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Biodegradable electronics is an incipient need in order to mitigate the alarming increase of electronic waste
worldwide caused by capillary penetration of electronic devices and sensors. Flexibility, solution processability,
low capital expenditure, and energy-efficient processes, which are distinctive features of organic printed elec-

g;gg;’l’;ﬁ;le electronics tronics, have to be complemented by a sustainable sourcing and end-of-life of materials employed. This
Biomagterials requirement calls for solutions where materials, especially substrates that typically represent the largest volume,

can be biodegraded in the environment with no harm, yet assuring that no precious resources are dispersed. In
this work, the bioderived and biodegradable biopolymer polyhydroxybutyrate (PHB) was used as a substrate,
cast from an acetic acid solution, for all-organic field effect transistors (OFETs) based on an inkjet printed
polymer semiconductor. The OFETs showed small device-to-device variation, a proper current modulation with
Ion/Iopr of about 1.2-10%, mobility values as high as 0.07 cm?/Vs in saturation regime and channel length/width
normalized leakage currents in the order of nA, which remained almost unaltered also after intensive mechanical
stresses upon bending and rolling. Such mechanical stability and flexibility, together with the biodegradability
and bioderivation, make PHB an appealing candidate for the development of sustainable printed bioelectronics,
with widespread future applications in the biomedical and food packaging sector.

1. Introduction in 2022 reached a record of 62 million tonnes, which corresponds to

about 7.8 kg produced yearly per person. The same report predicts that

The continuous advancements in the field of electronics, together
with a rapid reduction of its costs, allowed the development of smart
household appliances as well as powerful and numerous portable de-
vices, which are easily accessible to an ever larger portion of the pop-
ulation. On the one hand, this has an undoubtedly positive effect on the
society in terms of the quality of life and access to information. On the
other, it is causing a continuous increase in the so-called electronic
waste (e-waste), which is defined as anything with an electric cord, plug
or battery (such as smartphones, televisions, computers, microwave
ovens etc.) that have reached the end of their life [1]. According to “The
Global E-Waste Monitor 2024” the amount of e-waste produced globally

the global e-waste is expected to reach 82 million tonnes by 2030 [2].
One of the main issues related to e-waste is its improper disposal [3]. For
this reason, in the last decade, both academic and industrial research put
a lot of effort into the development of new technologies that are able to
overcome and alleviate end-of-life issues. In particular, the emerging
field of Internet-of-Things (IoT) can represent a further environmental
hazard if counter measures are not considered in the design of future
devices. Organic large-area and printed electronics is proposed as a
strong candidate for more sustainable distributed electronics applica-
tions [4,5]. In fact, it is based on carbon materials, and can be produced
with energy-efficient and cost-effective processes such as printing [6-9].
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Nevertheless, typical plastic electronics does not yet meet necessary
requirements on the biodegradability of adopted materials and on the
necessity to avoid dispersion of resources.

In this scenario, since the substrate constitutes by far the largest
fraction of the total weight of materials used for each device, the overall
biodegradability properties are dominated by it. Therefore, ensuring
biodegradability of the substrate, while preserving chemical, mechani-
cal, and functional compatibility with the printed organic devices, is an
effective strategy to drastically reduce the environmental impact of
future large-area printed electronics [10].

To date, in literature several natural biodegradable materials have
been used and reported to this purpose. Cellulose [11-13], silk [14-16],
shellac [17-19], have been extensively studied and employed as sub-
strates in many electronic applications, due to their excellent mechan-
ical properties and flexibility.

Other natural polymers as gelatin [20], collagen [21], agarose [22],
chitosan [23], and chitin [24] have been successfully used as green
substrates.

On the one hand, all these natural-based materials bring together
several advantages such as easy processability, low costs and abundant
resources. On the other, severe limitations such as the lack of compati-
bility with various classes of organic solvents and with processes
including even mild temperatures (i.e., above 80 °C), have largely pre-
cluded and still limit their employment and diffusion in electronic de-
vices [10].

