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In this study, we show that hexadecyl palmitate and cholesterol, two naturally occurring small molecule
aliphatics, are suitable dielectrics for organic field effect transistors (OFETs). We provide a comprehensive
description of their material characteristics, processability, and film-forming capabilities, as well as surface
characterization and dielectric analysis. We finally employ them for the fabrication of organic field effect
transistors, employing two traditional organic semiconductors, pentacene and fullerene, Cgo. We demonstrate
that most OFETs can function with operating voltage windows as low as 1 V, and driving voltages as low as

rsc.li/materials-advances

1. Introduction

The increasing demand for electronics of the consumers mar-
ket, and the strategy of the producers to offer to customers only
disposable products, without the possibility to upgrade their
technological obsolescence, puts pressure on the availability of
critical materials, and causes a sharp rise in electrical and
electronic equipment waste." Moreover, the current fabrication
of high performance electronics, not only engages complex,
and energy inefficient methods,>* but also employs hazardous
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10 mV, when these materials solubilized in chloroform, are fabricated utilizing blade coating technique.

materials like halogenated compounds, heavy metals and even
radioactive substances (i.e., americium, that is widely used for
ionization type smoke detectors). These events raise serious
issues related to society, environment, health, and even
geopolitics.* While high-end electronics are fabricated predo-
minantly with the aid of inorganic materials, scientists discov-
ered in the past cheaper alternatives, in the name of organic
counterparts, that contribute to the fabrication of sustainable,
biocompatible and even biodegradable devices.” The organic
electronics field is based mostly on solution-processable
organic components that can even be derived from natural
sources or created using the principles of green chemistry.®™°
It was anticipated that solution-processable (printable) organic
materials would result in low embodied-energy electronics,
because their processing occurred under ambient conditions,
meaning that neither high vacuum nor high temperature were
necessary.''™"” Therefore, organic electronic component mate-
rials appear to be ideal for applications that interface the
electronics and sensor world with living systems in order to
develop disposable diagnostic and drug-delivery technologies,
because of their inherent softness and flexibility, which match
the elastic modulus of living cells.®”**3¢ Although the field of
synthetic chemistry contributed to tremendous recent advance-
ment in performance of organic materials (substrates, dielec-
trics, semiconductors, and even conductors), many other
challenges on the side of materials and their performance
remain to be achieved, in order to lessen the environmental
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impact of e-waste.’”™*®
applications for disposable electronic and sensor devices,
there is nowadays a greater need not only for the development
of sustainable waste management solutions but also for the
identification of green and biodegradable materials.>*™° In one
such thrust, scientists searched for reducing the volume of the
materials employed in the fabrication process of electronics.®**
Employing materials originating directly from nature repre-
sented another viable drive, meant to address the environmental
impact of electronics.'®***>%¢%47* Among the variety of scien-
tific reports, the organic field effect transistor device proved itself
to be a suitable platform for testing new materials and devices at
laboratory level, despite its inherent limitation compared to its
inorganic based counterparts, originating primarily from the
lower purity level of component materials, their inherent dis-
order, and weak intermolecular bonds.”>"*® Although traditional
FETs typically use inorganic materials like silicon dioxide, silicon
dioxide (SiO,), aluminum oxide (Al,0;),** ** and other metal
oxides, like those of titanium, hafnium, tungsten, and tantalum
for the insulating layer, OFETs typically employ either a fully
organic dielectric layer or a combination of thin inorganic
dielectric capped by an organic layer.®® Although the perfor-
mance of inorganic based FETs is unequivocally higher than that
of their organic counterparts, the scientific community is becom-
ing more interested in developing OFETSs using organic materials
that are non-toxic, renewable, environmentally benign (even
biodegradable), and inexpensive, allowing for simple processing
at low temperatures.**®”

Materials known as dielectrics react to electromagnetic waves,
especially those in the optical range, and allow an electrical field
to exist for extended periods of time. Because of this, electro-
magnetic energy builds up, disperses, slows down, is absorbed,
and can be changed in dielectrics. Dielectrics’ primary feature is
electrical polarization, and their electrical conductivity is fre-
quently low. For many electronic applications, dielectrics are
essential: in field effect transistors (FETs), through their polar-
ization, the dielectrics provide the capacitance effect, ie., the
necessary charges for the modulation of the conductivity of the
semiconductor material at the channel region. They are essential
in everything from power systems to sophisticated microchips;
insulation (wires, cables); energy storage (capacitors); signal
filtering and improving semiconductor performance; insulating
layer in capacitors preventing current flow; guiding light in
optical fibers; and enabling faster electronics by reducing cross-
talk because of their capacity to store charge and withstand high
voltages.

The two small molecule dielectric materials reported here fall
within the top echelon of the group of low dielectric constant
organic dielectric materials (i.e., also known as low-k dielectrics,
having their dielectric constant in the range of 3.9 or lower),*® like
for example cross-linked poly-4-vinylphenol (PVP), polyvinylide-
nedifluoride (PVDF),>*° poly(methyl methacrylate) (PMMA),>***
polystyrene (PS),”> amorphous fluoropolymer (CYTOP),”*> com-
mercial SU8 photoresist,’® or 1,7-diazaperylene.”” However, they
seem to fit also into the lower tier of materials in the high-k
dielectrics group (i.e., organic insulators with dielectric constants

Mainly due to the quick expansion of
49-51
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Scheme 1 Chemical formulas of cholesterol and hexadecyl palmitate (HDP).
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higher than 4.0),°® e.g., poly(vinyl alcohol) (PVA),”® poly(vinyl
phenyl) (PVP)'® poly(vinylidene fluoride-trifluoroethylene-chloro-
floroethylene) (P(VDF-TrFE-CFE)),'”" and polyacrilonitrile (PAN).'*
However, with notable exceptions®>°*'°* nearly all the contribu-
tions mentioned above report OFETs comprising respective
dielectrics having high operating voltages, in some instances as
high as 30 V or higher.*>**?>°* One of our main objectives was to
provide the scientific community materials processible in thin
films that afford fabrication of organic field effect transistor
devices operating at voltages as low as 1V, and ideally in millivolts
regime. In addition, the two small molecule dielectrics presented
here represent an addition to the portfolio of natural dielectrics
reported in the literature, like for example natural waxes, plant
resins, animal resin shellac, silk, purine nucleobases, alkaloids,
various sugars, lignin and celluloses,>”%>6%70:71,73,74,103-114

Within the pool of natural materials reported in the litera-
ture in the past years for organic electronics applications, the
two small molecules investigated in this study stand out in
terms of their inherent biocompatibility, since they are found
in large amount in many living organisms or animals on Earth.
The article does not intend to compare directly the two small
molecules, but provide them as alternative to the abundant
data of literature comprising natural dielectric materials in the
context of the larger pool of literature comprising synthetic
organic small molecules and polymers dielectric materials.

Cholesterol is a sterol found in all of vertebrates on Earth
other than fish. It is part of the steroid family of substances and
is biosynthesized by animal cells and distributed in several
body tissues, especially the brain and spinal cord."*>™*'” It is an
essential structural and signaling component of animal cell
membranes that is found also in the animal fats and oils.
Cholesterol is considered to be a fatty substance, and while its
essential presence in the cell membranes is unambiguously
demonstrated, its amount has to be carefully managed in order
to safeguard the occurrence of cardio-vascular diseases.’® In
its pure state, cholesterol appears as a white, crystalline sub-
stance that is odorless and tasteless. Cholesterol is a cholesta-
noid, ie., a steroid substance based on a cholestane skeleton
with a 3p-hydroxy group and a double bond at the 5,6-position,
having the IUPAC name (3f)-cholest-5-en-3-ol (see Scheme 1). It
melts upon heating at ~ 150 °C, and decomposes when reach-
ing the boiling temperature of ~360 °C. It is slightly soluble in
ethanol at room temperature but has a higher solubility in a
variety of other solvents, including chloroform, pyridine, acet-
one, dioxane, ethyl acetate, benzene, petroleum, ether, oils and
fats (see ref. 119 and references therein).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Hexadecyl palmitate (HDP), also referred elsewhere as cetyl
palmitate, is an organic compound generally used in the
cosmetic industry as a thickener, emulsifier, and moisturizer
agent for skin conditioning. In its pure form it is a white-solid,
waxy-like substance that occurs in nature as the primary con-
stituent of both stony corals'*® and spermaceti wax, ie., the
once highly prized substance found and extracted from the
skull of sperm whales, Physeter macrocephalus. Apart from its
application in cosmetics, hexadecyl palmitate finds applica-
tions in pharmaceutical industry,"*" and in food industry as
lubricant (anti-sticking agent) for the food packaging.'*” In
addition, it was reported that hexadecyl palmitate’s lubricant
properties recommend it for the production of stainless-steel
via cold rolling technique."”® Hexadecyl palmitate, is the ester
derived from hexadecanoic acid and 1-hexadecanol, with the
IUPAC name of hexadecyl hexadecanoate (see Scheme 1).

In this report, we procured the two small molecules from the
chemical suppliers, performed an assessment of their inner
composition, their processability and film forming capabilities,
as well as their dielectric and materials properties, and finally
implemented them as dielectric layers in organic field effect
transistors operating at low applied voltage.

2. Experimental

Cholesterol was purchased from Sigma, product No. 2673, and
used without any further purification. Hexadecyl palmitate was
purchased from TCI, product No. P1077, and was also used in
this study without any further purification. Both materials were
solubilized in chloroform in a concentration of 2.5 mg mL .
Although cholesterol is soluble in a variety of other solvents
(many of them being coined as ‘“‘green”, like ethanol, acetone,
or methanol), hexadecyl palmitate is more problematic with
this respect. We decided to use a unique solvent for both
materials in order to account for a better comparison between
their dielectric properties and performance in OFETs.

Elemental analysis

An Elementar Vario Micro Cube analyzer was used to conduct
elemental analysis studies. The difference in the contents of
carbon, hydrogen, sulphur, and nitrogen was used to determine
the oxygen concentration of each sample. Every determination
was made twice. In every case, the standard deviation was less
than 0.2 atomic %. Five milligram sample of each material were
used for the analyses. The dynamic detection ranges of work in
CHNS, CNS mode were: C 0.087-7 mg (absolute); H 0.010-1 mg
(absolute); N 0.034-10 mg (absolute); S 0.039-2 mg (absolute).
The precision of the instrument was less than or equal to 0.1%
of the absolute values. By simultaneously determining 2 mg of
acetanilide or sulphanilamide (analytical standards) in CHN or
CHNS mode, the instrument was periodically calibrated for
each operating mode, for each measured element, over the
whole measurement range. Additionally, in order to adjust the
calibration based on the atmospheric conditions (temperature,
pressure) at the time of analysis, the ‘“daily factor” was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculated using standard samples (acetanilide or sulphanila-
mide) for each analysis session.

Differential scanning calorimetry (DSC) analysis

A temperature-modulated calorimeter (DSC Q2000, TA Instru-
ments, New Castle, DE, USA) with an RCS90 cooling accessory
was used to perform differential scanning calorimetry (DSC).
Under a dynamic nitrogen environment, all of the experiments
were conducted in TzeroTM aluminum pans that were hermeti-
cally sealed (TA Instruments, Lukens, DE, USA). The phase
transitions of the samples under analysis were examined using
temperature-modulated DSC in the following manner: around
5 pg of a sample was first equilibrated at 200 °C and maintained
isothermally at this temperature for 5 minutes. After that, the
sample was cooled to 10 °C at a rate of 2 °C per minute. The
sample was heated to 100 °C once more using the same
temperature modulation as the first heating step, and a heating
rate of 2 °C min " following another equilibration step (5 min at
10 °C). The TA Universal Analysis 2000 program (TA Instruments,
Lukens, DE, USA) was used to evaluate the thermograms.

