However, most 
of polymers utilized as semiconductors or conductors have 
nonpolar backbones that limit their solubility in polar green 
solvents. Finding efficient green alternatives is not trivial and 
considering that the selection of green solvent is still largely 
based on empirical approaches, additional and more system-
atic work is required along this fundamental direction. In this 
regard, the recent impressive growth in accuracy and predic-
tion capability of machine-learning algorithms and combi-
natorial approaches could represent a powerful tool for the 
rapid screening and optimization of extraction and processing 
protocols.

Moreover, the evaluation of the environmental impact of 
materials and processes should take into account the ener-
getic cost and CO2 footprint. Unfortunately, an accurate 
estimate of the energy utilized to produce the components 
needed to fabricate an organic transistor is not trivial, and this 
represents a relevant part of the great uncertainty in classi-
fying it as “green”. The most critical issue in evaluating the 

Figure 20. Biodegradable organic synaptic transistors a) Schematic illustration of an artificial synaptic transistor (left) and corresponding biological 
synapse (right). b) EPSC triggered by presynaptic spikes. Insets show the hole distribution in the semiconductor before (left), during (middle), and after 
(right) the gate voltage. c) EPSC retention curves at various gate pulses. d) Disintegration process of the self-supporting synaptic organic transistors. 
Scale bar: 0.4 mm. Reproduced with permission.[245] Copyright 2020, The Royal Society of Chemistry.
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embodied energy is the absence of data related to the cost of 
natural materials extraction and integrated evaluation of all 
the processes and chemicals utilized in the fabrication chain. 
For example, no data are available for most of polysaccha-
rides, proteins, small organic molecules and polymers utilized 
as dielectrics or (semi)-conductors, as well as for biodegrad-
able elastomers that can be applied for stretchable substrates. 
Interestingly, we note that embodied energy associated to the 
production of commercial paper is significantly higher than 
that needed to fabricate soda-lime glass, whereas the average 
CO2 footprint is lower. Unfortunately, the absence of data 
related to conductive polymers restricted the comparison 
among conventional metals, like silver and gold, whose pro-
duction is greatly energy consuming. Overall, a great bunch of 
work is urgently necessary also in this direction.

Focusing on the transistor architectures and figures of 
merit, we compared and analyzed the research performed 
in the last 10 years. The most adopted approach is based on 
the fabrication of conventional organic transistors on green 
and/or bioresorbable substrates. The bottom-gate bottom-
contact architecture is used for reducing the negative impact 
of the substrate surface roughness on the gate insulator and 
semiconductor performance. The use of green conductors, 
for example, Fe instead of Ag or Au, is rarely explored. More 
ideas and solutions are emerging from ion-gated transistor 
architectures, which enable to simplify various device con-
straints, for example, the gate/channel alignment and the 
insulator thickness, opening possibilities for bioresorbable 
bioelectronics.

In contrast to the manufacturing of conventional silicon 
electronics where high-temperature doping, photolithography, 
and dry/wet etching fabrication processes are used, green 
approaches ask for low-temperature, minimum waste of mate-
rial and direct patterning. To date, three main technological 
approaches were identified as possible paths for a greener fab-
rication of organic transistors: i) vacuum deposition through 
shadow mask, ii) transfer printing, and iii) solution-based 
printing. Although the vacuum mask-based deposition is the 
most straightforward approach and it was widely used, the 
operating temperature limits its applicability when low glass 
transition point substrates are used and the energy budget is a 
serious point of concern. Comparatively, the lesser developed 
solution-based printing techniques can be a promising route 
toward the low-cost and photolithography-free manufacturing. 
Among printing techniques, transfer printing has found rel-
evant application for green electronics. The main advantage 
is that transfer printing enables to expand the range of pro-
cessable substrates by sequestering the harsh conditions of 
conventional fabrication processes (e.g., heating and etching) 
from the target substrate. In addition, printing methods, 
including screen-printing, spray-coating, transfer printing, 
and ink-jet, have also been applied to a variety of natural-
based, biodegradable and bioresorbable materials and sub-
strates. Interestingly, hybrid approaches combining transfer 
printing methods and ink-jet printing are finding relevant 
application for edible electronics. The advances of the field 
are highlighted focusing on application examples accounting 
for electronic circuits, bioelectronics, and artificial synaptic 
functionalities.

In a nutshell, we would suggest the following guidelines for 
the further development of green materials and technologies 
for sustainable organic transistors:

– Expand the database of synthetic, natural, and biodegradable 
materials providing optimized functionalities for the specific 
functions of the various device components.

– Develop systematic studies for the evaluation of the material 
solubility enabling a wider range of materials processable 
with benign non-toxic solvents.

– Perform accurate calculations of the overall energy and car-
bon footprint required for producing the components and 
devices. This will also enable a clear and fair comparison 
among the various heterogeneous approaches.

– Develop non-toxic, ultra-low temperature, and solvent-free 
manufacturing techniques.

Overall, the significant progress achieved in organic mate-
rials and technologies is very encouraging and the various 
research directions already put in place are an excellent spring-
board for next-generation ubiquitous and sustainable elec-
tronics, and bioelectronics.
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