Bioplastics (i.e., a plastic material that is either biodegradable, bio-
based or both biobased and biodegradable [25,26]) can overcome
such drawbacks and have been recently proposed as a biodegradable
alternative for green electronics [27-31]. Among them, one of the most
promising bioplastic is polyhydroxybutyrate (PHB). Indeed, it is the
best-known biopolymer in the group of polyhydroxyalkanoates (PHAs),
which are produced by different types of bacteria as an intercellular
energy reserve and can be degraded by enzymes known as
PHB-depolymerases, resulting in non-toxic products [32]. PHB biode-
gradability has been proven not only in composting plants, but also in
free environments, such as soil and marine water, making it a more
environmentally-friendly option with respect to other bio-based but not
biodegradable bioplastics, such as poly(lactic acid) (PLA) [33-35].
Other advantages of PHB lie in its relatively high melting point (between
172 and 183 °C), well above that of natural materials such as shellac
(~75 °C) and that of other bioplastics such as Mater-Bi (~70 °C), and in
its non-toxicity and biocompatibility [36,37]. Moreover, its mechanical
properties are similar to those of the well-known synthetic poly-
propylene (PP) [36], thus making PHB a suitable alternative to substi-
tute PP in a wide range of applications.

In this work we have tested the use of PHB as a sustainable and
flexible substrate for fully organic field-effect transistors (OFETs) based
on printed polymers. PHB substrates were obtained by dissolving PHB
pellets in the acetic acid solution, an alternative with a lower ecological
hazard potential with respect to the commonly used chloroform, ac-
cording to the Ecological Risk Classification of Organic Substances
Approach (ERC). OFETs were fabricated on top by means of large-area
and scalable fabrication techniques, such as inkjet-printing and chemi-
cal vapour deposition. During the device fabrication process, PHB could
well withstand the maximum processing temperature of 120 °C, and the
use of water, ethylene glycol, isopropanol and mesitylene solvents. The
fully organic transistors showed small device-to-device variation, a
particularly challenging feature to achieve when biodegradable sub-
strates are employed, and a proper current modulation, having an Ipy/
Ior of about 1.2:10%, and a very low channel length/width normalized
leakage currents, in the order of nA. Moreover, thanks to the superior
thermal stability of PHB substrate, allowing the adoption of an optimal
processing temperature as high as 120 °C, the proposed transistors
showed a maximum charge carriers mobility of 0.07 cm?/Vs, which is
more than six times higher than what it has been previously reported for
P(NDI20D-T2) based OFETs printed on top of Mater-Bi biodegradable
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substrates [38]. Additionally, thanks to the mechanical properties of the
PHB substrate, correct OFETs operation can be maintained also after
intensive mechanical stresses such as bending and rolling, with mild
effects on the electrical performance.

Such results provide a promising demonstration of the suitability of
PHB for sustainable printed organic bioelectronics and can pave the way
for the employment of new organic devices for applications, such as
biomedical devices and food packaging, in which biodegradability
together with intensive handling and mechanical robustness are
required.

2. Materials and methods
2.1. Substrate preparation and deposition

Polyhydroxybutyrate (PHB) was purchased from Goodfellow in form
of 5 mm nominal granule size. To prepare the films, it was dissolved in
glacial acetic acid, purchased from Merck Millipore.

A solution of 0.05 g/mL of PHB in Acetic Acid was heated at 140 °C
for about 40 min under constant stirring. About 1 mL of solution was
drop-cast on a glass substrate (30 mm x 70 mm): both the solution and
the glass substrate were previously heated at 120 °C to avoid thermal
gradients. The deposition and the solvent evaporation were carried out
under the fume hood where the films were kept until the complete
solvent evaporation. The peeling-off of the solidified films from the glass
substrate was done initially with tweezers and, once the detached sur-
face was large enough, the process was ended by hand since the films
were strong enough.

2.2. OFETs fabrication

All-organic n-type bottom-contact/top-gate field effect transistors
were produced on top of the dried PHB films still attached to the glass
substrate for the ease of handling. For the source and drain contacts,
poly(3,4-ethylenedioxithiophene):polystyrene sulphonate (PEDOT:PSS)
(Clevios PJ700 formulation, purchased from Heraeus), was inkjet-
printed with a Fuyjifilm Dimatix DMP2831 through a cartridge with
10 pL nozzles and annealed at 120 °C for about 1 h in air. This technique
allowed to produce transistors having channel length and width of about
60 pm and 800 pm, respectively. Source and Drain were printed at a
drop spacing of 45 pm (one layer), a firing voltage of 40 V, a jetting
frequency of 1 kHz, and the printer plate temperature was set to 28 °C.