Thermogravimetric analysis (TGA)

A TGA/PerkinElmer Q5000 was used to perform thermogravi-
metric analyses on the samples under investigation. The mea-
surements were conducted in the thermal range of 70 °C to
500 °C with a heating rate of 10 °C min ' under nitrogen
atmosphere (25 mL min~'). The samples were weighed in
platinum pans (~5-27 mg, depending on the sample). Identical
experimental setup and protocols were used to measure each
small molecule aliphatic.

Fourier transform infrared (FTIR) spectroscopy

The iS50 FTIR spectrometer (Thermo Scientific, Waltham, MA,
USA) was used to record the Fourier transform infrared (FTIR)
spectra of the small molecule aliphatics at room temperature
(in an air-conditioned environment) using the integrated
single-reflection diamond attenuated total reflectance (ATR)
crystal. Every ATR spectrum was gathered using an average of
32 scans with a resolution of 4 cm ™" (data spacing 0.5 cm ™) in
the typical mid-infrared spectral range (4000-400 cm ™).

Contact angle measurements

The measurements were performed on a KRUSS DSA 100
Contact Angle Measuring System, able to provide information
about the surface energy of the film, in addition to the contact
angle value. The employed liquids were diiodomethane (a very
nonpolar liquid with a total energy, y = 50.8 mN m ™', separable
into a polar component, ¥ = 0 mN m™', and a dispersive
component, y° = 50.8 mN m™%); and ultrapure water (a very
polar liquid with a total surface tension y = 72.8 mN m™"
separable in a polar component ¥ =51 mN m ™" and a dispersive
component y° = 21.8 mN m ‘). Five droplets of water and
diiodomethane, respectively, were used to compute the surface
energy for each small molecule aliphatic. The mean values from
five droplets, together with their standard derivations, are
reported here.

Mater. Adv.
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Atomic force microscopy (AFM) and amplitude modulated
Kelvin probe force microscope (AM-KPFM) characterization

Small molecule aliphatic films have been deposited on alumi-
num coated glass substrates via doctor-blading, of a typical
thickness of ~130-150 nm. They were subjected to measure-
ments using atomic force microscopy (AFM) and amplitude
modulated Kelvin probe force microscopy (AM-KPFM) by an
Asylum Research MFP-3D AFM system. ASYELEC-01-R2 probes
(Ti/Ir coating on both the reflective and tip sides) with a tip
radius of 25 + 10 nm, a resonance frequency of 75 kHz, and a
spring constant of 2.8 N m™ ' were used for the AM-KPFM
measurements. In the AM-KPFM setup, heights and contact
potential differences (CPD) were measured using a two-pass
mode. Small molecule aliphatic films were grounded while
scanning at a speed of 5 um s, then the probe was raised by
10 nm during the second scanning. The averages with standard
deviations for the root mean square (RMS) values of topographi-
cal roughness and CPD fluctuations were calculated for five
randomly selected 20 x 20 um?® areas from each sample. Open-
source Gwyddion v2.62 software was used to evaluate topogra-
phical and CPD images. Topography images were subjected to
first-order line filtering and base plane leveling, whereas CPD
images were subjected to zero-order line filtering only.

Small molecule aliphatics processing in thin films and OFETs
fabrication

Before being deposited as thin films, both small molecule
aliphatics were filtered through a hydrophobic membrane after
being dissolved in chloroform at a concentration of 2.5 mg mL ™",
We considered drop casting, spin coating, and blade coating (also
known as doctor blading elsewhere) as deposition techniques.
However, only the latter procedure yielded films of acceptable
quality because drop casting and spin coating processes could
not regulate the very fast evaporation of the solvent and the
subsequent nucleation of the small molecule aliphatics particles.
The glass slides were coated using a COATMASTER 509 MC
machine. The ideal operating parameters for the blade coating
device were: a concentration of 2.5 mg mL™" of small molecule
aliphatics in the carrier solvent, a blade height of 0.6 mm, a
processing speed of 2.5 mm s~ ', and an injection volume of 25 L
of precursor material on the back of the moving blade.

For the impedance measurements, the small molecule alipha-
tics were processed on top of 50 nm thick aluminum electrodes
on glass substrates. The metal-insulator-metal (MIM) structure
was terminated by the deposition of 50 nm top aluminum
electrodes. Both top and bottom aluminum electrodes were
deposited via physical vapor deposition on an Edwards AUTO
306 Vacuum Coater at a deposition speed of 1 A s™. We
fabricated 4 slides for each investigated material, containing
4 MIM devices on each slide, in a similar way described in our
previous work.”®

This study used an OFET structure on glass substrates with a
staggered bottom gate-top contact layout, with the OFET sche-
matic shown in a distinct figure in the text of the manuscript.
Four transistors were present on each glass slide; however, they
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Table 1 Elemental analysis of the natural small molecule aliphatics,

cholesterol and hexadecyl palmitate (the results shown in the table are
expressed in atomic %)

Sample C H N S (e}

Cholesterol (theoretical) 83.87 11.99 0.00 0.00 4.14
Cholesterol (found) 81.66 12.11 0.00 0.01 6.22
Hexadecyl palmitate (theoretical) 79.93 13.42 0.00 0.00 6.65
Hexadecyl Palmitate (found) 78.85 13.85 0.00 0.00 7.30

were all connected by a 50 nm thick aluminum gate electrode
and doctor-bladed aliphatic small molecule. Using a specia-
lized organic evaporator, a Vaksis Research and Development
Evaporator, the two semiconductors used, fullerene, Cgo as an
n-type semiconductor, and pentacene, as a p-type semiconduc-
tor, were applied to individual patches, each one being 60 nm
thick, on top of the blade-coated small molecule aliphatic. In a
vacuum of 1 x 10~® mbar or less, the semiconductor evapora-
tion was carried out at a rate of about 0.1 A s™. A pair of top
electrodes, gold for pentacene, and aluminum for fullerene
(Ceo), were used to terminate the structure in an Edwards AUTO
306 Vacuum Coater. The deposition speed was approximately
0.1 to 0.2 A s* for the first 5 nm of the deposited layer and
approximately 1 A s™* for the remaining 55 nm of the 60 nm
total thickness. A unique pair of source and drain (S-D)
electrodes was assigned to each patch of organic semiconduc-
tor. The OFET channel dimensions were: length, L = 25 um (i.e.,
the distance between the source and drain electrodes), and
width, W= 2 mm (i.e., in reality the width of the gate electrode).
An Agilent Technologies A1500B Semiconductor Device Analy-
zer probe station, mounted in a glove box under nitrogen, was
used to measure the OFETs.

3. Results and discussion

Table 1 presents the results of the two compounds’ elemental
analysis examination in comparison to the theoretical values.
The values of the hydrogen content obtained are consistent
with the standard deviation error (0.2 atomic %) derived from
the number of measurements (at least two). The discrepancy for
carbon is more than anticipated based on the deviation stan-
dard, yet it has no discernible impact. Actually, taking into
account the molecular weight, the carbon to hydrogen mini-
mum ratio in the formula derived from elemental analysis
validates the relative ratios of C: H 1:2 for hexadecyl palmitate
and C:H 1:1.7 for cholesterol. The amount of carbon causes
the oxygen value to diverge from the others, however in this
instance, the ratio of hydrogen to carbon minimum in the
formula is also verified. We conclude therefore, that the two
analyzed samples are typical of the theoretical framework for
these materials.

The FTIR spectra confirm significant structural differences
between the two small molecule aliphatics examined in this
study. Fig. 1 highlights the spectral region containing the most
critical features. The cholesterol spectrum in the fingerprint
region reflects its more complex molecular structure,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 ATR-FTIR spectra of the analyzed small molecule aliphatics, cho-
lesterol (cyan line) and hexadecyl palmitate (red line) in the spectral range
2000-400 cm™.

prominently featuring the intense C-O vibration of the alcohol
group at 1054 cm ™ *. Additional characteristic bands include alkene
functionalities (C=C stretching at 1450 cm™*; C=C ring bending,
and C-H out-of-plane vibrations between 600-1000 cm™ ') and
vibrations from methylene and methyl groups (C-H bending at
1440 cm ', and CH; umbrella bending at 1375 cm ). In
contrast, the hexadecyl palmitate spectrum is dominated by
absorptions indicative of the ester group (C—O stretching at
1730 cm™ "), accompanied by characteristic vibrations typical of
long-chain CH, groups (doublet peaks at 1450 cm ™" for bending,
and at 720 cm™ ' for long-chain rocking). Additionally, the
distinct splitting of vibrational bands (particularly in the finger-
print region for C-H and C-O vibrations) illustrates the strong
tendency of hexadecyl palmitate to form highly ordered crystal-
line structures in its solid state and corroborate well our AFM-
KPFM findings of HDP films that will be elaborated in the
following. All observed spectral features by FTIR of cholesterol
and hexadecyl palmitate align very well with the reported obser-
vations in the existing literature.'**'%
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Fig. 3 DSC thermograms from the second heating step for cholesterol
and HDP. The two curves are offset for clarity.

Heat Flow (W/g)

The thermal stability of the cholesterol and hexadecyl palmi-
tate samples was investigated by thermogravimetric analysis
(TGA), the graphs being shown in Fig. 2. As can be seen from
results, the two small molecule aliphatics showed similar ther-
mal behavior to one another, yet slightly higher thermal stability
was detected for hexadecyl palmitate as shown in Fig. 2. The
exothermic reactions occur after heating the two materials above
200 °C. Their decomposition temperatures, T4, were found to be
centered at 278 °C for cholesterol, and 315 °C for hexadecyl
palmitate, respectively. From the comparative TGA (Fig. 2c), it
can be observed that the decomposition process of the two
materials showed only one main weight loss stage in the range
of 200-330 °C, in accordance to other reported data.'**'*” This
main degradation zone (that accounted for more than 95%
weight loss) was followed by two small second degradation zones
for cholesterol, and one for hexadecyl palmitate, taking place at
higher temperatures, where negligible mass loss occurred.

Thermograms recorded during the second heating step of
the differential scanning calorimetry (DSC) analysis are shown
in Fig. 3. While thermogravimetric analysis confirms similar
thermal stability against degradation for both aliphatics, calori-
metric results highlight substantial differences in their melting

z
w
=)

315°C

Hexadecyl
palmitate

Cholesterol

Deriv. Weight (%/°C)
o

200 300 400

Temperature (°C)

100 500

Fig. 2 TGA analysis of the small molecule aliphatics displaying: (a) weight (%), and (b) derivative of weight loss.
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Fig. 4 Contact angle with water droplet of cholesterol (left panel); contact angle with water and diiodomethane droplet of hexadecyl palmitate (center

and right panels).

behaviors. Hexadecyl palmitate exhibits a high degree of struc-
tural ordering, showing substantially more intensive melting
endotherm at 52 °C (melting enthalpy 204 J g~ *). In contrast,
cholesterol demonstrates significantly lower crystallinity. How-
ever, the presence of an -OH group and the reduced flexibility
resulting from its rigid cyclic structure notably elevate the
melting temperature of cholesterol to 138 °C.

