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�. Introduction

Over the past �� 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 

Intelligent objects, autonomous factories and humans browsing the real 
world with arti�cial technology-based capabilities is not the movie set of a 
new saga but what is going to happen with next-generation electronics and 
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 di�cult. Thus, 
new design approaches are required considering that a possibly small but 
signi�cant 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, signi�cantly augmenting the 
objects� functionality or even creating new 
smart objects. Moreover, new-generations 
�exible, 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 �exibility, softness, and bio-
logical compatibility.[���] 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 �elds, including displays,[����] photovol-
taics,[�����] photodetectors,[��,��] physical,[�����] chemical,[��] and 
biological sensors,[��,��] analogue and digital electronics,[�����] 
robotics,[��] energy harvesters,[��] soft actuators,[��,��] synaptic 
and neuromorphic computing,[�����] medical and implant-
able devices,[��,��] and neural interfaces,[�����] to name a 
few. Most of these applications rely on organic transistors. 
Remarkably, organic transistors combine the signal ampli�-
cation � typical of transistor architectures � with more spe-
ci�c features tailored for the target application. By the way of 
example, high-frequency organic transistors can be integrated 
in ultra-low-cost radio frequency identi�cation tag (RF-ID)  
tags,[��] smart labels and multi-functional circuits,[��] piezo-
electric organic transistors on ultra-�exible surfaces can provide 
neurorobotics and neuroprosthetic interfaces,[��] synaptic tran-
sistors can yield neuromorphic computing,[��] and bioelectronic 
organic transistors can monitor in-situ cell biology[��] or, when 
properly endowed with receptors, detect biomarkers with high-
sensitivity in point-of-care early diagnostic settings.[��]

The wide range of functionalities o�ered by organic tran-
sistor technologies, often combined with hybrid silicon-organic 
approaches, are �nding increasing exploitation in the present 
markets and are expected to open even more and new oppor-
tunities in the near future, especially considering the �elds 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 arti�cial technology-based capabilities.[��] 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 e�ective 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 �exible 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 
signi�cantly contribute to increase the current volumes of 
electronic waste (e-waste). Here �gures are dramatically high: 
it has been estimated that up to �� million ton of consumer 
electronic products are discarded globally every year[��] 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 di�cult 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 (��� Mtons of plastic dumped into 
our oceans every year)[��] and it has been recently further high-
lighted by the COVID-�� 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 signi�-
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 � some de�nitions of key concepts 

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

We note that with respect to previous reviews[�����] covering bio-
degradable materials, bioresorbable materials, natural materials, 
and green processing for green electronics, here we speci�cally 
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�� the materials are 
classi�ed 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� �. Then, Section� � introduces tran-
sistor architectures fabricated with green approaches and the cor-
responding �gures of merits are presented. Integration strategies 
and fabrication technologies are discussed in Section��.�Finally, in 
Section�� these advances are highlighted focusing on application 
examples accounting for the �elds of electronics, bioelectronics, 
and arti�cial synaptic functionalities.

�. Green materials for Organic Transistors
Di�erent types of organic transistor (OT) architectures share 
essentially the same components (Figure �):

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

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

Term De�nition

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 con�guration 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 e�ective future devel-
opment of green and sustainable OT technologies.

�.�. Substrates and Dielectrics

Substrate represents the most relevant component (���.�%) 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.[��,��,��] 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 ���), highlighting the aspects related to their 
environmental impact.

�.�.�. Non-Flexible Substrates: Glass

Glass is the most widely used material for OT substrates that 
do not require high �exibility. Common glasses are transparent 
amorphous solids made of a mixture of silica and other oxides, 
such as Na�O 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 �.  Scheme of the elements of a typical organic transistor and the molecular components described in this section.
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Figure �.  Schematic representation of the main polysaccharides utilized as substrates, dielectric coatings and surface modi�ers.

Figure �.  Schematic representation of �-Keratin proteins utilized as substrates and dielectrics: a) silk, and b) keratin.
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electrical properties.[��] In general, the glass slides utilized as 
substrates for OT are made of soda-lime, which represents over 
��% 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 �� and ��� GPa, 
respectively, with a compressive strength around ���� MPa.[��] 
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 ���� MPa.[��] Although not biodegrad-
able, glass is fully recyclable. Recycling technologies made sig-
ni�cant progresses in the last years both in terms of e�ciency 
and low environmental footprint. Nowadays � ton of recycled 
glass save up to ��� Kg of CO� emission.[��] 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 (�� �nm)� 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.[��] The main di�erence 
between NAS and soda-lime glasses mechanical strength relies 
on the role of alkali ions. In NAS alkali ions enable the charge-
stabilization of Al�� ions in a tetrahedral con�guration, which 
reinforces the silicate network. On the other hand, in soda-
lime they break the silica network bonds, contributing to the 

Figure �.  Main components of natural shellac.

Figure �.  Schematic representation of gelatin electrolyte-based OECT; a) main components; b) geometric parameters; c) the gelatin hydrogel/
PEDOT:PSS channel interface and e�ect of pH on ionic concentration and channel conductivity. Reproduced with permission.[���] Copyright ����, 
American Chemical Society
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