On top of the contacts, a polyethylenimine (PEI)-based injection
layer was printed. The solution was composed at 20 vol% by ethylene
glycol, purchased form Sigma Aldrich, at 30 vol% of zinc oxide (ZnO)
nanoparticles in isopropanol (nanoparticle concentration 2.5 wt%), and
at 50 vol% of PEI branched polymer having Mw ~ 10 000, purchased
from Sigma Aldrich, and dissolved in water at 0.2 wt%. After the
deposition, the PEI solution underwent annealing in air at 110 °C for 30
min. The n-type semiconductor, poly[N,N-bis(2-octyldodecyl)-naph-
thalene-1,4,5,8- bis(dicarboximide) - 2,6-diyl ]-alt-5,59-(2,29-bithio-
phene), P(NDI20D-T2), was inkjet-printed from a mesitylene-based
solution, with a concentration of 7 mg/mL and then annealed in nitro-
gen atmosphere for 3 h at 120 °C. It has been printed through a cartridge
with 10 pL nozzles, at a drop spacing of 50 pm (one layer), a firing
voltage of 35 V, and a jetting frequency of 1 kHz and the printer plate
temperature was set to 28 °C. The dielectric used was a 250 nm thick
Parylene-C layer purchased in dimer form from Specialty Coating Sys-
tems. It was chemically vapour deposited using a SCS Labcoater 2-
PDS2010 system. The dimer was pyrolyzed at 690 °C and deposited at
the ambient temperature between 8 and 10 mbar pressure. Finally,
PEDOT:PSS gate contacts were inkjet printed on top of the dielectric
layer and dried in vacuum for 10 min. Gate contacts were printed at a
drop spacing of 40 pm (one layer), a firing voltage of 40 V, a jetting
frequency of 1 kHz, and the printer plate temperature was set to 28 °C.”
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2.3. Electrical characterization

The devices were characterised by measuring the output and transfer
curves with an Agilent B1500 A Semiconductor Parameter Analyzer in a
glovebox under controlled nitrogen atmosphere. In order to measure the
device functioning once the PHB films were detached from the glass
substrate, the films were fixed again to the glass substrate with some
tape to ensure the ease of handling. Linear and saturation regime
transfer curves were measured at fixed drain voltages (Vpg) of 5 V and
20 V, respectively, for the gate voltage (Vgs) ranging from 0 V to 30 V,
even though the transistors’ proper functioning occurred already at less
than 10 V. The output curves were measured for Vpg ranging from 0 V to
20 V at fixed Vgg spanning from 0 V to 20 V at steps of 4 V.

Parylene-C capacitance was extracted using an Agilent 4294A
Impedance Analyzer with a two probes configuration, at a frequency of
40 Hz.

2.4. Mechanical characterization

PHB films’ tensile properties were analyzed using uniaxial tensile
tests in an INSTRON 3365 dynamometer equipped with a 2 kN load cell.
ISO 527-1 was followed to perform the stress-strain measurements. The
samples were cut to a dog-bone shape (Fig. S7 — Supporting Informa-
tion), and a digital micrometer (Mitutoyo, accuracy 0.001 mm) was used
to measure their thickness. The strain rate during the experiment was set
at 5 mm min !, Seven specimens were analyzed, and their Young’s
modulus (MPa), tensile stress at break (MPa), and elongation at break
(%) were extracted (see Table T1 — Supporting Information).

2.5. PHB surface characterization

2.5.1. Scanning electron microscope (SEM)

The morphology of the obtained material was analyzed by SEM,
using a variable-pressure JEOL JSM -649LA (JEOL, Tokyo, Japan) mi-
croscope equipped with a tungsten thermionic electron source and
working in high vacuum mode, with an acceleration voltage of 5 kV. The
sample was coated with a 10 nm-thick film of gold utilizing the Cres-
sington 208HR Sputter Coater (Cressington, Watford, UK).

2.5.2. Atomic force microscope (AFM)

An AFM system XE-100 (Park Scientific, Suwon, South Korea) with
an NCHR probe (f = 320 kHz, ¢ = 42 N/m) was used to investigate the
topography of materials. Areas of 45 x 45 pm (2304 x 2304 pizels) and
5 x 5 pm (256 x 256 pixels) were scanned. The images were acquired in
non-contact mode and then processed by Gwyddion software.