The contact angles with water and diiodomethane droplets
of the two small molecule aliphatics are displayed in Fig. 4.
Water and diiodomethane are the two classical probe liquids
used in contact angle measurements. Water is polar, while
diiodomethane is non-polar. By measuring the contact angles
of both liquids and applying Young equation the polar and
dispersive components of the surface energy of a solid can be
determined. We run the measurement of cholesterol films
several times, from freshly fabricated films and obtained
similar results with the ones presented in Fig. 4, left panel. It
is surprising and, in a way, counterintuitive to conclude that
the cholesterol films cast from chloroform are in fact hydro-
philic and not hydrophobic, although cholesterol is coined to a
“fat-like” substance that is freely produced by many living
species on Earth. The reason may be that its cholestane
skeleton contains a 3p-hydroxy group that is expected to inter-
act strongly with water, and has the only aliphatic section
represented by its hydrocarbon chain connected on the C17
position to the central sterol nucleus (see Scheme 1). On the
other hand, the hexadecyl palmitate film proved to be very
hydrophobic, with a contact angle of ~112° with water droplet
and a contact angle of ~67° with diiodomethane droplet,
giving a total surface energy of approximately 24.7 mJ] m 2,
with no polar component.

The combined data of all our measurements with water and
diiodomethane droplets for the two materials is summarized in
Table 2. As Table 2 presents, the cholesterol film is not stable
with diiodomethane, the respective droplet being immediately
absorbed by the material, and because of this, we could not
calculate the total energy of the cholesterol film. Moreover, the
cholesterol film is not stable with water droplet either, its
contact angle with water decreasing by 1° every 5 seconds;

however, water is not instantaneously absorbed into the choles-
terol film as is dilodomethane. For cholesterol films, we repeated
the measurements on another instrument and obtained a value
of 72.5° angle on several freshly fabricated samples via spin-
coating, blade coating or simply via drop casting. In all the
instances we indeed observed the same instability in time with
the water droplet. Nevertheless, in all cases the measurements
were performed in ambient air within a minute passed from the
evaporation of the chloroform, and is possible that the film
spontaneously oxidized and produced a layer of hydrophilic
oxysterol that contributed to the recorded results."*® In addition,
the cholesterol films aged for several weeks in ambient air
provided a contact angle with water of ~57.5°, and showed
severe instability with water droplet, in line with the observations
above, substantiating its high tendency for oxidation. The hex-
adecyl palmitate film on the other hand was stable when con-
tacted with both liquids, with its total surface energy being equal
to the dispersive component, 24.7 &+ 0.4 mJ m 2.

The reactivity of the dielectric surface (its charge trapping
action) at the corresponding interface towards the semicon-
ductor material, can be assessed by the study of the contact
potential difference (CPD). This interface trapping is especially
noticeable in the case of inorganic dielectrics, and leads to the
occurrence of both hysteresis and a decreased transistor cur-
rent, Ig.”” The CPD is important to know also for organic
dielectrics since, in addition to its traditional surface rough-
ness (topography) analysis, it provides useful details regarding
the surface quality of the dielectric films.”””* Fig. 5a and b
presents the typical topography and contact potential differ-
ence (CPD) characteristics of the cholesterol film. The choles-
terol surface exhibits numerous sub micrometer-sized islands
with heights lower than 6 nm, demonstrating a root-mean-
square (RMS) roughness of 1.7 £+ 0.4 nm across five randomly
measured surface areas. Notably, the CPD image correlates well
with the topographic features, exhibiting a potential roughness
of 2.9 + 0.9 mV over the same measurement areas. Further-
more, it is noteworthy to mention that elevated regions (corres-
ponding to cholesterol clustering) consistently display higher
surface potential values, suggesting that CPD primarily arise

Table 2 Overview of the contact angle measurement with water and diiodomethane droplets for cholesterol and hexadecyl palmitate; *measured 10
seconds after deposition. The water droplet is not stable on cholesterol, the contact angle decreases by 1° every 5 seconds; ** dioodomethane droplet
dissolve cholesterol. y represents the total energy, separable into a polar component, y¥, and a dispersive component, y°

Material Deposition Method CApiiodomethane (*) CAu,o () 7 (mJ m~?) P (mJ m™?) ¥ (mJ m™?)
Cholesterol Spin coating n/a** 72.8 + 0.6* n/a n/a n/a
Hexadecyl palmitate Spin coating 66.8 £ 0.6 111.4 £ 0.9 24.7 £ 0.4 24.7 £ 0.4 0
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Fig. 5 AFM-KPFM of investigated small molecule aliphatics: (a) cholesterol topography; (b) cholesterol contact potential difference; (c) hexadecyl
palmitate topography; (d) hexadecyl palmitate contact potential difference; (e) cholesterol's topography (black) and contact potential (red) of Line 1; (f)
HDP's topography (black) and contact potential (red) of Line 2. The dotted lines are displayed as visual guide of the peak positions.

from thickness variations. The surface morphology of HDP
differs markedly from that of cholesterol (Fig. 5c). Three dis-
tinct morphological regions are observed: (i) low-lying plateaus
(upper sample region, of ~1-4 nm height, and width higher
than 10 um), (ii) intermediate terraces (dominant sample area,
of ~5-8 nm height), and (iii) protruding features (randomly
distributed, of ~8-60 nm height, and 1-2 pm width). The
overall RMS of height is 1.5 & 1.1 nm. While the HDP’s CPD
image exhibits some correlation with surface topography, a
striking phenomenon emerges at interfacial regions: both the
plateau-terrace boundaries and feature-terrace junctions con-
sistently demonstrate elevated potentials. This interfacial
enhancement explains why HDP exhibits substantially greater
CPD roughness than cholesterol, i.e., 13.9 = 7.3 mV, despite

© 2026 The Author(s). Published by the Royal Society of Chemistry

their similar topographic roughness. The collection of results
of AFM-KPFM investigations is displayed in Table 3). To analyze
the mechanism of the interfacial enhancement, two-line sec-
tions were added for the two materials, i.e., line 1 in the panels
(@) and (b) and line 2 in the panels (c) and (d) of Fig. 5
respectively. It is worth to mention that line 1 and line 2 are both
200 pixels in length (~8 um) and 10 pixels in width (~0.4 pm).
Therefore, the signal of topography (black) and contact potential
difference (red) are both average values of ten parallel lines. It
can be clearly seen that these two molecules have different
aggregation behavior and different contact potential range. It is
worth pointing out that it is not the “up and down in the
morphology profile” that directly leads to height variations of
the CPD, but rather the chemical and electronic states of the
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Table 3 AFM-KPFM parameters of cholesterol and hexadecyl palmitate
averaged over 6 measured surfaces

RMS surface RMS contact potential

Material roughness (nm) difference (mvV)
Cholesterol 1.7+ 0.4 2.9+ 0.9
Hexadecyl palmitate 1.5+ 1.1 139+ 7.3

material forming the analyzed surface and its fundamental
properties, such as the type of aggregation and film growth, grain
boundaries, dangling bonds, the presence of surface defects,
induced stresses, etc. Fig. 5e shows that in the case of cholesterol,
the peaks in the contact potential difference graph perfectly fit
the respective peaks in the topography diagram. Therefore, it can
be assumed that the density of defects on the surface of sub
micrometer-sized islands is higher than that in other parts of the
film. In the case of HDP (Fig. 5f), however, the peaks in the
contact potential difference do not fit the peaks but the slopes of
the left and right edges displayed in the topography graph. The
contact potential of 4 terraces in Fig. 5f, especially the ones of the
terraces I, III and IV (since the size of terrace II is very small, its
signal might be submerged in two strong signals of the left and
right slopes) are basically the same, even though their heights
vary from 4 nm to 9 nm. Considering that there are a large
number of chemical defects at the edge part, the local electrons
are easily captured by these defects, forming short-range atomic
dipoles.
The local contact potential can be defined as:

Piocal = Evaclocal — Er (1)

where @igcal, Evaciocal and Ep, are the local work function, local
vacuum energy level, and Femi energy level respectively. Since
Er must be maintained as a horizontal line, these short-range
atomic dipoles present on the edge parts must cause Eyaciocal
up-bending, and generate @, (CPD) value larger than that of
other parts of the sample. Therefore, the edge parts are not only
physical boundaries, but represent also boundaries of electro-
nic transport. Since the sub micrometer-sized islands can be
considered as very small terraces combined with surrounding
edge parts, their wide distribution could explain why the peak

— Height distribution of Cholesterol
Height distribution of [IDP

(a)

0.4 4

pmm")

0.1+

0.0
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widths of the contact potential difference is wider than those of
the topography for HDP. A similar observation of high potential
difference at the edge of the steps compared to the terraces was
reported by Y. Yamagishi et al,**® on their KPFM analysis of
Cg-BTBT organic semiconductor, proving that crystallinity,
layer by layer growth and packing structure play a crucial role
for organic films.

In order to further evaluate the aggregation behavior and
electrical properties of the two substances, we generated Fig. 6,
that shows the height and the CPD distributions for cholesterol
and hexadecyl palmitate in the whole measuring area. The
cholesterol samples exhibit congruent distribution profiles (red
lines), with both parameters following normal distributions. The
height distribution spans between 0 nm to 6 nm, consistent with
the color bar in Fig. 5a, while the CPD distribution is sharply
confined to 0.173 V to 0.185 V, reflecting its lower potential
roughness. Although HDP’s height distribution (i.e., 2-8 nm
range) resembles the one of cholesterol, its CPD characteristics
differ substantially. The broader CPD distribution range in HDP,
deconvolute into two distinct bands with their peaks centered at
—0.139 V (the signal attributed to terraces) and —0.118 V (the
signal attributed to the edges of the terraces) respectively, as
elaborated during the analysis of Fig. 5f. Considering molecular
structures of cholesterol and HDP, there are rigid steroidal rings
and flexible alkyl chains, as well as hydrophilic hydroxyl groups
in a cholesterol molecule, while there are only two completely
symmetrical and flexible long alkyl chains in HDP. The hydroxyl
(-OH) in cholesterol can form hydrogen bonds, which is a
medium strength force with high directivity. It acts as a “posi-
tioning pin” to guide the arrangement of molecules in a specific
way. At the same time, its huge rigid steroidal ring provides a
strong and anisotropic van der Waals force, which promotes the
orderly accumulation of molecules like a deck of playing cards.
In contrast, HDP is an ester molecule (R-COO-R’), with a weekly
polar ester group. It has no ability to form hydrogen bonds at all.
Therefore, the only force that guides the interaction between
HDP molecules is the van der Waals force between the long alkyl
chains. This force has no directionality and is weaker than the
van der Waals force between cholesterol rings. Therefore, during
the film forming, cholesterol molecules self-assemble, forming a

250

—— CPD distribution of Cholesterol 0.178V
Fitting peak (b)
200 s S .
—— CPD distribution o HDP
Fitting peak |
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~
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(a) Height distribution of cholesterol and hexadecyl palmitate, (b) CPD distribution of cholesterol and hexadecyl palmitate.
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smectic-like structure, while HDP molecules arrange in a com-
pletely random physical entanglement, forming an amorphous
structure. Consequently, the surface of cholesterol film is much
smoother than that of HDP, consisting only in sub-micrometer-
sized islands. In contrast, the HDP film contains step-like
structures with their width exceeding 10 micrometers. In addi-
tion, the number of defects at the edge parts in cholesterol film
are much less than that in HDP film. That is the reason why the
distribution range of CPD signal of HDP is larger (—0.16 V to
—0.10V) and deconvolute into two distinct bands (see Fig. 6b).
The dielectric capacitance is a material property that depends
on the thickness (d), the measurement area of the material under
investigation (4), as well as its relative permittivity (g,):

g0er A

C=— ()

where ¢, is the vacuum permittivity, 8.854 x 10> Farads per
meter (F m™").

