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Abstract: The slowdown of Moore’s Law necessitates an exploration of novel computing method-
ologies, new materials, and advantages in chip design. Thus, carbon-based materials have promise
for more energy-efficient computing systems in the future. Moreover, sustainability emerges as a
new concern for the semiconductor industry. The production and recycling processes associated
with current chips present huge environmental challenges. Electronic waste is a major problem, and
sustainable solutions in computing must be found. In this review, we examine an alternative chip
design based on nanocellulose, which also features semiconductor properties and transistors. Our
review highlights that nanocellulose (NC) is a versatile material and a high-potential composite, as
it can be fabricated to gain suitable electronic and semiconducting properties. NC provides ideal
support for ink-printed transistors and electronics, including green paper electronics. Here, we
summarise various processing procedures for nanocellulose and describe the structure of exclusively
nanocellulose-based transistors. Furthermore, we survey the recent scientific efforts in organic chip
design and show how fully automated production of such a full NC chip could be achieved, including
a Process Design Kit (PDK), expected variation models, and a standard cell library at the logic-gate
level, where multiple transistors are connected to perform basic logic operations—for instance, the
NOT-AND (NAND) gate. Taking all these attractive nanocellulose features into account, we envision
how chips based on nanocellulose can be fabricated using Electronic Design Automation (EDA)
tool chains.

Keywords: computer engineering; nanocellulose; EDA; organic-based transistors

1. Introduction

Cellulose, the most abundant natural polymer on Earth, is a linear biopolymer com-
posed of anhydroglucose units with varying degrees of polymerization. Depending on
its source and processing method, cellulose can consist of several thousand glucose units.
The extensive intra- and inter-molecular hydrogen bonds within cellulose enable it to form
strong microfibrils [1,2], making it suitable for applications in the food industry, cosmetics,
medicine, and technical fields [3,4]. Moreover, cellulose’s renewability, biocompatibility,
and non-toxicity offer distinct advantages over synthetic materials commonly used in
electronic devices [5]. Materials derived from cellulose fibres can exhibit different physical
properties, despite sharing the same fundamental chemical structure [2]. Although cellu-
lose is a linear, unbranched polymer, it can assume various structural configurations at the
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molecular level, resulting in multiple allomorphs. The interactions within the crystalline
and amorphous domains, driven by various factors, including hydrogen bonding and
the degree of polymerization, impart distinct mechanical properties to the allomorphs.
For instance, a higher degree of crystallinity generally correlates with increased tensile
strength and thermal stability [6].

Nanocellulose (NC) consists of nano-sized cellulose fibrils and can be obtained from
various cellulosic sources, including plants and algae, and be produced by bacterial species
such as Agrobacterium [7], Gluconacetobacter [8], and Rhodococcus [9]. Bacterial nanocellulose
(BNC) is secreted extracellularly, forming a floating pellicle in static cultures that aids
immobilisation on the surface, facilitating aeration, and protects against dehydration and
microbial competition [10,11]. The quality of BNC depends on the cultivation method;
static cultures produce high-quality cellulose but pose scalability challenges, whereas agi-
tated fermentation is more scalable but often yields cellulose with inferior properties [12].
BNC offers significant advantages over plant-derived cellulose, including higher purity,
crystallinity, and polymerization [13,14]. On the other hand, BNC is less thermally sta-
ble [15], although its properties can be enhanced through chemical or polymer treatments.
Its production as a hydrogel is advantageous for applications requiring a never-dried
state; however, its drying can lead to irreversible agglomeration. Due to its high hy-
drophilicity, BNC can absorb up to 100 times its weight in water, forming hydrogels with
notable thixotropic properties, making it valuable as a thickening agent and suspension
stabilizer [16-18]. On the other hand, this feature can also be a disadvantage for some of
applications, as we discuss later on. Furthermore, BNC’s nanostructure supports inter-
actions with other polymers, nanoparticles, and small molecules, enhancing its utility in
biochemistry and material science [19-21]. While its hydrogel properties are well-explored,
BNC’s potential extends to aerogel synthesis. Nanocellulose aerogels have been used in
high-efficiency air filters, cooling systems, and advanced membrane distillation processes,
demonstrating superior performance compared to conventional materials [22-24].

In recent years, both cellulose and nanocellulose have garnered significant atten-
tion in the field of electronics [25-27]. A recent study demonstrated versatile uses of
organic field-effect transistors (OFETs) using either organic polymers, such as poly(methyl
methacrylate) [28], and a copolymer, such as 1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane
polymerized with 1-vinylimidazole [29], or even cellulose thin film or a semiconducting
layer coated onto a cellulose dielectric [30]. The increasing demand for energy-efficient
portable electronic devices such as mobile phones and computers has prompted many
studies to pursue low power consumption, high carrier mobility, and reduced off-state
current in unipolar n-type field-effect transistors (FETs).

While OFETs present promising solutions [31], they have limitations, such as low
intrinsic carrier mobility and loosely pinned off-state current, resulting in a poor current
on/off ratio compared to inorganic FETs. These shortcomings lead to a reduced noise
margin, higher power consumption in standby mode, and lower processing power. In con-
trast to this, inorganic n-type FETs exhibit high carrier mobility, a high current on/off
ratio, and well-defined saturation characteristics [32]. NC emerges as a versatile material
that is easily produced and integrated as a key component of a nanocellulose chip. Its
unique electronic properties, whether in isolation or combined with conductive agents,
enable it to function as a conductor, insulator, or semiconductor. Furthermore, NC serves
as an optimal composite material and support for green paper electronics [33-36]. For
instance, ink-printed electronics such as transistors and other electronic components can be
advantageously printed on NC supports.