2.6. Biodegradability test

The biodegradability of the samples was tested following ISO
23977-2:2020, which standardizes how to measure the biochemical
oxygen demand (BOD) in seawater over 30 days. Tested samples were
the pure PHB substrate, PHB with OFETs printed on top, and polylactic
acid biopolymer (PLA, grade 2003D purchased from NatureWorks) for
comparison. Each sample was cut into small pieces, and about 140 mg of
material was added to 432 mL of seawater from Porto Antico of Genoa.
The experiment was performed at room temperature within autoclaved
amber glass bottles with 510 mL volume. The BOD test operates on the
principle that microorganisms consume oxygen while decomposing
organic substances present within the water. Thus, the bottles were fil-
led with seawater and hermetically closed with the OxiTop® OC 100
measuring heads. Sodium hydroxide tablets were used to sequester
carbon dioxide produced during biodegradation. The biotic consump-
tion of the oxygen present in the free volume of the system was
measured as a function of the decrease in pressure. The mean values of
the blanks obtained by measuring the seawater’s oxygen consumption
without any test material were subtracted from the raw oxygen
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consumption data (mg O»/L). Then, values were normalized on the mass
of the individual samples and referred to 100 mg of material (mg Oy/
100 mg material). The BOD is calculated as the difference between the
initial and final dissolved oxygen concentrations expressed as milli-
grams of oxygen per liter (mg/L) of water.

3. Results and discussion

The PHB film was fabricated by means of low-cost drop-casting
technique, which consists of dissolving the polymer in an appropriate
solvent, dropping it on a clean surface and waiting for the solvent
evaporation, leaving behind a polymeric film. The main advantage of
this technique is the possibility to finely tune the film properties by
changing the solvent and process parameters such as the solution con-
centration, the casting temperature, and the casting time.

Chloroform is one of the most compatible and thus the most widely
used solvent for PHB dissolution [39], nevertheless it is highly toxic both
for humans and the environment and has been declared as potentially
carcinogenic [40]. In the view of developing a biodegradable,
environmental-friendly device, which can be potentially employed for
biomedical or food-packaging applications, less harmful solvents were
considered for PHB dissolution in order to reduce any issue related to
solvent residuals. For that reason, acetic acid has been chosen since it
has a lower hazard potential with respect to chloroform, according to
the ERC, and it has already been employed with great success for the
PHB dissolution [39]. After extensive testing of the drop-casting tem-
perature from an acetic acid solution (see Supporting Information -
section 1), the range between 100 °C and 120 °C was considered suitable
for the formation of PHB films acting as substrates for OFETs fabrication
(Fig. 1(a) and (b)), with a measured thickness of about 20 pm. The
mechanical properties of the PHB substrates were evaluated by tensile
testing, and the resulting stress-strain curves are shown in Supporting
Information, Fig. S7 and Table T1. The surface characterization of the
PHB substrates was evaluated by atomic force microscopy and scanning
electron microscopy, and are shown in Supporting Information,
Figure S8 and Figure S9. Interestingly, the obtained mechanical prop-
erties align with other works in literature that employ drop-cast poly-
hydroxyalkanoate biopolymers from acetic acid solutions and are
comparable to similar films obtained using more toxic solvents such as
chloroform [39].

Prior to the device fabrication, thermal and solvent resistance of PHB
films were assessed to ensure their integrity during the entire production
process. Upon a simple optical survey, films did not show evident effects
upon application of temperatures up to 120 °C for 3 h and following
dipping in water, ethylene glycol, isopropanol and mesitylene solvents.

The schematic representation of the produced OFETs, together with
the chemical formulas of each layer of the structure is shown in Fig. 1
(c). The architecture employed is the staggered bottom-contact top-gate
(BCTG) one, since it is characterized by a better charge injection and
thus by a better performance with respect to the coplanar architecture
[41].