Relative permittivity, ¢, is usually symbolized as ¢, (w), and
is expressed by the formula:

&
o) =42 ®)
&0

where ¢(w) is the complex (frequency-dependent) permittivity of
the material. Stated otherwise, the relative permittivity is a
complex, dimensionless number that can be written as:

&r(0) = & (@) — igf () 4)

In general, the term “permittivity” is used to refer to only
the real component (,) of the complex-valued relative permit-
tivity expressed in the eqn (4). By comparing their real ¢’ and
imaginary ¢’ components (i.e., their conductivity, ¢), materials
can be categorized based on their complex-valued permittivity,
&(w); thus, a perfect dielectric is a material with no conductivity
at all (¢ = 0), while a perfect conductor is a material an infinite
conductivity (¢ = o). The perfect dielectric (i.e., in other words
an ideal material with zero imaginary component ¢ of the
complex permittivity) is also known as a lossless medium, or in
other words, a medium without losses. In reality every material
presents some sort of losses, since there is no such “perfect
dielectric material”, and the cut-off is expressed by the ratio:

o
Py ()

When the ratio expressed above is > 1, the material is said
to be a good conductor (i.e., a lossy dielectric), and when the
respective ratio is «1, the material is said to be a low loss
dielectric, or in other words a very good dielectric. The electric
loss tangent can be defined as:

we +o

tano = T (6)
which can be simplified as:
/!
tand = — (7)

F/

for a dielectric medium with low conductivity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The amplitude and time scale of charge density changes
across the studied MIM sample are characterized by the behavior
of the frequency-dependent ¢, and tan . Electronic polarization,
ionic polarization, molecule orientation, chain relaxation, or
polarization of free counterions, space charges (interfacial or
condensed counterions), and electrode or electric double-layer
(EDL) polarization are the main causes of these frequency-
dependent oscillations.”***** Impedance spectroscopy helps
understanding interface processes, particularly those involving
modifications to the system’s mechanical, electrical, composi-
tional, or crystallographic characteristics."** It also helps under-
standing polarization and other changes in electrical
characteristics by examining how they affect the system’s elec-
trical conductivity.****** The benefit of impedance spectroscopy
is that it allows for the measurement of conductivity across a
wide range of frequencies, making possible to learn about the
conductive species and their routes in the analyzed material. In
this work, we performed impedance spectroscopy on thin films
of doctor bladed cholesterol and hexadecyl palmitate from
chloroform solutions, by scanning the investigated metal-insu-
lator-metal (MIM) structures in a wide range of frequencies, ie.,
from 1 MHz to 1 mHz. The result of one particular MIM structure
investigation for each material is shown in Fig. 7, with all the
measurements performed in ambient air. The typical thickness
of the films of investigated materials processed from chloroform
solution via blade-coating technique were ~90-135 nm for
hexadecyl palmitate and ~100-150 nm for chloroform. The
major drawback of the blade-coating deposition process from a
highly volatile solvent as chloroform is that the remnant material
at the interface between the blade and substrate spills back into
the film and increases the thickness of the deposited film at the
end-side position of the coated slide. Although this discrepancy
is not very severe for the MIM structure, given the proximity of
the MIM devices on the respective slide (see the photography of
our slide design in the ref. 70), it translates, however, in a more
significant variation of the transistors’ performance as it will be
detailed in the following. In order to study the stability of the
samples, we scanned each MIM sample of cholesterol and HDP
five consecutive scans. The data presented in Fig. 7 shows a very
robust resistance to the exposure to ambient air for both
materials, with virtually no variation over 5 consecutive scans.
It is worth mentioning that each individual measurement in the
sequence (in the frequency window from 1 MHz to 1 mHz,
having the fine point increment selected for the frequency step)
lasted 18 hours. From the impedance measurements shown in
Fig. 7, considering the thicknesses of the MIMs measured in the
vicinity of the structure by profilometry, and the capacitance
value measured at 1 kHz, we calculated the dielectric constant of
the two materials. We obtained for hexadecyl palmitate a range
of values for the dielectric constant between 4.2 and 4.8, and for
cholesterol a range between 3.9 to 4.6, respectively. The parti-
cular samples shown in Fig. 7 have a dielectric constant of 4.2 in
the case of cholesterol and 4.7 in the case of HDP. Interestingly,
although used as received, without any purification other than a
simple filtration of the precursor solution of the two investigated
molecules, the cast film of hexadecyl palmitate seems to have a
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Fig. 7 Five consecutive impedance spectroscopy of cholesterol, and hexadecyl palmitate in the frequency window from 1 MHz to 1 mHz. Each

measurement duration was 18 hours. (a) dielectric constant of cholesterol

measured on five consecutive scans; (b) the loss angle (tangent delta) for

cholesterol measured on five consecutive scans. The sample thickness was measured as 127 nm; (c) dielectric constant of hexadecyl palmitate measured

on five consecutive scans; (d) the loss angle (tangent delta) for hexadecyl
measured as 95 nm.

characteristic relaxation of the loss angle in the region that can
be attributed to mobile ionic impurities (i.e., a shoulder centered
at ~0.5 Hz, see Fig. 7d). It is however difficult to attribute this
fact to the presence of a small hysteresis in OFETs with HDP, as
the next section will demonstrate.

In contrast, the relaxation in the loss angle displayed by the
cholesterol dielectric (see Fig. 7a) starts occurring at frequen-
cies in the range of mHz or lower, and is not translated into a
hysteresis in OFETs. This relaxation (i.e., see the sharp increase
and the recorded value of 2 for the loss angle of cholesterol
dielectric at 1 mHz) most likely results from free charges and/or
ions moving toward the electrode/sample interface under the
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palmitate measured on five consecutive scans. The sample thickness was

influence of an electric field, which causes the formation of
electric/ionic double layers in certain areas.’®

The breakdown field for the two materials is presented in
Fig. 8a and b. Measured for samples with similar thicknesses to
the one presented in Fig. 8, the two materials showed clear
differences in their behavior with respect to breakdown field.
The cholesterol samples broke in several stages, each being
accompanied by a characteristic spark and a burn out of a small
area of the two overlapping electrodes. The breakdown field for
cholesterol is 1.3 MV cm ™" in the first breakdown stage, and
7.9 MV cm ™" in the last stage. In is worth mentioning that the
cholesterol samples with thicknesses of the film higher than
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Fig. 8 Breakdown field for (a) cholesterol, and (b) hexadecyl palmitate. The thickness of each sample is indicated as inset of the two graphs.
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Fig. 9 (Left panel) OFET design utilized in this work; (right panel) Photo-
graph of fabricated devices with pentacene (left slide) and Ceq (right slide)
organic semiconductors. The silver paste was added on the measurement
pads in order to improve the contact between the sharp needles of the
probe station and the measured contact terminals.

750 nm could not be subjected to breakdown on our instrument
that has a maximum range of 500 V applied D.C. voltage. In the
same time, the HDP samples broke in one stage only (breakdown
field of 4.5 MV cm '), with the damage occurring in one event
only and being distributed uniformly over the entire overlapped
area of the top and bottom electrodes. Our attempt to perform
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the breakdown field test on thinner samples proved inconsistent
results, possibly due to nonuniformity of the films and the
difficulty to blade coat a uniform film on a mask size of 1.5 x
1.5 em®. The values of the breakdown field recorded for the two
analyzed small molecules is in between the one of low-k polymer
dielectrics that lies between 1 and 2 MV cm™ ' and synthetic
polymer resins such as benzocyclobutene (BCB) that has a
dielectric strength of 4.5 MV cm™*.%® These values are consistent
with the trend observed for other investigated small molecules
reported previously by our group (caffeine, theobromine and
theophylline), also processed from highly volatile solvent like
chloroform.”" However, it is known that the dielectric strength is
dependent on the film thickness, expressed by the equation:

V= A7, (8)

where ¢ is the film thickness and A is a material constant. As a
consequence, the dielectric strength increases as the thickness
of the dielectric film decreases."*> Because the breakdown field
values shown in this work only represent a narrow sample
thickness range and are highly specific to the thickness of the
dielectric films utilized, they might need to be reexamined in a
more methodical examination.

The schematic utilized for the fabrication of the OFETs is
presented in Fig. 9. We fabricated two batches of 6 slides each
for each of the two dielectrics, both with C¢, and pentacene
semiconductors, making in total a pool of 48 OFETs for each
combination of dielectric and semiconductor. During the
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Fig. 10 Transfer and Output OFET measurements with pentacene as organic semiconductor (a) and (b) cholesterol dielectric on plain aluminum gate

electrode: specific capacitance, Coq = 73.1 nF cm™2, field effect mobility u =
Hexadecyl palmitate on plain aluminum gate electrode, specific capacitance, Coq =

subthreshold swing, Ssw = 335 mV dec™.
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4.2 x 1072 cm? V=t 571 subthreshold swing, Ssw = 95 mV dec™™. (c) and (d)

731 nF cm‘2 field effect mobility u = 52 x 1072 cm? Vs %,
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measurement of the devices, we noticed that the OFETs marked
with the number 4 on the slide (see Fig. 9) functioned at a slightly
higher voltage that the OFETs in position number 1, which was
the starting point of the blade coating. We measured the thick-
ness of the film in various positions of the slide and concluded
that it is significantly higher at the end of it, which represents the
finish point of the blade coating. We believe that the dexterity of
the of operator to remove the excess material played a major role
in obtaining reproducible results with organic materials pro-
cessed by blade coating from highly volatile solvents like chloro-
form, since the solvent both evaporates very fast and has a
tendency to spill back into the already deposited film, contribut-
ing to its increased thickness at the end of the slide.

Because of this uncertainty of the dielectric thickness, we
did not use the values of the specific capacitance measured
with the aid of the continuous electrode (see Fig. 9), since the
respective value was not representative to the capacitances of
individual OFETs on the slide. We fabricated instead MIM
devices with the top electrode deposited in the position of the
four OFETs on the slide and used the respective capacitance for
the semiconductor field effect mobility calculation. The trans-
fer and output OFET measurements with the two dielectric
materials are presented in Fig. 10, when interfaced with the
p-type semiconductor, pentacene, and in Fig. 11, when inter-
faced with the n-type semiconductor fullerene, Cgo, respectively.
Although we measured devices at higher operating voltages, i.e.,
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up to 5 V for pentacene semiconductor interfaced with the two
small molecules dielectrics, and up to 4 V for the case of C4, we
present in the two figures example of devices for each combi-
nation of dielectric and semiconductor.