In this survey, we collected important evidence and published results on p doping
and n doping of NC, as well as the modification of NC conductivity, exploring how these
properties allow for and facilitate the design of various NC transistor types, such as field-
effect and single-electron transistors. A transistor entirely made from NC would not only
be environmentally friendly but would also offer significant potential for miniaturisation
comparable to that of conventional electronics.
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We examine how these attractive properties could enable the fabrication of NC-based
chips using Electronic Design Automation (EDA) tool chains. Additionally, we highlight the
unique composite-hosting properties of NC for future research, including light-activated
enzymes, DNA wires, and DNA storage, concluding that NC holds immense potential as
the foundation for a new generation of computer chips.

The contributions of this survey are summarized as follows:

*  We survey how the electrical properties of nanocellulose can be influenced either by a
conductive agent or n or p doping.

*  We present a new concept of how a transistor consisting only of nanocellulose com-
pounds can be created.

¢ We review the high potential for miniaturisation of nanocellulose from transistors
down to single-electron transistors.

*  We envision a PDK and EDA design flow for fully biodegradable nanocellulose chips.

The remained of this paper is structured as follows. First, we present the related work
and our envisioned nanocellulose transistor in Section 2 (a concept of the nanocellulose
transistor, not a demonstrator). In Section 3 we survey the literature on conductive agents
and NC. The envisioned PDK and EDA design flow are presented in Section 4. Section 5 re-
views further extensions of the NC composite, whereas Section 6 discusses the development
steps for the presented NC transistor, leading to the conclusions presented in Section 7.

2. Related Work: Nanocellulose Has a High Potential for Microelectronics

Table 1 summarizes the recent achievements by researchers that pave the way to
creating organic and sustainable microelectronic devices. We classify these achievements
based on the final properties of the fabricated devices. Our focus on nanocellulose-derived
materials is based on their wide range of properties and their biodegradability.

A decade ago, NC was investigated as an appropriate material for simultaneous use
as a substrate and gate dielectric for flexible thin-film transistors (TFTs) [37]. Noncrystalline
cellulose films were derived from cotton wool and formed by the following two methods:
(1) solvent casting and evaporation and (2) sheared casting. Both methods resulted in
good mechanical stability of the 20 um NC films. TFTs were built using a relatively costly
sequence of radio frequency magnetron sputtering and e-beam deposition steps on both
sides of the NC films for the active semiconductor and electrode layers. The films formed
via evaporation led to better electrical properties of the transistors due to lower surface
roughness and, hence, a better interface between the dielectric and semiconductor materials.

Table 1. Summary of recent achievements with respect to sustainable microelectronic devices, with a
special focus on applications of nanocellulose-based materials.

Recent Achievements in Sustainable Microelectronics

Year Reference Organic  Biodegradable  Flexible Nanocellulose
[38] Yes Yes Yes Substrate
2024 [39] Hybrid Yes Yes
[40] Hybrid Yes
[41] Yes Yes Yes Substrate and dielectric
2023 [42] Yes Yes Yes Dielectric
[43] Yes Yes Yes Dielectric
[44] Yes Yes Yes Substrate and dielectric
[45] Yes Yes Yes P-type semiconductor
2022 [33] Yes Yes Yes Substrate
[46] Yes Yes Yes N- and P-type semiconductor
[47] Yes Yes Yes Substrate
[48] Hybrid Yes Yes
2021 [49] Yes Yes Yes Dielectric
[50] Yes Yes N-type semiconductor
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Table 1. Cont.
Recent Achievements Towards Sustainable Microelectronics
Year  Reference Organic Biodegradable Flexible Nanocellulose
2020 [51] Hybrid
2018 [52] Hybrid Yes Yes Dielectric
2016 [53] Hybrid Yes Yes Substrate
2014 [37] Hybrid Yes Substrate and dielectric

The authors of [53] printed transistors on NC substrates using ink-jet technology,
emphasizing the material’s adaptability and compatibility with commonly used and inex-
pensive manufacturing processes. It was concluded that NC performs as well as plastic as
an inert substrate. Mechanically stable, ultra-thin 2 um NC substrate films were fabricated
in [38].

Ionic Conductive Cellulose Nanopapers (ICCNs) have demonstrated excellent per-
formance in the formation of the dielectric layer between the transistor’s gate and semi-
conductor layers [52]. ICCN is a nanocellulose-based material specifically designed to
function as solid dielectrics in low-voltage organic transistors. With a thickness of about
40 pm, it can operate at gate-source voltages below 2 V, keeping its self-supporting prop-
erties such as flexibility and transparency. ICCNs exhibit a high dielectric constant and
possess outstanding mechanical properties, including high-temperature resistance and the
formation of an ultra-smooth surface. The material proposed by Dai et al. was created
from TEMPO-oxidized cellulose derived from softwood pulp, which was pre-treated with
trichloro(1H,1H,2H,2H-tridecafluoro-n-octyl)silane and spin-coated with ionic liquids (oc-
tadecyltrichlorosilane toluene solution). This material represents an important step towards
flexible and green electronics [52].