Poly(3,4-ethylenedioxithiophene):polystyrene sulphonate (PEDOT:
PSS) based source and drain contacts were inkjet printed on the PHB
substrate and then annealed at 120 °C for 1 h in air, obtaining channels
with a length of 60 pm and width of 800 pm. On top of them, a poly-
ethylenimine (PEI)-based injection layer was inkjet printed in order to
improve electrons injection into semiconductors for n-type operation
[42-44]. Subsequently, the model n-type poly[N,N'-bis(2-octyldode-
cyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,
29-bithiophene) P(NDI20D-T2) was inkjet printed as active layer and
annealed at 120 °C for 3 h under nitrogen atmosphere. A Parylene-C
dielectric layer, 250 nm thick, was deposited on all the substrate,
resulting a capacitance around 10 nF/cm?, as reported elsewhere [38].
As the final step, a PEDOT:PSS gate electrode was inkjet printed on top
of each OFET and dried in vacuum to ensure solvent evaporation.

In order to evaluate the proper operation of the devices, as well as the
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Fig. 1. Photographs of the PHB film used as device substrate when (a) bended and (b) rolled. (c) Schematic representation of the structure of the produced all-organic

OFETs and chemical formulas of the polymers employed.

reproducibility of the process, the first electrical characterization was
performed while the films were still attached on the glass substrate: 8
identical OFETs were electrically analyzed, and their average properties
were extracted and reported in Table 1. From the characteristic transfer
curves in linear regime (at Vps = 5 V) and saturation regime (at Vps = 20
V), shown in Fig. 2 (a) for a single device, and in Fig. 2 (b) for all 8
devices (raw data are reported in Supporting Information - section 3), a
proper n-type current modulation can be appreciated, with an average
maximum source-drain current (Ipg) of (0.63 + 0.16) pA, in linear, and
of (3.12 + 0.42) pA, in saturation regime (at Vgg = 30 V). The limited Ipg
standard deviation, evaluated on 8 devices, corresponds to 25 % and 13
% of the mean value in linear and saturation regime respectively, in-
dicates a very small device-to-device variation.

The current on/off ratio (Ion/Iorr), defined as the ratio between the
maximum current achieved in the on-state and the minimum one in the
off-state of the device in the explored voltage window, is above 10°, for
both linear and saturation regime. The threshold voltage, Vg, is (4 +
1.5) Vin linear and (3.2 & 0.8) V in saturation regime. For the proposed
OFETs the sub-threshold swing (SS) amounts to (2.6 & 0.8) V/dec. From
the shape of transfer curves for a single device (Fig. 2 (a)), a very slight
hysteresis can be observed: during the backward sweep the curve pre-
sents a slight shift toward negative voltages.

In Fig. 2 (c), the corresponding output curves of one device are

Table 1

reported. The initial part of the curves deviates from the ideal linearity
in a slightly “S” shaped form, indicating the presence of a contact
resistance caused by non-ideal contacts [45,46]. The contact resistance,
extracted by using the Y-function method in linear regime, has a value of
Rex W=(2.7 + 1.3)*10° Q cm. Nevertheless, the effect does not pre-
clude the correct device functioning.

Apparent linear (i app) and saturation (usqs,qpp) field-effect mobil-
ities were calculated using equations derived under the assumption of
the gradual channel approximation [47]. The average mobility curves of
8 devices are shown in Fig. 2 (d). The maximum mobility values of (0.04
+ 0.006) cm?/Vs and of (0.07 £ 0.009) cmz/Vs, respectively for linear
and saturation regime, were calculated according to Choi et al. [48],
with a reliability factor () of 0.83 + 0.06 for the linear (ry;;) and 0.72 +
0.03 for the saturation (rsq) regime. It is worth noting that the limited
standard deviation of transfer characteristic curves (Fig. 2 (b)) and
consequently of the main electrical parameters (Table 1), indicate a
small device-to-device variation of OFETs directly patterned on the
prepared PHB substrate.

Such solid estimation indicates that the mobility achieved with the
proposed transistors is in line with what has been consistently reported
for conventional low-voltage, printed, P(NDI20D-T2)-based OFETs
where the Parylene-C dielectric is directly deposited onto the organic
semiconductor without any interlayer [49]. Moreover, when comparing

Average parameters of all-organic OFETs printed on the PHB as fabricated, after the detachment from a glass substrate and after the rolling stress.