The OFET parameters are inserted in the panel of transfer
characteristics for each OFET combination and are summarized
together in Table 4. In addition to their low voltage operation
window of 1-3 V, the fabricated OFETs can be run with a small
applied drain-source voltage as low as 10 mV, and not higher
than 50 mV in most of the cases. Inspecting the two figures, one
observes that the two dielectric materials generated similar
results with fullerene, Cq, and pentacene respectively, with
mobilities in the range of 107> cm® V™' s™!, ON-OFF ratio in
excess of 1000, and similar subthreshold swing, as the data
compiled in Table 4 confirms. Also, it is noticeable that the
interface of the two dielectrics towards pentacene generates a
much lower OFF level of the OFET devices. In addition, the
interface of the two small molecules dielectrics towards Cg, gives
rise to a small hysteresis in the transfer characteristics, more
visible in the case of HDP, while there is also a variation of the
threshold voltage towards negative values in the case of choles-
terol, possibly due to the difference in morphology of the Cgo
film. Nevertheless, this small but negative threshold voltage for
the OFET devices with cholesterol and Cg, was not universally
present, some samples displayed a small and positive threshold
value of Vy, in their transfer characteristics.
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Fig. 11 Transfer and Output OFET measurements with fullerene, Cgg as organic semiconductor. (a) and (b) cholesterol dielectric on plain aluminum gate
electrode: specific capacitance, Coq = 68.2 nF cm™, field effect mobility x = 0.48 cm? V™ s7%, subthreshold swing, Ssw = 245 mV dec™2. (c) and (d)

Hexadecy!l palmitate on plain aluminum gate electrode, specific capacitance, Coq = 97.9 nF cm~2 field effect mobility u = 6.2 x 102 cm?Vts

subthreshold swing, Ssw = 320 mV dec™™.
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Table 4 OFET parameters of natural small molecule aliphatics on aluminum gate, with pentacene and Cgo semiconductors. *The record mobility
measured on the cholesterol + Cgq device was an exception, the values of the field effect mobility were no greater than 0.1 cm? Vs~! for the rest of the

OFETs in the fabrication pool

OFET parameters

with Pentacene with Cgo

Coa Ssw Cod Ssw
Aliphatic molecule  (nF em™2) Vi, (V) Ion/Iorr u(em?*vts™) (mvdec' (nFem 2) Vg (V) Ion/lopr #(em?>V's™) (mVdec™)
Cholesterol 73.1 —1.25 3.35 x 10° 4.2 x 1072 95 68.2 —0.1 920 0.48* 245
Hexadecyl palmitate 101.1 -1.15 3.21 x 10* 5.2 x 10> 335 97.9 0.3 302 6.2 x 102 320

4. Conclusions

In this report, we complement the contributions of the scien-
tific community towards the field of sustainable electronics by
demonstrating that two small molecules aliphatics, cholesterol
and hexadecyl palmitate are excellent dielectrics to consider for
the fabrication of environmentally friendly electronics. Differ-
ent than our recent work on natural dielectrics,®>%*’%73 this
study focuses on two well defined materials with a unique
composition, i.e., cholesterol and hexadecyl palmitate, leaving
no room for the assertion that a difference in material origin
and/or its complex constituency may generate different results.
We demonstrated that these ubiquitous small molecules can be
employed as dielectrics in the fabrication of organic field effect
transistors operating at low voltages. Contrary to the common
belief, cholesterol does not behave as a hydrophobic material
when exposed to ambient atmosphere, and can be processed
from a variety of solvents, many of them considered ‘“green’.
We processed it from chloroform in order to have a direct
measure for comparison with hexadecyl palmitate that is not
soluble in cold, “‘green” solvents except oils (n.b., HDP is in fact
soluble in boiling anhydrous ethanol and even in dichloro-
methane at room temperature, the latter being a solvent used in
food industry for coffee, cocoa, and tea decaffeination, as well
as for various flavors extraction).’*® Both small molecule ali-
phatics allow the fabrication of OFET devices virtually
hysteresis-free, in both transfer and output characteristics.
The two small molecule dielectric materials investigated here
compare favorably with a plethora of other small molecule or
polymer dielectrics in their performance when employed as
insulating layer in OFETs. Among the exhaustive list of polymer
dielectrics reported elsewhere, the PMMA®'~** and SU8°® stand
apart, since their dielectric constant is similar to the one
measured in this study for cholesterol and HDP. With this
respect the main OFET parameters, ie., field effect mobilities
recorded, the subthreshold swing and on-off ratio measured
for the two materials investigated here are similar with the
reported results in the above references. Different than the
literature reports however, the OFET devices fabricated in this
work can be operated reliably in the 1 V operation window of
the gate voltage, with applied drain-source voltages as low as 10
mV. Although not as versatile as shellac and silk, i.e., two other
natural biopolymer materials that are also solution processible
and can be employed both as substrates and dielectrics for
organic electronics, the two small molecules investigated here

© 2026 The Author(s). Published by the Royal Society of Chemistry

compare successfully to other materials of natural origin exem-
plified above in terms of dielectric strength, and low voltage
afforded in the operation of the organic field effect transistors. In
line with our recent work on natural dielectrics,>%>76>:66:69-71,73,74
it seems reasonable to assume that mother nature still has plenty
to offer on the side of materials that are biocompatible, biode-
gradable, and do not pose any threat to life and environment; and
that these two small molecules are only two examples of many
more natural compounds that can be implemented successfully
in electronics fabrication.

Conflicts of interest

The authors declare no conflicts of interest.

Data availability

Data are available upon request from the authors.

Acknowledgements

This work is supported by Johannes Kepler University Open
Access Publishing Fund. Cristian Vlad Irimia gratefully
acknowledges support from the Austrian Research Promotion
Agency (FFG) (“DeftFAB”, project no. 867266, “ORGELE”, pro-
ject no. 879855, and “AQDerivaten22”, project no. 895505).
Mihai Irimia-Vladu, Cigdem Yumusak, and Corina Schima-
nofsky gratefully acknowledge financial support from the pro-
ject “EINSTEIN”(HORIZON-WIDERA-2023-ACCESS-03), project
no. 101136377, and from the project “Promo” (LIT-2022-11-
SMED-414). Andreas Petritz and Barbara Stadlober thank the
financial support of the Austrian Science Fund (FWF), (project
no. J4145-N30, project no. 15967-N, and Grant-DOI: 10.55776/
PIN1377723). Martin Ciganek and Jozef Krajcovi¢ thank MEYS
for financial support, in the scope of the grant Mobility CZ-AT
8J24AT 022. Boyuan Ban acknowledges financial support by the
Chinese Scholarship Council (CSC) for his research studies at
Montanuniversitit Leoben, Austria.

References

1 V. Forti, C. P. Balde, R. Kuehr and G. Bel, The Global
E-Waste Monitor 2020: Quantities, Flows and the Circular
Economy Potential. United Nations University/United

Mater. Adv.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

10

11

12

13

14

15

Nations Institute for Training and Research, International
Telecommunication Union, and International Solid Waste
Association 2020.

T. G. Gutowski, M. S. Branham, J. B. Dahmus, A. J. Jones,
A. Thiriez and D. P. Sekulic, Thermodynamic analysis of
resources used in manufacturing processes, Environ. Sci.
Technol., 2009, 43, 1584-1590.

J. F. Ordofiez Duran, J. M. Chimenos, M. Segarra, P. A. de
Antonio Boada and J. C. E. Ferreira, Analysis of embodied
energy and product lifespan the potential embodied power
sustainability indicator, Clean Technol. Environ. Policy,
2020, 22, 1055-1068.

D. N. Perkins, M.-N. Brune Drisse, T. Nxele and P. D. Sly,
E-waste: a global hazard, Ann. Glob. Health, 2014, 80(4), 286-295.
S. Hradilova, T. Zavodna, J. Belza, M. Irimia-Vladu,
N. S. Sariciftci, C. Yumusak and K. Polakova, Biocompat-
ibility assessment of organic semiconductor pigments
epindolidione and quinacridone, Microchem. J., 2024,
202, 110740.

M. Muskovich and C. J. Bettinger, Biomaterials-based
electronics: polymers and interfaces for biology and med-
icine, Adv. Healthcare Mater., 2012, 1, 248-266.

M. Irimia-Vladu, “Green” electronics: biodegradable and
biocompatible materials and devices for sustainable
future, Chem. Soc. Rev., 2014, 43, 588-610.

L. Wang, D. Chen, K. Jiang and G. Shen, New insights and
perspectives into biological materials for flexible electro-
nics, Chem. Soc. Rev., 2017, 46, 6764-6815.

B. Kahraman, C. Yumusak, F. Mayr, D. Wielend,
K. Kotwica, C. V. Irimia, E. Leeb, M. Cobet,
N. S. Sariciftci and M. Irimia-Vladu, Industrial vat orange
dyes for organic field effect transistors, J. Mater. Chem. C,
2024, 12, 3838-3853.

A. ]. Prochazkova, Y. Salinas, C. Yumusak, O. Briiggemann,
M. Weiter, N. S. Sariciftci, J. Krajcovic and A. Kovalenko,
Cyclic peptide stabilized lead halide perovskite nano-
particles, Sci. Rep., 2019, 9, 12966.

W. Lee, J. J. Seong, B. Ozlu, B. S. Shim, A. Marakhimov and
S. Lee, Biosignal sensors and deep learning-based speech
recognition: A review, Sensors, 2021, 21(4), 1399.

A. J. Morfa, T. Rodlmeier, N. Jiirgensen, S. Stolz and
G. Hernandez-Sosa, Comparison of biodegradable sub-
strates for printed organic electronic devices, Cellulose,
2016, 23, 3809-3817.

D. Hughes, A. H. Mousa, C. Musumeci, M. Larsson,
M. A. Shameem, U. Aydemir, L. Schmiderer, J. Larsson,
M. Berggren, F. Ek, R. Olsson and M. Hjort, Lithography-
free water stable conductive polymer nanowires, Nano
Lett., 2025, 25(8), 3059-3065.

S. Inal, G. G. Malliaras and J. Rivnay, Benchmarking
organic mixed conductors for transistors, Nat. Commun.,
2017, 8(1), 1767.

M. L. Chabinyc, L. H. Jimison, J. Rivnay and A. Salleo,
Connecting electrical and molecular properties of semi-
conducting polymers for thin-film transistors, MRS Bull.,
2008, 33, 683-689.

Mater. Adv.

16

17

18

19

20

21

22

23

24

25

26

27

28

29

View Article Online

Materials Advances

Y. H. Jung, T. H. Chang, H. Zhang, C. Yao, Q. Zheng,
V. W. Yang, H. Mi, M. Kim, S. J. Cho, D. W. Park, H. Jiang,
J. Lee, Y. Qiu, W. Zhou, Z. Cai, S. Gong and Z. Ma, High-
performance green flexible electronics based on biodegrad-
able cellulose nanofibril paper, Nat. Commun., 2015, 6, 1.
X. Cheng, M. Caironi, Y. Y. Noh, J. Wang, C. Newman,
H. Yan, A. Facchetti and H. Sirringhaus, Air stable cross-
linked cytop ultrathin gate dielectric for high yield low-
voltage top-gate organic field-effect transistors, Chem.
Mater., 2010, 22(4), 1559-1566.

L. Wang, D. Chen, K. Jiang and G. Shen, New insights and
perspectives into biological materials for flexible electro-
nics, Chem. Soc. Rev., 2017, 46, 6764-6815.

M. Baumgartner, M. E. Coppola, N. S. Sariciftci,
E. D. Glowacki, S. Bauer and M. Irimia-Vladu, Emerging
“Green” Materials and Technologies for Electronics, ed.
M. Irimia-Vladu, E. D. Glowacki, N. S. Sariciftci, S. Bauer,
in Green Materials for Electronics, Wiley-VCH, 2017.

T. Someya, Z. Bao and G. G. Malliaras, The rise of plastic
bioelectronics, Nature, 2016, 540(7633), 379-385.

A. Cetkovic, A. Bellapianta, M. Irimia-Vladu, J. Hofinger,
C. Yumusak, A. Corna, M. C. Scharber, G. Zeck,
N. S. Sariciftci, M. Bolz and A. Salti, In vitro cytotoxicity
of D18 and Y6 as potential organic photovoltaic materials
for retinal prostheses, Int. J. Mol. Sci., 2022, 23(15), 8666.
L. Wang, K. Wang, Z. Lou, K. Jiang and G. Shen, Plant-
Based Modular Building Blocks for “Green” Electronic
Skins, Adv. Funct. Mater., 2018, 28, 1804510.

P. J. Diemer, A. F. Harper, M. R. Niazi, A. J. Petty II,
J. E. Anthony, A. Amassian and O. D. Jurchescu, Laser-
Printed Organic Thin-Film Transistors, Adv. Mater. Tech-
nol., 2017, 2, 1700167.

K. Feron, R. Lim, C. Sherwood, A. Keynes, A. Brichta and
P. C. Dastoor, Organic bioelectronics: materials and bio-
compatibility, Int. J. Mol. Sci., 2018, 19(8), 2382.

J. Park, Y. Lee, T. Y. Kim, S. Hwang and J. Seo, Functional
bioelectronic materials for long-term biocompatibility and
functionality, ACS Appl Electron. Mater., 2022, 4(4),
1449-1468.