More recently, both n-type [46,50] and p-type [45,46] semiconductor materials were
achieved by the transformation of NC. The authors of [46] showed that it is possible to tune
the electrical properties of NC-derived material by controlling the pyrolysis temperature.
At a lower temperature of 650 °C, a mostly n-type semiconductor was formed, while higher
temperatures of up to 1100 °C resulted in p-type composites. An n-type semiconductor is
characterized by an excess of free electrons in its molecular lattice. Conversely, a p-type
semiconductor has an excess of holes (lack of electrons) in its lattice. By controlling the
pyrolysis temperature of NC, one can control the density of electron-donating furan-like
ether structures (greater at lower temperatures—hence, n-type) and electron-withdrawing
carbonyl group structures (greater at higher temperatures—hence, p-type) [46].

The utilisation of these materials to build transistors has yet to be explored, but they
provide good evidence that a fully complementary technology (p-type and n-type transis-
tors) based on NC is achievable. Complementary technology is associated with high levels
of operational reliability and low static power consumption. Furthermore, deviating from
complementary technologies may render the current state-of-the-art EDA solutions unus-
able. Nanocellulose, when combined with other materials like graphene, provides highly
desirable properties for flexible electronics [27]. Therefore, nanocellulose-derived materials
can form each of the necessary layers (substrate, dielectric, conductor, and semiconductors)
in the construction of transistors and chips.

Transistors are used in microelectronic devices as voltage-controlled switches. The
voltage at a given point in the circuit is interpreted as a logic (binary) value, i.e., 1 or 0.
The most basic logic function is inversion (NOT), where an input logic value of 0 results in
an output logic value of 1 and vice-versa. An electronic inverter is built by connecting at
least two transistors and is commonly the first test vehicle to benchmark a novel fabrication
technology. More complex logic gates, for example, AND and OR gates, require more
transistors. They also require a more intricate analysis for their performance evaluation but



Nanomaterials 2024, 14, 1536

50f19

are necessary for the creation of a standard cell library that enables the design of complete
digital systems.

In Table 2, we summarise the current research effort with respect to the creation of
standard cell libraries for organic transistors. We observe that the fabrication of Organic
Field-Effect Transistors (OFETs) is an extremely active area of research (Table 2 includes
only a small fraction of recent publications), while research on the next levels of abstraction
for electronic design automation (EDA, see Section 4) is increasingly scarce. Two complete
open-source projects including process design kits (PDKs) and a minimal standard cell
library (including cell characterization) were found [40,51]. However, both of them rely on
transistors that are not fully organic instead making use of metals and other unspecified
materials (see Table 1). Furthermore, both works include only p-type transistors, which
result in more complex logic gate designs (e.g., a p-type-only inverter requires four tran-
sistors instead of only two). Other researchers have managed to fabricate n-type OFETs.
A technology capable of fabricating both p- and n-type OFETs is known as complementary
technology. Rafiee et al. [39] demonstrated such a complementary technology based on
waxed paper sheets but did not develop a PDK or a cell library.

Table 2. Summary of recent research achievement with respect to organic and cellulose-based
transistors and circuits, as well as their associated EDA tools and required resources for integrated
circuit design and fabrication.

Recent Research Regarding Organic and Cellulose-Based Transistors and Circuits

Year Reference Transistor Inverter Logic Gates PDK Cell Library
2004 [39] P & N-OFET Yes Yes
[40] P-OFET Yes Yes Yes Yes
[54] P-OFET Yes Yes
[41] P-OFET
2023 [42] P-OFET
[43] N-OFET
[48] N-OFET
2022 [47] P-OFET Yes
[49] N-OFET
2021 [55] P- & N-OFET Yes
2020 [51] P-OFET Yes Yes Yes Yes
2019 [56] P- & N-OFET Yes Yes
2018 [52] P- & N-OFET Yes
2016 [53] P-OFET
2014 [37] P & N-OFET

In summary, the following two significant gaps remain in the quest for a biodegradable
chip design process:

1. A transistor fully based on nanocellulose-derived materials has yet to be fabricated, and
2. A PDK and standard cell library based on fully biodegradable devices have yet to be
developed.

Therefore, we propose that transistors entirely based on nanocellulose-derived materi-
als represent a viable alternative for the manufacturing of environmentally friendly chips.
Figure 1 shows the most promising route and expected impact of nanocellulose-based
circuits. Figure 1A compares the environmental friendliness of green-based, plastic-based,
silicon-based, and metal-based electronics. A promising multi-layered approach for the
structure of paper/nanocellulose film-based integrated circuits is presented in Figure 1 [39].
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Figure 1. Panel (A). Comparison of environmental impacts of various sources of electronic devices
based on literature review and data synthesis. The categories on the x axis represent the impact
areas, and the y axis shows the normalised impact levels on a scale from 1 to 10. Panel (B). Schematic
overview of multi-layered paper-tronic circuits. Adapted from Rafiee et al. [39].

Figure 2 shows the cross-section of the proposed nanocellulose-based transistor (only
a sketch, not experimentally tested). By leveraging the broad range of material properties of
nanocellulose-derived materials, we claim that both p- and n-type OFETs can be fabricated
from an untreated NC substrate based on the results of [45,50]. The electrodes (gate, source,
and drain) are composed of NC that is highly doped with graphene oxide (see Section 3),
resulting in low-resistance contacts. Either pure nanocellulose or ICCN functions as the
dielectric layer between the gate electrode and the organic semiconductor. In the following,
we show how nanocellulose can be transformed into a conductor using graphene oxide,
among other methods.