As fabricated (on glass carrier)

After detachment

After rolling

Linear regime Saturation regime

Linear regime

Saturation regime Linear regime Saturation regime

Ton/Iorr (1.7 £ 0.7) -10° (1.2 +0.5) -10° (1.3 +£0.5) -10° (1.3 +£0.5) -10° (3.5 +2.1) -10° (2.5 +1.1) -10°
Vg [V] 4+15 32408 3+0.9 2.8+ 0.2 45+1 3.6 £ 0.6

SS [V/dec] 2.6 + 0.8 / 2.3+0.6 / 1.9+ 0.2 /

Normalized Igs max [A] 1.1-10°8 6.4-107° 9.107° 5.1-.107° 41108 3.10°8

Mapp [cm®/Vs] 0.04 + 0.006 0.07 + 0.009 0.03 + 0.006 0.05 + 0.006 0.02 + 0.006 0.04 + 0.008

r factor 0.83 + 0.06 0.72 + 0.03 0.86 + 0.04 0.74 + 0.05 0.78 + 0.06 0.72 + 0.01
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Fig. 2. Transfer curves in linear (Vps = 5 V) and saturation (Vps = 20 V) regimes together with their leakage gate currents, Igs, of (a) a single device and (b) of the
average of 8 devices (for I only the upper part of the confidence band is shown for clarity). (c) Output curves of a single OFET for Vs ranging from 0 V to 20 V at
steps of 4 V. (d) Linear (iin,qpp) and saturation (isq,qpp) apparent mobility plots with their standard deviations of 8 devices.

the proposed devices with what has been reported for printed P
(NDI20D-T2)-based OFETs on top of biodegradable Mater-Bi sub-
strate, the mobility achieved here is more than six times higher, due to
the higher thermal stability of PHB substrate with respect to Mater-Bi,
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and therefore the possibility to apply optimized thermal annealing
steps during the fabrication process [38]. Furthermore, to facilitate
comparison between our devices and the non-biodegradable n-type
OFETs reported in the literature, we provide the relevant performance

10°®
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107
107"
10-12

Fig. 3. (a) Characteristic linear (dashed lines) and saturation (full lines) regime transfer and leakage current curves (dot-dashed lines) of many OFETs produced on a
PHB film before (blue) and after (red) its detachment from the glass substrate. Photographs (b) of the detachment process of the PHB film, carrying on top all-organic
OFETs, from the glass substrate and (c) of the final result: self-standing and flexible OFETs on the PHB substrate. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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data of state-of-the-art devices in the Supporting Information (Table T2).

After having evaluated the proper operation and the electrical per-
formance of the proposed devices as fabricated on the glass carrier, the
PHB substrate with OFETs has been mechanically detached.

The detachment, shown in Fig. 3 (b), did not lead to any evident or
visible mechanical deformation or rupture of the structure. After
detachment, 8 OFETs were measured and their properties compared to
those obtained with the same devices before detachment (see Table 1,
while the raw data are reported in Supporting Information — section 3).
As it can be seen in Fig. 3 (a), the transfer curves of the detached devices
(red) are just slightly lower than those of the first characterization
(blue), following a shift towards more negative values of Vg i, (from 4
+ 1.5V to3+0.9YV)and Vyyea (from 3.2 + 0.8 V to 2.8 + 0.2 V).
Indeed, the Ipn/Iorr remained almost unaltered, as well as the sub-
threshold swing. As for the apparent mobility, it was reduced from
(0.04 + 0.006) cm?/Vs to (0.03 £ 0.006) cm?/Vs in the linear regime,
and from (0.07 + 0.009) cm?/Vs to (0.05 + 0.006) cm?/Vs in the
saturation regime, while the reliability factors resulted to be in line with
the previous analysis. Moreover, as reported in Table 1, no significant
variations were recorded in the average leakage current (Igs), which
remained unchanged in both the linear and saturation regimes.