M. D. Angione, R. Pilolli, D. Cotrone, M. Magliulo, A. Mallardi,
G. Palazzo, L. Sabbatini, D. Fine, A. Dodabalapur, N. Cioffi
and L. Torsi, Carbon based materials for electronic bio-
sensing, Mater. Today, 2011, 14, 424-433.

J. Reynolds, M. Wilkins, D. Martin, M. Taggart,
K. R. Rivera, M. Tunc-Ozdemir, T. Rufty, E. Lobaton,
A. Bozkurt and M. A. Daniele, Evaluating bacterial nano-
cellulose interfaces for recording surface biopotentials
from plants, Sensors, 2024, 24(7), 2335.

K. Kuribara, H. Wang, N. Uchiyama, K. Fukuda, T. Yokota,
U. Zschieschang, C. Jaye, D. Fischer, H. Klauk,
T. Yamamoto, K. Takimiya, M. Ikeda, H. Kuwabara,
T. Sekitani, Y.-L. Loo and T. Someya, Organic transistors
with high thermal stability for medical applications, Nat.
Commun., 2012, 3, 723.

B. Stadlober, M. Zirkl and M. Irimia-Vladu, Route towards
sustainable smart sensors: ferroelectric PVDF-based

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

30

31

32

33

34

35

36

37

38

39

40

41

42

materials and their integration into flexible electronics,
Chem. Soc. Rev., 2019, 48, 1787-1825.

B. Stadlober, E. Karner, A. Petritz, A. Fian and M. Irimia-
Vladu, Nature as microelectronic fab: Bioelectronics, mate-
rials, transistors and circuits, IEEE J. Solid-State Circuits,
2015, 10-17, DOI: 10.1109/ESSCIRC.2015.7313816.

J. Rivnay, P. Leleux, M. Ferro, M. Sessolo, A. Williamson,
D. A. Koutsouras, D. Khodagholy, M. Ramuz, X. Strakosas,
R. M. Owens, C. Benar, ]J.-M. Badier, C. Bernard and
G. G. Malliaras, High-performance transistors for bioelec-
tronics through tuning of channel thickness, Sci. Adv.,
2015, 1(4), e1400251.

J. Wiinssche, Y. Deng, P. Kumar, E. Di Mauro, E. Josberger,
J. Sayago, A. Pezzella, F. Soavi, F. Cicoira, M. Rolandi and
C. Santato, Protonic and electronic transport in hydrated
thin films of the pigment eumelanin, Chem. Mater., 2015,
27(2), 436-442.

H. Karimi-Maleh, Y. Orooji, F. Karimi, M. Alizadeh,
M. Baghayeri, J. Rouhi, S. Tajik, H. Beitollahi, S. Agarwal,
V. Gupta, S. Rajendran, A. Ayati, L. Fu, A. Sanati,
B. Tanhaei, F. Sen, M. Shabani-nooshabadi, N. Asrami
and A. Al-Othman, A critical review on the use of potentio-
metric based biosensors for biomarkers detection, Biosens.
Bioelectron., 2021, 184, 113252.

M. Koehler, D. Farka, C. Yumusak, N. S. Sariciftci and
P. Hinterdorfer, Localizing binding sites on bioconjugated
hydrogen-bonded organic semiconductors at the nano-
scale, Chem. Phys. Chem., 2020, 21(7), 659-666.

Y. van de Burgt, A. Melianas, S. T. Keene, G. Malliaras and
A. Salleo, Organic electronics for neuromorphic comput-
ing, Nat. Electron., 2018, 1(7), 386-397.

P. Lugoda, E. S. Oliveros-Mata, K. Marasinghe,
R. Bhaumik, N. Pretto, C. Oliveira, T. Dias, T. Hughes-
Riley, M. Haller, N. Miinzenrieder and D. Makarov, Sub-
mersible touchless interactivity in conformable textiles
enabled by highly selective overbraided magnetoresistive
sensors, Commun. Eng., 2025, 4(33), 1-10.

H. E. Katz, Z. Bao and S. L. Gilat, Synthetic chemistry for
ultrapure, processable, and high-mobility organic transis-
tor semiconductors, Acc. Chem. Res., 2001, 34(5), 359-369.
E. D. Glowacki, G. Voss and N. S. Sariciftci, 25th Anniver-
sary Article: Progress in Chemistry and Applications of
Functional Indigos for Organic Electronics, Adv. Mater.,
2013, 25, 6783-6800.

J. Mei, Y. Diao, A. L. Appleton, L. Fang and Z. Bao, Integrated
materials design of organic semiconductors for field-effect
transistors, J. Am. Chem. Soc., 2013, 135(18), 6724-6746.

P. Hu, X. He and H. Jiang, Greater than 10cm> V 's™": A
breakthrough of organic semiconductors for field-effect
transistors, InfoMat, 2021, 3, 613-630.

B. J. Jung, N. J. Tremblay, M.-L. Yeh and H. E. Katz,
Molecular design and synthetic approaches to electron-
transporting organic transistor semiconductors, Chem.
Mater., 2011, 23, 568-582.

X. Hu and Q. Zhou, Health and ecosystem risks of gra-
phene, Chem. Rev., 2013, 113, 3815-3835.

© 2026 The Author(s). Published by the Royal Society of Chemistry

43

44

45

46

47

48

49

50

51

52

53

54

55

View Article Online

Paper

G.-Q. Chen and M. K. Patel, Plastics derived from biologi-
cal sources: present and future: a technical and environ-
mental review, Chem. Rev., 2012, 112, 2082-2099.

T. Mori, Organic Conductors with Unusual Band Fillings,
Chem. Rev., 2004, 104, 4947-4970.

J. D. Yuen, V. A. Pozdin, A. T. Young, B. L. Turner,
I. D. Giles, J. Naciri, S. A. Trammell, P. T. Charles,
D. A. Stenger and M. A. Daniele, Perylene-diimide-based
n-type semiconductors with enhanced air and temperature
stable photoconductor and transistor properties, Dyes
Pigm., 2020, 174, 108014.

W. Jiang, Y. Li and Z. Wang, Heteroarenes as high-
performance organic semiconductors, Chem. Soc. Rev.,
2013, 42, 6113-6127.

K. Kotwica, M. Charyton, A. Jezuita, G. Louarn,
G. Zukowska, M. Sowa, N. D. Boscher and A. Pron, Low
and High Molecular Mass Anthraquinone Derivatives Con-
taining Substituents of Varying Electron Donating Proper-
ties:  Electrochemical and  Spectroelectrochemical
Properties, J. Phys. Chem. C, 2025, 129, 11622-11633.

M. Kratochvil, M. Ciganek, C. Yumusak, H. Seelajaroen,
I. Cisarova, J. Fabry, M. Vala, S. Lunak, M. Weiter,
N. S. Sariciftci and J. Krajcovic, Near-infrared absorbing
hydrogen-bonded dithioketopyrrolopyrrole (DTPP) n-type
semiconductors, Dyes Pigm., 2022, 197, 109884.

M. N. Tsaloglou, D. C. Christodouleas, J. Milette, K. Milkey,
I. C. Romine, J. Im, S. Lathwal, D. Thava Selvam,
H. D. Sikes and G. M. Whitesides, Point-of-need diagnos-
tics in a post-Covid world: an opportunity for paper-based
microfluidics to serve during syndemics, Lab Chip, 2025,
25, 741-751.

S. R. McCuskey, ]J. Chatsirisupachai, E. Zeglio, O. Parlak,
P. Panoy, A. Herland, G. C. Bazan and T.-Q. Nguyen, Current
progress of interfacing organic semiconducting materials
with bacteria, Chem. Rev., 2021, 122(4), 4791-4825.

W. T. Fonseca, T. P. Vello, G. Coelho Lelis, A. V. Ferreira
Deleigo, R. K. Takahira, D. S. Teodoro Martinez and
R. F. de Oliveira, Chemical sensors and biosensors for
point-of-care testing of pets: Opportunities for individua-
lized diagnostics of companion animals, ACS Sens., 2025,
10(5), 3222-3238.

H. Jin, W. Huang, X. Zhu, Y. Zhou and D. Yan, Biocompa-
tible or biodegradable hyperbranched polymers: from self-
assembly to cytomimetic applications, Chem. Soc. Rev.,
2012, 41, 5986-5997.

G. Maitlo, I. Ali, H. A. Maitlo, S. A. I. N. Unar, M. B. Ahmad,
D. K. Bhutto, R. K. Karmani, S. R. Naich, R. U. Sajjad, S. Ali
and M. N. Afridi, Plastic waste recycling, applications, and
future prospects for a sustainable environment, Sustain-
ability, 2022, 14, 11637.

E. S. B. Ferreira, A. N. Hulme, H. McNab and A. Quye, The
natural constituents of historical textile dyes, Chem. Soc.
Rev., 2004, 33, 329-336.

M. Irimia-Vladu, E. D. Glowacki, G. Voss, S. Bauer and
N. S. Sariciftci, Green and biodegradable electronics,
Mater. Today, 2012, 15(7-8), 340-345.

Mater. Adv.


https://doi.org/10.1109/ESSCIRC.2015.7313816
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

56

57

58

59

60

61

62

63

64

65

66

67

B. L. Turner, J. Twiddy, M. D. Wilkins, S. Ramesh,
K. M. Kilgour, E. Domingos, O. Nasrallah, S. Menegatti
and M. A. Daniele, Biodegradable elastomeric circuit
boards from citric acid-based polyesters, npj Flex. Electron.,
2023, 7(1), 25.

M. Irimia-Vladu, P. A. Troshin, M. Reisinger, L. Shmygleva,
Y. Kanbur, G. Schwabegger, M. Bodea, R. Schwodiauer,
A. Mumyatov, J. W. Fergus, V. F. Razumov, H. Sitter,
N. S. Sariciftci and S. Bauer, Biocompatible and biodegrad-
able materials for organic field effect transistors, Adv.
Funct. Mater., 2010, 20(23), 4069-4076.

A. Nijkoops, D. Bhatt, A. Carrasco-Pena, Q. Z. Husain,
N. Rapagnani, A. van Bezooijen, N. Cohen, G. Cantarella
and N. Miinzenrieder, Suitability of plant fiber residue-
based paper as substrates for sustainable thin-film ther-
mistors, MRS Adv., 2024, 9(20), 1560-1567.

T. Eom, B. Ozlu, L. Ivanova, S. Lee, H. J. Lee, J. Krajcovic¢
and B. S. Shim, Multifunctional Natural and Synthetic
melanin for bioelectronic applications: a review, Biomacro-
molecules, 2024, 25(9), 5489-5511.

M. Kaltenbrunner, G. Adam, E. D. Glowacki, M. Drack,
R. Schwodiauer, L. Leonat, D. H. Apaydin, H. Groiss,
M. C. Scharber, M. S. White, N. S. Sariciftci and S. Bauer,
Flexible high power-per-weight perovskite solar cells with
chromium oxide-metal contacts for improved stability in
air, Nat. Mater., 2015, 14(10), 1032-1039.

M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota,
K. Kuribara, T. Tokuhara, M. Drack, R. Schwddiauer,
I. Graz, S. Bauer-Gogonea, S. Bauer and T. Someya, An
ultra-lightweight design for imperceptible plastic electro-
nics, Nature, 2013, 499(7459), 458-463.

M. S. White, M. Kaltenbrunner, E. D. Glowacki,
K. Gutnichenko, G. Kettlgruber, I. Graz, S. Aazou,
C. Ulbricht, D. A. M. Egbe, M. C. Miron, Z. Major,
M. C. Scharber, T. Sekitani, T. Someya, S. Bauer and
N. S. Sariciftci, Ultrathin, highly flexible and stretchable
PLEDs, Nat. Photon., 2013, 7(10), 811-816.