Source Drain
(0] (@]

N or P-Nanocellulose

Unchanged Nanocellulose

GO-Nanocellulose

O
Gate
Figure 2. Schematic overview of the proposed transistor using non-treated nanocellulose as a

dielectric layer, P- or N-type nanocellulose for the semiconductive channel [45,50], and GO-treated
nanocellulose for the conducting parts.

3. Survey on Nanocellulose Conductivity

Previous research has demonstrated the suitability of NC for various advanced appli-
cations, highlighting its potential in the field of semiconductor technologies. The semicon-
ducting properties of iodine-doped NC showcase its potential in electronic devices [21].
Currently, graphene is the most commonly used material to enhance the conductivity of
NC and other organic materials. This composite material offers several advantages, and its
properties can be influenced by various fabrication methods. Highly conductive materials
can be obtained using the one-pot approach [57], with a conductivity of 116.3 +1.5Sm™!
(at 20 percentage of graphene oxide loading), keeping both thermal stability up to 319 °C
and mechanical strength, with a specific tensile strength of 19 N'mg~!. One notable de-
velopment is a low-oxidized graphene/nanocellulose hybrid (LGENC), which consists of
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co-exfoliating graphene and microfibrillated cellulose. This hybrid material exhibits high
strength while ensuring elongation, making it a promising candidate for flexible electronics.
The interaction between graphene and NC in LGENC is primarily physical, providing
an alternative to the commonly used TEMPO-oxidation method for the preparation of
NC. Such physical interaction promotes the formation of a robust composite material with
excellent mechanical properties [58]. On the other hand, TEMPO oxidation remains a stan-
dard approach for producing conductive graphene/cellulose hybrids. TEMPO oxidation
introduces carboxylate groups (COO-) onto the cellulose surface, which create electrostatic
repulsion and enhance the dispersion of cellulose and NC fibrils or crystals in solution.
Additionally, these COO- groups can form covalent bonds with graphene oxide, improving
the stability and conductivity of the material [59,60]. By utilizing these advanced fabrication
techniques, nanocellulose-based composites can achieve the desired electrical properties
for various applications in semiconductor technology and flexible electronics. Additionally,
the potential for Single-Electron Transistor (SET) properties in NC was suggested in [21],
indicating the material’s ability to support cutting-edge electronic components by further
scaling down the technology. These studies collectively underscore the versatility and
promise of NC in semiconductor applications and in advancing the development of envi-
ronmentally friendly and efficient electronic devices. Furthermore, several other materials
can be used to enhance the conductive properties of NC. Our previous work [21] identified
iodine-doped NC as a conductive material with desired properties for use in electronics.
However, the environmental toxicity of iodine, particularly its harmful effects on aquatic
organisms, together with its potential reactivity with other materials and degradation over
time, make iodine an unsuitable doping agent for semiconductive materials. This shift not
only addresses the environmental concerns associated with iodine but also leverages the
superior properties of graphene oxide to enhance the performance and sustainability of
nanocellulose-based applications.

Figure 3 shows the most common methods for manufacturing and processing NC
as reported in the literature for use in electronic applications. NC can be prepared using
various methods, each offering distinct benefits and drawbacks. Mechanical processing
typically involves high-pressure homogenization or ultrasonication to physically break
down cellulose fibres into nanoscale dimensions. This method is advantageous due to its
simplicity and scalability; however, it typically requires high-energy input and can result
in uneven fibre sizes [61]. In contrast, chemical methods, such as acid hydrolysis, treat
cellulose with strong acids like sulfuric, hydrochloric, and phosphoric acid to hydrolyze
the amorphous regions of cellulose, leaving behind crystalline NC [62]. This approach
yields highly crystalline NC with a uniform size and shape, but it raises environmental
concerns due to the use of harsh chemicals and the need for neutralization and disposal
of acidic by-products. Another chemical treatment, enzymatic hydrolysis, utilizes specific
enzymes such as cellulases to selectively break down cellulose fibres into NC [63]. Al-
though enzymatic hydrolysis is more environmentally friendly and energy-efficient than
mechanical or chemical methods, it is significantly slower and more costly due to the need
for specialized enzymes.

Currently, several materials are being explored to enhance the electrical properties of
NG, leading to significant advancements in various fields. Beyond graphene oxide, conduc-
tive polymers such as polyaniline (PANI) and polypyrrole (PPy) have shown considerable
promise. These polymers can substantially improve electrical performance and can be used
to coat cellulose, making them valuable for applications in both electronics and biological
studies [64,65]. PANI is particularly known for its tunable conductivity through doping
and its high environmental stability. When combined with nanocellulose, PANI enhances
the mechanical properties and conductivity of the material, making it an ideal candidate
for applications in flexible electronics, sensors, and supercapacitors. Polypyrrole (PPy),
on the other hand, exhibits excellent conductivity, ease of synthesis, and biocompatibility.
Coating nanocellulose with PPy results in a composite that offers both improved electrical
conductivity and chemical stability, making it suitable for applications in energy storage
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devices and biosensors. Among metals, silver nanoparticles are the most commonly used
to boost the electrical properties of cellulose-based composites. They are effective both as
standalone additives [66] and when combined with other polymers [67]. When integrated
with nanocellulose-based materials, silver nanoparticles form highly conductive networks,
significantly improving overall conductivity. In addition to enhanced antimicrobial activity,
silver nanoparticles help improve composites” thermal stability.

o

Tree 3. 4.