To assess the mechanical stability under bending stress, the same
electrical characterization was performed on 5 OFETs after having rolled
the film at a bending radius of 2.5 mm (which corresponds to a surface
strain of 0.4 %), as shown in Fig. 4 (b). The average transfer curves of
this further measurement were superimposed to the curves acquired for
the devices on glass, as represented in Fig. 4 (a), and their parameters
were calculated and reported in Table 1 (the raw data are reported in
Supporting Information - section 3). In this case some weak but more
evident effect on the transfer curves is visible, due to the mechanical
stress applied on the active area of the transistor [50], with lower
maximum drain currents of (0.38 + 0.1) pA and (2.01 + 0.4) pA,
respectively in linear and saturation regime, and comparable Ion/IoFF-
The more evident changes in parameters after rolling can be ascribed to
the harsher mechanical stress undergone by the devices. The modest
changes suggest that further optimizations, including for example the
use of neutral plane configuration, are highly promising towards
obtaining very robust printed circuits on PHB. As reported in Table 1,
the maximum leakage currents increased for both regimes, specifically
from 120 nA to 530 nA in linear and from 68 nA to 400 nA, while the Vg
shifted toward more positive values (from 3 + 0.9 V to 4.5 + 1 V in
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linear regime, and from 2.8 + 0.2 V to 3.6 & 0.6 V in saturation regime).
The mobility experienced a decrease, reaching values of (0.02 & 0.006)
cm?/Vs for Hiin,app having a 7y of 0.78 £ 0.06, and of (0.04 £ 0.008)
em?/Vs for Usat,app With 13, of 0.72 £ 0.01.

Neither the delamination, nor the rolling stress hampered the proper
functioning of the device, offering a promising evidence for use of PHB
and organic electronics for mechanically challenging applications. The
small standard deviation of transfer curves measured both after
detaching from the glass support (Fig. 3 (a)) and rolling the substrate
(Fig. 4 (a)) are once again indicative of the small device-to-device
variation and of the reliability of the process.

As already stated in the previous sections, the development of sus-
tainable and biodegradable transistors may be instrumental for the
widespread adoption of environmental monitoring systems that perform
their function and do not need recollection after usage. Toward such an
ambitious goal, we tested the biochemical oxygen demand (BOD) in
seawater (according to the standard ISO 23977-2:2020), of the pro-
posed OFETs printed on PHB.

BOD operates on the principle that microorganisms consume oxygen
while decomposing organic substances present within the water. This
medium typically shows slower degradation than soil for standard bio-
polymers [51]. Results are reported in Fig. 5: the devices printed on PHB
are compared with the pure PHB substrates and PLA, one of the most
widely employed commercially available biopolyesters. PLA did not
start any biodegradation throughout the 30-day duration of the test, as
expected [33,52]. In contrast, pristine and printed PHB substrate started
their degradation between the 10th and 15th day, reaching BOD values
of ca. 3 and 2 mg O2/100 mg at the test end, respectively. The diverse
degradation rate with and without the OFETs printed on the PHB sub-
strates is due to the composition of the OFET materials, which are not
easily digestible by microorganisms in the seawater. Such results are in
line with similar devices printed on other biopolymers [38].

4. Conclusions

We proposed biodegradable and bioderived PHB substrates for large-
area and printed electronics with sustainable life-cycle. PHB films were
formed by drop-casting from an acetic acid solution, which is a lower
environmental hazard alternative compared to the commonly used
chloroform. All-organic FETs were successfully fabricated on top, by
means of industrially viable, large-area techniques, such as inkjet
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Fig. 5. Biochemical Oxygen Demand of the OFETs deposited on PHB sub-
strates. PLA biopolymer is used for comparison.

printing for the PEDOT:PSS electrodes and the model P(NDI20OD-T2)
semiconductor, and chemical vapour deposition for the Parylene-C
dielectric. A maximum field-effect carrier mobility of 0.07 cm?/Vs in
saturation was achieved, exceeding what was previously reported for P
(NDI20D-T2) based OFETs printed onto other biodegradable materials.
Small device-to-device variation was achieved on a set of 8 devices, with
limited Ips standard deviations (of 25 % and 13 % in linear and satu-
ration regimes, respectively) and limited mobility standard deviations
(of 15 % and 13 % in linear and saturation regimes, respectively). The
proper operation of the devices was also demonstrated through elec-
trical characterization performed after delamination and rolling with a
bending radius of 2.5 mm.

The biochemical oxygen demand test highlighted a slightly slower
but still satisfactory degradation rate for the OFETs printed onto PHB
substrate compared to the pristine PHB film. Interestingly, these results
are consistent with similar devices printed on other biopolymers.

In conclusion, PHB has proven to be compatible with the fabrication
of large-area, all-organic electronics, and offers a promising path for
future electronic devices in biomedical and food packaging applications,
where mechanical flexibility, good electrical performance, small device-
to-device variation and cost-effective fabrication with a low carbon
footprint are mandatory, and biodegradability would be an additional
value.
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