S. Bauer, S. Bauer-Gogonea, 1. Graz, M. Kaltenbrunner,
C. Keplinger and R. Schwodiauer, 25th Anniversary article:
a soft future: from robots and sensor skin to energy
harvesters, Adv. Mater., 2014, 26(1), 149-162.

L. Wang, K. Wang, Z. Lou, K. Jiang and G. Shen, Plant-
based modular building blocks for “green” electronic
skins, Adv. Funct. Mater., 2018, 28, 1804510.

M. Irimia-Vladu, E. D. Glowacki, G. Schwabegger, L. Leonat,
H. Z. Akpinar, H. Sitter, S. Bauer and N. S. Sariciftci, Natural
resin shellac as substrate and dielectric layer for organic
field-effect transistors, Green Chem., 2013, 15, 1473-1476.
M. Irimia-Vladu and N. S. Sariciftci, Natural polymers for
emerging technological applications: cellulose, lignin,
shellac and silk, Polym. Int., 2024, 47(2), 71.

A. Camus, S. Choe, C. Bour-Cardinal, J. Isasmendi, Y. Cho,
Y. Kim, C. V. Irimia, C. Yumusak, M. Irimia-Vladu, D. Rho,
J. Myung and C. Santato, Electrical response and biode-
gradation of Sepia melanin-shellac films printed on paper,
Commun. Mater., 2024, 5, 173.

Mater. Adv.

68

69

70

71

72

73

74

75

76

77

78

View Article Online

Materials Advances

S. Kim, C. Yumusak, C. V. Irimia, M. Bednorz, E. Yenel,
M. Kus, N. S. Sariciftci, B. S. Shim and M. Irimia-Vladu,
Amplifying the dielectric constant of Shellac by incorpor-
ating natural clays for organic field effect transistors
(OFETSs), Turk. J. Chem., 2023, 47, 1169-1182.

R. D’Orsi, C. V. Irimia, J. J. Lucejko, B. Kahraman,
Y. Kanbur, C. Yumusak, F. Babudri, M. Irimia Vladu and
A. Operamolla, Kraft lignin: from pulping waste to bio-
based dielectric polymer for organic field-effect transistors,
Adv. Sust. Syst., 2022, 6(12), 2200285,

J. Ivi¢, A. Petritz, C. V. Irimia, B. Kahraman, Y. Kanbur,
M. Bednorz, C. Yumusak, M. A. Aslam, A. Matkovi¢,
K. Saller, C. Schwarzinger, W. Schiihly, A. I. Smeds,
Y. Salinas, M. Schiek, F. Mayr, C. Xu, C. Teichert,
M. Osiac, N. S. Sariciftci, B. Stadlober and M. Irimia-
Vladu, Pinaceae fir resins as natural dielectrics for low
voltage operating, hysteresis-free organic field effect tran-
sistors, Adv. Sust. Syst., 2022, 6(10), 2200234.

C. V. Irimia, C. Yumusak, B. Ban, E. Leeb, F. Mayr,
C. Schimanofsky, A. 1. Mardare, A. M. Molnar,
C. Teichert, N. S. Sariciftci and M. Irimia-Vladu, Natural
alkaloids (caffeine, theobromine and theophylline) as gate
dielectrics on gold and aluminum gate electrodes in low
operating voltage organic field-effect transistors, IEEE
J. Flex. Electron., 2025, 4(5), 165-187.

R. Capelli, J. J. Amsden, G. Generali, S. Toffanin,
V. Benfenati, M. Muccini, D. L. Kaplan, F. G. Omenetto
and R. Zamboni, Integration of silk protein in organic and
light-emitting transistors, Org. Electron., 2011, 12(7),
1146-1151.

M. E. Coppola, A. Petritz, C. V. Irimia, C. Yumusak,
F. Mayr, M. Bednorz, A. Matkovic, M. A. Aslam, K. Saller,
C. Schwarzinger, M. D. Ionita, M. Schiek, A. I. Smeds,
Y. Salinas, O. Briiggemann, R. D’Orsi, M. Mattonali,
E. Ribechini, A. Operamolla, C. Teichert, C. Xu,
B. Stadlober, N. S. Sariciftci and M. Irimia-Vladu, Pinaceae
pine resins (black pine, shore pine, rosin and Baltic amber)
as natural dielectrics for low operating voltage, hysteresis-
free, organic field effect transistors, Global Challenges,
2023, 7, 2300062.

A. Petritz, A. Wolfberger, A. Fian, A. Haase, M. Irimia-Vladu,
H. Gold, T. Rothldnder, T. Griesser and B. Stadlober, Cellu-
lose as biodegradable high-k dielectric layer in organic
complementary inverters, Appl. Phys. Lett., 2013, 103, 153303.
J. Zaumseil and H. Sirringhaus, Electron and ambipolar
transport in organic field-effect transistors, Chem. Rev.,
2007, 107(4), 1296-1323.

F. Ante, D. Kilblein, T. Zaki, U. Zschieschang, K. Takimiya,
M. Ikeda, T. Sekitani, T. Someya, J. N. Burghartz, K. Kern
and H. Klauk, Contact resistance and megahertz operation
of aggressively scaled organic transistors, Small, 2012, 8(1),
73-79.

H. Sirringhaus, Reliability of organic field-effect transis-
tors, Adv. Mater., 2009, 21, 3859-3873.

H. Klauk, Will we see gigahertz organic transistors?, Adv.
Electron. Mater., 2018, 4(10), 1700474.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

E. D. Glowacki, M. Irimia-Vladu, M. Kaltenbrunner,
J. Gasiorowski, M. S. White, G. Romanazzi,
G. P. Suranna, P. Mastrorilli, T. Sekitani, S. Bauer,
T. Someya, L. Torsi and N. S. Sariciftci, Hydrogen-bonded
semiconducting pigments for air-stable field-effect transis-
tors, Adv. Mater., 2013, 25, 1563-1569.

S. Bisoyi, U. Zschieschang, M. J. Kang, K. Takimiya,
H. Klauk and S. P. Tiwari, Org. Electron., 2014, 15,
3173-3182.

S. M. Sze and K. K. Ng, Physics of semiconductor devices,
Wiley, New York, 3rd edn, 2007.

H. Sirringhaus, 25th anniversary article: Organic field-
effect transistors: The path beyond amorphous silicon,
Adv. Mater., 2014, 26(9), 1319-1335.

D. Saadi, F. Mayr, C. Yumusak, D. Wielend, B. Kahraman,
C. V. Irimia, Y. Kanbur, M. Bednorz, K. Kotwica, A. ben
Fredj, S. Romdhane, M. C. Scharber, N. S. Sariciftci and
M. Irimia-Vladu, N,N’-substituted quinacridones for
organic field effect transistors, Mater. Adv., 2023, 4, 2214.
C. M. Siket, N. Tillner, A. I. Mardare, A. Reuveny, C. D. Grill,
F. Hartmann, G. Kettlgruber, R. Moser, J. P. Kollender,
T. Someya, A. W. Hassel, M. Kaltenbrunner and S. Bauer,
Direct writing of anodic oxides for plastic electronics, npj
Flex. Electron., 2018, 2(1), 23.

C. R. Newman, C. D. Frisbie, D. A. da Silva Filho, J.-L.
Bredas, P. C. Ewbank and K. R. Mann, Introduction to
organic thin film transistors and design of n-channel
organic semiconductors, Chem. Mater., 2004, 16, 4436-4451.
F. Torricelli, I. Alessandri, E. Macchia, I. Vassalini,
M. Maddaloni and L. Torsi, Green materials and technol-
ogies for sustainable organic transistors, Adv. Mater. Tech-
nol., 2022, 7(2), 2100445,

X. Ren, Z. Lu, X. Zhang, S. Grigorian, W. Deng and ]. Jie,
Low-voltage organic field-effect transistors: challenges, pro-
gress, and prospects, ACS Mater. Lett., 2022, 4(8), 1531-1546.
Y. Wang, X. Huang, T. Li, L. Li, X. Guo and P. Jiang,
Polymer-Based Gate Dielectrics for Organic Field-Effect
Transistors, Chem. Mater., 2019, 31, 2212-2240.

H. Klauk, M. Halik, U. Zschieschang, G. Schmid and
W. Radlik, High-mobility polymer gate dielectric pentacene
thin film transistors, J. Appl. Phys., 2002, 92(9), 5259-5263.
T. Mandal and A. Garg Deepak, Thin film transistors
fabricated by evaporating pentacene under electric field,
J. Appl. Phys., 2013, 114, 154517.

Y. Liu, J. Q. Zhao, W. J. Sun, Y.-K. Huang, S.-J. Chen, X.-J.
Guo and Q. Zhang, A Facile Photo-cross-linking Method for
Polymer Gate Dielectrics and Their Applications in Fully
Solution Processed Review Low Voltage Organic Field-
effect Transistors on Plastic Substrate, Chin. J. Polym.
Sci., 2018, 36, 918-924.

S. Li, L. Feng, J. Zhao, X. Guo and Q. Zhang, Low Tem-
perature Cross-Linked, High Performance Polymer Gate
Dielectrics for Solution-Processed Organic Field-Effect
Transistors, Polym. Chem., 2015, 6, 5884-5890.

W. Shi, J. Yu, W. Huang, X. Yu and Y. Zheng, Performance
Enhancement of Poly(3-hexylthiophene) Organic Field-

© 2026 The Author(s). Published by the Royal Society of Chemistry

94

95

96

97

98

99

100

101

102

103

104

105

106

View Article Online

Paper

effect Transistor by Inserting Poly(methylmethacrylate)
Buffer Layer, Appl. Phys. Lett., 2013, 102, 111607.

S. K. Sangwan, S. Shaharukh, S. K. Ray and A. Dhar,
Modulating Poly(methylmethacrylate) Gate Dielectric
Behavior with Cosolvent and Low-Temperature Processing
for Low-threshold Voltage Flexible Organic Field-Effect
Transistors, ACS Appl. Electron. Mater., 2025, 7, 560-570.
W. Tang, L. R. Feng, C. Jiang, G. Y. Yao, J. Q. Zhao,
Q. Y. Cui and X. J. Guo, Controlling the Surface Wettability
of the Polymer Dielectric for Improved Resolution of
Inkjet-Printed Electrodes and Patterned Channel Regions
in Low-Voltage Solution-Processed Organic Thin Film
Transistors, J. Mater. Chem. C, 2014, 2, 5553-5558.

W. Tang, L. R. Feng, P. F. Yy, J. Q. Zhao and X. J. Guo,
Highly Efficient All-Solution-Processed Low-Voltage
Organic Transistor with a Micrometer-Thick Low-k Poly-
mer Gate Dielectric Layer, Adv. Electron. Mater., 2016,
2, 1500454.

C. Yumusak, F. Mayr, D. Wielend, B. Kahraman,
Y. Kanbur, H. Langhals and M. Irimia-Vladu, 1,7-
diazaperylene in organic field effect transistors, Isr.
J. Chem., 2022, €202100126.

B. Wang, W. Huang, L. Chi, M. Al-Hashimi, T. J. Marks and
A. Facchetti, High-k Gate Dielectrics for Emerging Flexible
and Stretchable Electronics, Chem. Soc. Rev., 2018, 118,
5690-5754.

A. R. V. Benvenho, W. S. Machado, I. Cruz-Cruz and
I. A. Himmelgen, Study of Poly(3-hexylthiophene)/cross-
linked Poly(vinyl alcohol) as Semiconductor/Insulator for
Application in Low Voltage Organic Field Effect Transis-
tors, J. Appl. Phys., 2013, 113, 214509.

M. E. Roberts, N. R. Queralto, W. Knoll, S. C. B. Mannsfeld,
B. N. Reinecke and Z. Bao, Cross-Linked Polymer Gate
Dielectric Films for Low-Voltage Organic Transistors,
Chem. Mater., 2009, 21(11), 2292-2299.