-
IEVAS

Scoby 1. Cotton 2. Agricultural

Rests 5.

Source of Cellulose

v
4{ Extraction and Purification }7

v v
Mechanical Chemical
Processing 4. Treatment 2.,5.

Nanocellulose production

Top-Down Approach
Mechanical Grinding 6.

Bottom-Up Approach
Acid Hydrolysis 2.

( \

A 4

| Functionalization |

— |

Conductive Polymers
Polyaniline 7.
Polypyrrole 8.

Polythiophene 9.
Polyacetylene 10.

Poly(phenylenevinylene) 11.

Metal Nanoparticles Carbon-based Agents Ionic Liquids
Silver nanoparticles 12. Graphene oxide 17. IL 1-ethyl-3-
Silver nanowires 13. Carbon nanotubes 18. methylimidazolium 22.
Gold sputtering 14. (nano)-Carbon black 19. dimethyl phosphate 1-
Copper 15. Graphene 20. Butyl-3-
Indium titanium oxide 16. Nanodiamond 21. methylimidazoliumchlorid 23.

Figure 3. Production and functionalization of nanocellulose for enhanced conductivity. The flow chart
illustrates the production and functionalization of NC from biological sources, including Scoby, cotton,
trees, and agricultural residues. Extraction and purification can be performed through mechanical
processing or chemical treatment, followed by a top-down approach (mechanical grinding) or a
bottom-up approach (acid hydrolysis). Functionalization can be achieved by adding conductive
materials like conductive polymers, metal nanoparticles, carbon-based agents, and ionic liquids to
enhance the electrical properties of nanocellulose for advanced applications. References: 1: [21],
2:[68], 3: [59], 4: [61], 5: [69], 6: [70], 7: [64], 8: [65], 9: [71], 9: [72], 11: [73], 12: [66], 13: [74], 14: [75],
15: [76], 16: [77], 17: [58], 18: [78], 19: [79], 20 [80], 21: [81], 22: [82], 23: [83].

Metal oxides like zinc oxide (ZnO) [84] and titanium dioxide (TiO,) [85] have also been
explored for their potential to enhance these properties. ZnO has highly semi-conductive
properties. TiO,, with a high refractive index and photocatalytic properties, improves the
electrical performance and durability of nanocellulose composites. Thus, all these materials
not only improve the electrical characteristics of NC but also contribute to its structural
integrity and functionality in diverse applications. These advancements underscore the
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versatility and potential of conductive NC, positioning it as a key material for future
innovations in flexible electronics, sensors, and other high-performance applications.

Additionally, the potential for single-electron transistor (SET) properties in NC was
suggested by Bencurova et al. [21], indicating the material’s ability to support cutting-
edge electronic components by further scaling down the technology, as shown in Figure 4.
As shown in [86], the current flow can be controlled by the electric field due to the voltage
applied to the gate, modulating the electron tunnelling probability from the source to the
drain terminals. These studies collectively underscore the versatility and promise of NC in
semiconductor applications and advancing the development of environmentally friendly
and efficient electronic devices.

Macrometers Micrometers Nanometers

GO

Unchanged Nanocellulose

N
A O
‘@o-.e| N or P-Nanocellulose O
g
@

GO-Nanocellulose

Single NC
!
A : Molecule
B\
= DNA Wire GO

= “GND

1pm
Nanocellulose-based Transistor NAND Single Electron Transistor

(Top View)

Figure 4. Schematic representation of nanocellulose-based transistor designs across different scales.
The macroscopic design (left) shows a basic transistor structure with N- or P-doped nanocellulose
integrated with graphene oxide nanocellulose (GO-NC) layers. At the microscopic level (centre),
the diagram suggests replacing traditional wires with DNA strands to enhance sustainability at the
molecular level in order to form gates (e.g.,, NAND). At the nanoscale (right), the image illustrates
the potential for miniaturisation, showcasing a single-electron transistor (SET) configuration using
nanocellulose, graphene oxide components, and a graphene back plate as a gate.

4. Electronic Design Automation for Nanocellulose-Based Technology

In this section, we outline the conceptual framework for the design and operation
of a production line for NC compound chips. The workflow of a production line for
nanocellulose transistors, logic gates, and complex digital circuits is shown in Figure 5.

Figure 5 illustrates the steps in the development of an electronic design automation
solution for the fabrication of nanocellulose-based complex digital circuits such as micro-
processors. Organic, biodegradable microprocessors can enable the deployment of transient
wireless smart sensor systems that do not require their retrieval for correct disposal. Appli-
cations range from invasive health monitoring devices [87] to remote agricultural sensors.
Kurth et al. presented a plant monitoring system using partially biodegradable wireless
sensor nodes [88]. While the sensor elements are fabricated using biodegradable mate-
rials, the signal processing and wireless communication sides of the sensor nodes are
built using conventional, inorganic semiconductor chips. We aim to achieve a completely
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biodegradable solution. In the following, we describe the foreseen workflow, as presented
in Figure 5.

Fabrication: The first step towards such a solution is to fabricate a single transistor
using a nanocellulose-based fabrication process. The production of nanocellulose-
based conductors and semiconductors is described in Figure 3.

Process Design Kit: The precision of the fabrication steps must be evaluated via mea-
surements of the physical dimensions of the transistors in comparison to the intended
dimensions, described in the device layout. The limits of precision of the fabrication
process are used to define the layout design rules. These rules include, for example,
the minimum width and length of the electrodes, as well as the minimum spacing
between two electrodes. Transistors of multiple sizes are fabricated and electrically
characterised in order to construct the device models used for software simulation.
The parasitic elements, namely resistors and capacitors, resulting from the wire con-
ductors and contact capacitances of the fabricated devices are also characterised and
modelled. The collection of models for the fabricated device is called a process design
kit (PDK). Furthermore, the expected variation models for device parameters such as
dielectric thickness and channel width are also included in the PDK. The PDK is at the
most fundamental level of abstraction of digital design, namely the transistor level.
Standard Cell Library: The next level of abstraction is the logic-gate level, where mul-
tiple transistors are connected to perform basic logic operations, such as NOT, AND,
and OR. It is important to note that any complex logic function can be implemented
using a single type of logic gate, for instance, the NOT-AND (NAND) gate. Such
universal gates enable the implementation of any logic computation, although not the
most efficient or fast implementation. To increase the performance of a computation,
current commercial cell libraries for silicon-based chips include tens of basic logic func-
tionalities with a large variety of sizes and threshold voltages. Chang et al. presented
the first open-source cell library for organic thin-film transistors (OTFTs) The library is
composed of six basic logic gates, but only p-type transistors are considered [51].
Cell Library-Based Digital Design: The highest level of abstraction discussed in this
survey is the module level. In this context, a module is a set of appropriately inter-
connected logic gates (defined in the cell library) that perform complex computations,
ranging from additions to multiplications up to a complete microprocessor. Module
functionality is most often described in a Register Transfer Level (RTL) hardware
description language such as Verilog or VHDL. Hardware synthesis tools such as
Yosys (open source) [89], or Synopsys Design Compiler (commercial) transform the
RTL description into a specific sequence of logic gates and their connections. The im-
portance of the cell library is in the reduction of the design space considered by the
synthesis tool in order to reach a feasible solution in a manageable time frame. Then,
so-called Place and Route (PNR) tools position the synthesized logic gates in an empty
circuit layout and define the exact routing from gate to gate such that non-idealities,
such as wiring delays, are minimised. The final result is a fabrication layout in Graphic
Design System (GDS) format describing the exact position of each transistor (gates
are made of transistors) and each wire connection such that the intended module
functionality is performed by the fabricated module.

The creation of an EDA tool chain for organic, fully biodegradable circuits is driven by

the need to expand application possibilities and address the growing issue of electronic
waste (e-waste). Advances in organic material engineering have enabled the development
of flexible, low-cost, and large-area circuits that can be printed on various substrates, like
biodegradable plastics, paper, and NC, with applications in large-area sensing, artificial
skin, and on-body wearables. However, challenges such as limited transistor density and
performance variations due to the printing process persist. A PDK can mitigate these issues
by modelling transistor behaviour and integrating these data into downstream EDA tools,
facilitating complex circuit design. Moreover, biodegradable organic electronics offer an
environmentally friendly alternative to traditional electronics, decomposing harmlessly
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and reducing e-waste. Despite the lower electron mobility and stability challenges of
organic semiconductors, a comprehensive PDK including a digital standard cell library
and an integrated RTL-to-GDS flow can streamline the design of large-scale organic cir-
cuits, promoting the development of sustainable electronics and integration into existing
EDA flows.

.............................................................................................
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Figure 5. Proposed process flow for the design and fabrication of complex digital circuits using
nanocellulose-based transistors. Artifacts are indicated by parallelograms, and processes are indi-
cated by rectangles. Processes are adapted to nanocellulose composites, including transistors made
from nanocellulose.

5. Further Extensions of the Nanocellulose Composite for Improved Storage
and Operation

NC is an excellent composite material with versatile applications, particularly in
integrating DNA for long-term (cold) storage. Light-gated enzymes can be used to operate
such DNA storage, offering an environmentally friendly long-term memory solution
efficiently controlled by light [21]. However, a review of our concept of nanocellulose
chip fabrication suggests the full integration of light-gated protein domains in NC chips.
This extends their functionalities, including those of fluorescent proteins, energy levels
(ATP), charge (pH), and other biophysical properties. Importantly, such domains also
facilitate the operation of pores in NC chips for the exchange of materials, ions, charges,
and information. Following the printing of the central electronics, additional biochemical
capabilities can be integrated into the NC chip, which can be directly controlled by light.
This light gating or emission to activate the enzymes and pores can be provided by standard
LEDs or LEDs produced according the principles of green paper electronics [39], enhancing
environmental control over biophysical variables and enzymes in the NC chip. In such
applications, the role of the NC is as a substrate only because the moisture hydrogel can
then negatively affect the folding of proteins, as well as their functional properties.

* DNA as long-term storage: NC preserves DNA effectively, with no degradation

over 24 months [21]. However, the full NC compound improves protection further.
Under suitable optimised conditions, DNA can be preserved with error codes for
thousands of years [90].
Repair enzymes and their substrates also remain stable in NC, suggesting that DNA
preservation may be even further improved with active repair and maintenance,
akin to natural processes [91]. NC serves as an excellent host material for these
preservation efforts.