J. H. Li, D. Q. Liu, Q. Miao and F. Yan, The Application of a
High k Polymer in Flexible Low-Voltage Organic Thin-Film
Transistors, J. Mater. Chem., 2012, 22, 15998-16004.

R. Singh, J. S. Meena, I. H. Tsai, Y. T. Lin, C. J. Wang and
F. H. Ko, Solution Processable Bilayered Gate Dielectric
towards Flexible Organic Thin Film Transistors, Org. Elec-
tron., 2015, 19, 120-130.

S. W. Baek, ]J.-W. Ha, M. Yoon, D.-H. Hwang and J. Lee,
Shellac Films as a Natural Dielectric Layer for Enhanced
Electron Transport in Polymer Field-effect Transistors, ACS
Appl. Mater. Interfaces, 2018, 10, 18948-18955.

X. Aeby, J. Bourely, A. Poulin, G. Siqueira, G. Nystrom and
D. Briand, Printed Humidity Sensors from Renewable and
Biodegradable Materials, Adv. Mater. Technol., 2023,
8, 2201302.

K. Y. Mitra, A. Willert, R. Chandru, R. R. Baumann and
R. Zichner, Inkjet Printing of Bioresorbable Materials for
Manufacturing Transient Microelectronic Devices, Adv.
Eng. Mater., 2020, 22, 2000547.

D. Skaf, T. C. Gomes, R. Majidzadeh, R. N. Hussein,
T. B. Carmichael and S. Rondeau-Gagné, All-organic

Mater. Adv.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

107

108

109

110

111

112

113

114

115

116

117

118

Transistors Printed on a Biodegradable and Bioderived
Substrate for Sustainable Bioelectronics, Flex. Print. Elec-
tron., 2023, 8, 24002.

X. Zhuang, W. Huang, X. Yang, S. Han, L. Li and ]. Yu,
Biocompatible/Degradable Silk Fibroin: Poly(vinyl alco-
hol)-Blended Dielectric Layer Towards High-Performance
Organic Field-Effect Transistor, Nanoscale Res. Lett., 2016,
11(1), 439.

L. S. Tsai, J. C. Hwang, C. Y. Lee, Y. T. Lin, C. L. Tsai,
T. H. Chang, Y. L. Chueh and H. F. Meng, Solution-based
Silk Fibroin Dielectric in n-type Cgo Organic Field-Effect
Transistors: Mobility Enhancement by the Pentacene Inter-
layer, Appl. Phys. Lett., 2013, 103, 233304.

C.-H. Wang, C.-Y. Hsieh and J.-C. Hwang, Flexible Organic
Thin-Film Transistors with Silk Fibroin as the Gate Dielec-
tric, Adv. Mater., 2011, 23, 1630-1634.

L. Shi, X. Xu, M. Ma and L. Li, High-performance, Low-
operating Voltage, and Solution-processable Organic Field-
effect Transistor with Silk Fibroin as The Gate Dielectric,
Appl. Phys. Lett., 2014, 104, 023302.

J. Hun Lee, H. W. Kwak, M. H. Park, J. Hwang, ]J. W. Kim,
H. W. Jang, H. J. Jin and W. H. Lee, Understanding
Hydroscopic Properties of Silk Fibroin and its use as a
Gate-dielectric in Organic Field-effect Transistors, Org.
Electron., 2018, 59, 213-219.

R. Capelli, J. J. Amsden, G. Generali, S. Toffanin,
V. Benfenati, M. Muccini, D. 1. Kaplan, F. Omenetto and
R. Zamboni, Integration of Silk Protein in Organic and Light-
emitting Transistors, Org. Electron., 2011, 12, 1146-1151.

C. V. Irimia, C. Yumusak, C. Schimanofsky, Y. Kanbur,
B. Ban, M. Ciganek, P. Sedlacek, J. Krajcovic, R. D’Orsi,
A. Operamolla, Y. Salinas, O. Briiggemann, A. Petritz,
B. Stadlober, R. Mourya, C. Teichert, H. Langhals,
N. S. Sariciftci and M. Irimia-Vladu, Natural waxes from
plant and animal origin as dielectrics for low-operating
voltage organic field effect transistors, J. Mater. Chem. C,
2025, 13, 14767-14786.

C. Schimanofsky, A. Petritz, B. Ban, C. V. Irimia, R. D’Orsi,
C. Yumusak, F. Mayr, Y. Kanbur, S. Kim, A. Operamolla,
K. Saller, M. Schiek, Y. Salinas, O. Briiggemann,
C. Teichert, C. Xu, B.-S. Shim, C. Schwarzinger,
B. Stadlober, N. S. Sariciftci and M. Irimia-Vladu, Natural
Dielectrics for Organic Field Effect Transistors: A Study on
Resins Derived from Larch, Spruce and Atlas Cedar Pina-
ceae Trees, Mater. Adv., 2025, 6, 6269-6290.

V. Narwal, R. Deswal, B. Batra, V. Kalra, R. Hooda,
M. Sharma and J. S. Rana, Cholesterol biosensors: A
review, Steroids, 2019, 143, 6-17.

A. Idoko, P. O. Ugwudike, T. A. Ayomide and
N. O. Blessing, Cholesterol and its implications-a review,
Univ. J. Pharm. Res., 2020, 5(6), 52-63.

D. S. Schade, L. Shey and R. P. Eaton, Cholesterol review: a
metabolically important molecule, Endocr. Pract., 2020,
26(12), 1514-1523.

J. D. Brunzell, M. Davidson, C. D. Furberg, R. B. Goldberg,
B. V. Howard, J. H. Stein and J. L. Witztum, Lipoprotein

Mater. Adv.

119

120

121

122

123

124

125

126

127

128

129

130

View Article Online

Materials Advances

management in patients with cardiometabolic risk: con-
sensus statement from the american diabetes association
and the american college of cardiology foundation, Dia-
betes Care, 2008, 31(4), 811-822.

Sigma, Cholesterol Product Number C 8667, Product Infor-
mation Datasheet, https://www.sigmaaldrich.com/deepweb/
assets/sigmaaldrich/product/documents/372/057/c8667pis.
pdf?srsltid=AfmBOo00zc9F_Z5m2X4EeM_o0S10P2W_JgeXN
0uSDXWmX5QYJGwc28v3aa.

S. Dobretsov, A. S. M. Al-Wahaibi, D. Lai, J. Al-Sabahi,
M. Claereboudt, P. Proksch and B. Soussi, Inhibition of
bacterial fouling by soft coral natural products, Int. Biod-
eter. Biodegrad., 2015, 98, 53-58.

U. Ruktanonchai, S. Limpakdee, S. Meejoo, U. Sakulkhu,
N. Bunyapraphatsara, V. Junyaprasert and S. Puttipi-
patkhachorn, The effect of cetyl palmitate crystallinity
on physical properties of gamma-oryzanol encapsulated

in solid lipid nanoparticles, Nanotechnology, 2008,
19, 095701.
A. Schaefer, T. Kiichler, T. J. Simat and H. Steinhart,

Migration of lubricants from food packagings: Screening
for lipid classes and quantitative estimation using normal-
phase liquid chromatographic separation with evaporative
light scattering detection, J. Chromatogr. A, 2003, 1017(1-
2), 107-116.

Z. Xu, W. Shitting, S. Jianlin and D. Guohong, Research on
lubricating properties of alcohols and ester in stainless
steel cold rolling process, Adv. Mater. Res., 2012, 557-559,
1427-1431.

M. M. Paradkar and J. Irudayaraj, Determination of cho-
lesterol in dairy products using infrared techniques: 1.
FTIR spectroscopy, Int. J. Dairy Technol., 2002, 55(3),
127-132.

S. R. Castro, L. N. M. Ribeiro, M. C. Breitkreitz,
V. A. Guilherme, G. H. Rodrigues da Silva, H. Mitsutake,
A. C. S. Alcantara, F. Yokaichiya, M. K. K. D. Franco,
D. Clemens, B. Kent, M. Lancellotti, D. R. de Aratjo and
E. de Paula, A pre-formulation study of tetracaine loaded in
optimized nanostructured lipid carriers, Sci. Rep., 2021,
11, 21463.

V. Uskokovic, Composites comprising cholesterol and car-
boxymethyl cellulose, Colloids Surf., B, 2008, 61, 250-261.
C. Wang, T. Wang, Z. Hu and Z. Cai, Facile synthesis and
thermal performance of cetyl palmitate/nickel foam com-
posite phase change materials for thermal energy storage,
J. Energy Storage, 2020, 28, 101179.

W. Kuling, L. Kwiklik, P. Jurkiewicz, T. Rog and
I. Vattulainen, Cholesterol oxidation and its biological
importance, Chem. Phys. Lipids, 2016, 199, 144-160.

Y. Yamagishi, K. Noda, K. Kobayashi and H. Yamada,
Interlayer Resistance and Edge-Specific Charging in
Layered Molecular Crystals Revealed by Kelvin-Probe Force
Microscopy, J. Phys. Chem. C, 2015, 119, 3006-3011.

S. Park, C.-H. Kim, W.-]. Lee, S. Sung and M.-H. Yoon, Sol-
Gel Metal Oxide Dielectrics for All-Solution-Processed Elec-
tronics, Mater. Sci. Eng., R, 2017, 114, 1-22.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/372/057/c8667pis.pdf?srsltid=AfmBOoozc9F_Z5m2X4EeM_oS1OP2W_JgeXN0uSDXWmX5QYJGwc28v3aa
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/372/057/c8667pis.pdf?srsltid=AfmBOoozc9F_Z5m2X4EeM_oS1OP2W_JgeXN0uSDXWmX5QYJGwc28v3aa
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/372/057/c8667pis.pdf?srsltid=AfmBOoozc9F_Z5m2X4EeM_oS1OP2W_JgeXN0uSDXWmX5QYJGwc28v3aa
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/372/057/c8667pis.pdf?srsltid=AfmBOoozc9F_Z5m2X4EeM_oS1OP2W_JgeXN0uSDXWmX5QYJGwc28v3aa
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e

Open Access Article. Published on 27 January 2026. Downloaded on 2/25/2026 1:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

131 F. Bordi, C. Cametti and R. H. Colby, Dielectric Spectro-
scopy and Conductivity of Polyelectrolyte Solutions,
J. Phys.: Condens. Matter, 2004, 16, R1423-R1463.

132 J. R. Macdonald and R. James, Impedance spectroscopy:
Emphasizing solid materials and systems, Wiley, 1987.

133 M. Irimia-Vladu and J. W. Fergus, Impedance spectroscopy
of thin films of emeraldine base polyaniline and its
implications for chemical sensing, Synth. Met., 2006,
156(21-24), 1396-1400.

134 A. H. Alami, K. Aokal, D. Zhang, A. Taieb, M. Faraj,
A. Alhammadi, B. Soudan, J. El-Hajjar and M. Irimia-

© 2026 The Author(s). Published by the Royal Society of Chemistry

135

136

View Article Online

Paper

Vladu, Low-cost dye-sensitized solar cells using ball-
milled tellurium-doped graphene for counter electrode
and a natural sensitizer dye, Int. J. Energy Res., 2019,
43(11), 5824-5833.

L. Zha and C. L. Liu, Review and mechanism of the
thickness effect of solid dielectrics, Nanomaterials, 2020,
10, 2473.

M. Fabian, O. Siifie-Herrmann, G. McGaffin and
J. Hielscher, Mass transfer of dichloromethane from EU
retail roast and ground decaffeinated coffee into prepared
beverages, Proceedings, 2024, 109, 33.

Mater. Adv.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00730e