*  Specific light-gated enzymes to operate DNA as long-term storage: The efficient
use of DNA storage requires nucleotide processing enzymes for read-in and read-out.
These enzymes can be rendered light-gated, controlled by domains such as BLUE, LOV,
and LOV2, which respond to visible light by altering their structure activating the
enzyme fused to them. An example is LOV-Tag polymerase, where the LOV domain
controls Tag polymerase activity, extending the DNA strand according to a template
sequence. The BLUF domain, activated by blue light, offers intrinsic OFF switching
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after a set time (30 min; modifiable to 5 min through protein engineering [21]). Current
efforts focus on optimising these enzyme properties through protein engineering
approaches (e.g., [92,93]) to maintain and operate DNA storage in NC.

e  Transparent display from nanocellulose: Transparent NC provides the protective
layer of the display, ensuring durability and functionality, as well as foldability, and
using OLED for light emission [94] or using electrochromic display screens printed
transparent nanocellulose-based substrates [95]. By integrating these advanced features,
NC chips can achieve a high degree of functionality and sustainability, making them
suitable for a wide range of applications in semiconductor technologies and beyond.

6. Discussion

Our survey shows that NC technology is mature enough to enable the establishment
of production lines for green NC chips. In addition to conductive nanocellulose-based
materials that can be made available by integrating graphene oxide [57], n- and p-type
semiconducting NC composites are also available [45,50]. The addition of coatings to
nanoparticles improves suspension and substrate production. The high durability of silver
particles improves the composite’s flexibility, making it a more suitable, substrate even
under high pressure. The smooth, even surface created by metal oxides helps to improve
the adhesion of electronic components. These coatings provide electrical conductivity, me-
chanical flexibility, and multifunctional capabilities, making nanocellulose-based substrates
ideal for use in flexible electronics, wearables, optoelectronics, and biomedical devices.
The necessary material types are available to implement a full NC transistor, as illustrated
in Figure 2. We also consider long-term goals, as NC shows potential for miniaturisation
down to SETs [21]. Moreover, light-gated enzymes [93] may form a basis for the integration
of the active operation of DNA storage in NC composite.

When implementing a production line for NC composite chips (Figure 5), the cutting-
edge use of conductive patterns [96] is important. To this end, we here, we collect the latest
published data from different laboratories (Figure 1). Tables 1 and 2 summarise how this is
supported by recent progress by other groups with respect to sustainable microelectronics
devices and the use of nanocellulose-based materials for organic transistors, as well as the
derived EDA tool chains.

In Table 3, we summarise various advantages and disadvantages of nanocellulose
composites for a novel, environmentally friendly, chip design with an easy-to-use auto-
mated production process. Despite the promising properties of NC, such as renewability
and mechanical strength, integrating NC into chip technology poses multiple challenges.
The most significant issue is its high water retention and sensitivity due to its hydrophilic
nature. While this property is beneficial in applications like hydrogels for cosmetics and
food, it is highly detrimental for use in electronics, where moisture can cause swelling, alter
the chip’s properties, and even lead to short circuits. Reducing NC’s hydrophilicity through
chemical treatments could be a crucial step in making it viable for sustainable electronics.

On the other hand, NC can be sourced from sustainable materials such as microor-
ganisms, agricultural waste, and recycled textiles, making it an attractive option for green
manufacturing. However, some processing methods require large amounts of water and
harmful chemicals, leading to environmental concerns and high energy consumption.
Additionally, thermal degradation of NC fibres is a challenge, as they are stable up to
250 °C but degrade at higher temperatures, which are common in chip production, thereby
limiting processing options [97]. This can negatively influence the manufacturing process,
including the integration of NC with other materials that are required for chip production.
In typical microchip production, the temperature can reach up to 1000 °C, and this thermal
limitation restricts the choice of processing techniques.

While NC offers numerous advantages (see Table 3) for sustainable and innovative
chip design, such challenges must be addressed to optimize its potential. NC’s natural
tendency to form hydrogels, absorbing up to 250 g of water per gram of NC, poses a chal-
lenge in maintaining consistent mechanical properties and low moisture levels in electronic
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applications [98]. The significant challenge here remains to maintain consistent mechan-
ical properties and low moisture levels without forming agglomerations. Irreversible
agglomerates can be formed after rehydration due to strong hydrogen bonding between
the nanocellulose fibres. Dewatering of the NC is a challenging process, although several
methods have already been developed. Common drying methods include oven drying,
spray drying, freeze drying, and supercritical CO; drying, as well as their combinations,
like spray freeze drying and supercritical CO, spray drying. Filtration is one of the most
common methods, but nanocellulose tends to clump together due to strong hydrogen
binding. In this method, NC passes through a porous medium using vacuum or pressure;
however, the fibre sizes are often uneven, and the procedure is slow, especially for high-
viscosity suspensions [99,100]. Oven drying is relatively fast and cost-effective; however, it
can change the structure of the nanocellulose and lead to fibre aggregation and inconsistent
surface properties [101]. Drying techniques such as spray drying and freeze drying are
more suitable for the production of stable NC; however, scalability and particle aggregation
are also problematic here [101-103]. On the other hand, supercritical CO, drying keeps
the fine NC structure after drying, which is desired, mainly for the production of aerogels.
In this method, water is replaced with ethanol, which has a more than 10 times lower critical
point than that of water. Therefore, the critical point for CO, does not influence NC fibres,
and ethanol can be easily displaced by CO; at ambient temperature under high pressure.
However, this method can also change the mechanical properties of the NC, such as the
size of the nanofibres [103]. To prevent aggregation, various chemical agents are used, like
xanthan, sucrose, and carboxymethyl cellulose. For example, the use of tert-butanol as a
co-solvent reduces drying times and maintains NC dispersibility [104,105], while polyvinyl
alcohol acts as a capping agent, enhancing the specific surface area of oven-dried NC and
preventing agglomeration [106]. Although these chemical treatments can be effective, they
may have limitations for large-scale applications and could require additional processing
steps to remove the additives, potentially affecting the final properties of the NC.

Inspired by recent progress regarding carbon nanotube chips, which hold promise
for more energy-efficient computing systems in the future, we advocate for an era of
nanocellulose-based chip design.

The key to achieving further progress beyond previous efforts and publications is to
produce a transistor completely made from NC. Establishing such a transistor opens up all
the attractive possibilities of current automated chip design for silicon wafer technology,
such as full scalability and downsizing and the efficient and smooth production of even
more transistors on one wafer.

Hence, here, we show that a transistor made exclusively from NC is within reach,
as shown in Figure 2. While pure NC has already been shown to be capable of functioning
as an appropriate substrate and dielectric layers, we go further to propose that all transistor
layers (substrate, dielectric, conductor, and semiconductors) can be directly derived from
NC (see Table 1 and Figure 3).

Carrying this innovative main concept of a fully NC-based transistor further, we next
show how the fully automated production of such a full NC chip would look, including a
process design kit (PDK), expected variation models, and a standard cell library (Figure 5).
We are aware that, as with previous efforts with respect to other types of chip design away
from classical silicon wafers, such as carbon nanotubes ([107] or [108]), the development of
such a full nanocellulose chip will take a couple of years, starting from the optimisation
of the nanocellulose-based transistor to parameterisation of optimal chip-design steps.
However, we show here that the potential is there; all steps and components have solid ex-
perimental data behind them to show that they can be assembled to implement transistors.
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Table 3. Advantages and challenges of nanocellulose chip design and production.

Advantages

Disadvantages

Advantage

Comment

Problem

Possible Solutions

Ideal host and composite
material

Can be easily obtained from
sustainable material (bacteria,
food, organic agricultural waste,
wood, plants, etc.)

Challenging to obtain an
exact shape

Cutting with LASER and 3D
printing, with bacterial
nanocellulose growing in
the moulds

Easy to manufacture for
special features

Conductivity, optical
transparency, stiffness, and
flexibility

Fibre stability and thermal
degradation at high
temperatures

Application only in
mid-temperature devices (under
250 °C)

Broad applications in
chip technology

Various phases of the final
product (aerogel, gel, never-dried
membrane, solid membrane, and
hard material)

Low conductivity

Treatment with iodine, graphene, or
nanometal particles

Various design E.g., origami and kirigami High price (processing Automation of the
possibilities design [46] and fabrication) manufacturing process
. Materlal can be easily scaleq-up Biodegradability can be Treatment of the nanocellulose with
Scalability in an environmentally sustainable . L .
way too high anti-microbial components
Due to the hydrophilic nature of
nanocellulose, it is incompatible
with hydrophobic materials such as
s . petroleum-based products.
Biodegradability Easy to degrade and compost and =~ Compatibility with other The proper polymer has to be used

very environmentally friendly

materials

or nanocellulose has to be treated to
alter the hydrophilic surface prior
to linking with hydrophobic
material.

7. Outlook and Conclusions

Using these steps as a basis, the outlook includes (i) the use of fully conducting NC
composites with graphene for all conductor tracks, (ii) the use of nanocellulose chips to
control automated pipelines and nanofactories, (iii) the integration of light-gated enzymes
in NC chips for efficient operation of long-term memory in the form of DNA storage,
and (iv) the integration of light-gated ion pores in NC compounds to control the biochemical
environment (e.g., pH), achieving battery and energy generation and allowing for even
more sophisticated reactions controlled by NC chips. These future applications each need
independent development but can be explored and directly tackled as soon an efficiently
produced NC chip is available.

In summary, we make the following conclusions:

(i)

In this survey, we argue for the feasibility of constructing a high-performance nanocellulose-

based, using nanocellulose for the dielectric, conductive, and semiconductive layers.
Our findings indicate that p-type and n-type nanocellulose materials are already
available, suggesting that the development of an entirely cellulose-based transistor
is imminent. Such a development would be a game changer, as it promises a fully
biodegradable alternative to conventional electronics, eliminating the use of toxic inks

and other materials.

(ii)

Nanocellulose’s properties extend beyond semiconductivity. This versatility allows

for the integration of DNA for long-term or cold storage, making use of light-gated
enzymes for DNA storage. This review highlights the significant potential for further
improvement for instance, new light-gated enzyme constructs and modifications of
fluorescence by different fluorescent proteins.
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(iii) Additionally, the potential for miniaturisation of fully nanocellulose transistors towards
single-electron transistors (SETs) represents a crucial advancement in this technology.

(iv) Moreover, the design automation steps outlined in this paper, when considered along-
side the current literature on material science and chip fabrication, provide a clear
pathway for the advancement of nanocellulose-based electronics. This comprehensive
approach not only emphasises the readiness of the necessary components but also
paves the way for future innovations in environmentally friendly and sustainable
electronic devices.
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