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Abstract

Cottonbased nanocrystalline cellulose (NCC), also known as nanopaper, one of the major
sources of renewable materials, is a promising substrate and component for producing low
cost fully recyclable flexible paper electronic devices and systems due to its properties
(lightweight, stiffness, nontoxicity, transparency, low thermal expansion, gas impermeability
and improved mechanical properties).

Here, we have demonstrated for the first time a thin transparent nanopaperbased field
effect transistor (FET) where NCC is simultaneously used as the substrate and as the gate
dielectric layer in an ‘interstrate’ structure, since the device is built on both sides of the NCC
films; while the active channel layer is based on oxide amorphous semiconductors, the gate
electrode is based on a transparent conductive oxide.

Such hybrid FETs present excellent operating characteristics such as high channel
saturation mobility (>7 cm2 V−1 s−1), drain–source current on/off modulation ratio higher
than 105, enhancement ntype operation and subthreshold gate voltage swing of
2.11 V/decade. The NCC film FET characteristics have been measured in air ambient
conditions and present good stability, after two weeks of being processed, without any type of
encapsulation or passivation layer. The results obtained are comparable to ones produced for
conventional cellulose paper, marking this out as a promising approach for attaining
highperformance disposable electronics such as paper displays, smart labels, smart
packaging, RFID (radiofrequency identification) and pointofcare systems for selfanalysis
in bioscience applications, among others.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Today’s electronics are manufactured with expensive materials
associated with polluting technologies and without the possi
bility of being recyclable. On the other hand, cellulose paper is
one of the most common and cheapest of all substrate materials

used in our society, and is recyclable and biocompatible;
however its application window is currently limited to being
a carrier of printed information and packaging. Cellulose
is the Earth’s major biopolymer and of tremendous global
economic importance, especially in Europe, representing 30%
of the world’s total production. Nevertheless the use of paper
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Figure 1. Representation of electronic devices developed at FCTUNL where the cellulose paper is simultaneously the gate dielectric
material and the substrate; (a) the first field effect transistor using metal oxide as the semiconductor [2], (b) a photograph and (c) the CMOS
using ntype and ptype metal oxide semiconductors [4].

could be expanded tremendously if electronic, sensor and
display applications could also be applied on it and through it.
Some promising applications have already been demonstrated,
like solar cells, displays, capacitors, actuators, gas sensors,
magnetic devices and batteries, but in all of these applications
paper has a passive function since it is used as a substrate, not
taking an active role in the device’s working principle [1].
In this paper and following our previous work [2–7], we
use a membrane of nanocrystalline cellulose (NCC), also
known as nanopaper, simultaneously as the dielectric layer
of a field effect transistor (FET) and as the substrate. In
this new approach we are using nanocrystalline cellulose as
an ‘interstrate’ structure, since the device is built on both
sides of the nanocrystalline cellulose membrane, similar to
the structure presented in figure 1(a), reducing the production
steps by avoiding the deposition of the gate dielectric.

Another salient feature of cellulosic films is the formation
of liquid crystalline networks, which can couple between
orientational order and mechanical strain. In these cellulosic
based materials the change of the orientational order was
attained by the presence of moisture, and a motor, that can
extract mechanical work from a difference in humidity, was
built [8]. Moreover these low cost iridescent materials with
added NCC particles can show optical features similar to
those that can be found in Papaver rhoeas petals, which can
lead to the improvement of new materials for application in,
for example, tunable soft reflective screens and devices. In
addition, natural films of this type can be used as soft templates
for generating other materials with biomimetic structures [9].

In the past few years, research on cellulose has in
creased intensively, especially as regards the form of new
nanostructured materials, like nanocrystalline cellulose [10–
12], microfibrillar/nanofibrillar cellulose [13] and bacterial
cellulose [14]. Cellulose alone is limited to its functionalities,
but the threedimensional hierarchical structures that compose
cellulose fibers at different scales open up new opportunities
for new fields, ranging from electrical to medical applica
tions [15–17].

Among all these cellulose nanostructures, nanocrystalline
cellulose has attracted particularly broad attention mainly
due to its properties, like light weight, stiffness, nontoxicity,
transparency, low thermal expansion, gas impermeability and
improved mechanical properties [18–20]. This nanostructured
material can also replace some petrochemicalbased products

and is cheaper than the majority of other kinds of high
performance nanostructured materials, being one of the major
sources of renewable materials, and improving also the envi
ronmental footprint. In table 1 we present some of the main
applications of nanocrystalline cellulose [16].

Cotton fiber is the purest source of cellulose, is the most
significant natural fiber, and is unique in many ways. It presents
a higher content of cellulose among the plant cells, with mostly
88–96% αcellulose. The noncellulosic products are found on
the outer layer or inside the lumens of the fibers. However, its
secondary cell wall is 100% cellulose, which gives access to
pure cellulose relatively easily once the very thin primary cell
wall is removed. However, the specific chemical compositions
of cotton vary according to the varieties, growing environments
(soil, water, temperature, pests, etc) and maturity. Cotton
cellulose also has the longest molecular chain lengths as well
as the most crystalline structure. Hence, cotton is an example
of a cellulose structure with utmost order [21–23].

In this paper we report for the first time the use of cotton
based nanocrystalline cellulose membranes simultaneously as
the substrate and the gate dielectric in metal oxide field effect
transistors, fully processed at room temperature [24–27].

2. Experimental details

In the following we explain the experimental procedure
followed to obtain the NCC used in this study.

2.1. Nanocrystalline cellulose film preparation

Nanocrystalline cellulose rods were obtained from microcrys
talline particles produced from cotton, described as follows
(see the scheme in figure 2).

Microcrystalline cellulose (MCC) particles derived from
hydrophilic cotton wool (Hassemed, 100% cotton) were
obtained by hydrochloric acid (37%, p.a., Panreac) hydrolysis
as described in the literature [28–30] with some minor
adaptations (see figure 2(b1)). Typically 5 g of cotton wool was
hydrolyzed with 2.5N hydrochloric acid (HCl, p.a., Panreac) at
85 ◦C for 3 h under reflux. The hydrolyzed MCC particles were
neutralized with distilled water until a neutral pH was reached,
and further washed through filtration with water and acetone.
The particles were allowed to dry in a chamber with controlled
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Figure 2. Schematic representation of the different paths involved in the NCC synthesis and film preparation. Picture images of: (a1) cotton,
the raw material; (b1) MCCs, obtained by HCl hydrolysis; (c1) freezedried NCCs, obtained by H2SO4 hydrolysis; (b3), (c4) and (c6) show
film precursor suspensions and (b4), (c5) and (c7) show MCC and NCC solid films, respectively; (a2) cotton fibers, (b2) MCC and (c2) NCC
are SEM pictures; (c3) is a schematic 3D drawing of twisted NCC particles.

Table 1. Applications of nanocrystalline cellulose.

Nanocrystalline cellulose applications Products

Electronic/optoelectronic (as the
substrate and as a proposed component)

Displays

Sensors
Solar cells
Intelligent windows
Memories, batteries

Food Flavor carriers
Suspension stabilizers
Thickener

Packaging Improved oxygen impermeability
Paper Enhancement of the fiber–fiber bond strength

Barrier in greaseprooftype papers
Improvements of mechanical properties

Medical Antimicrobial films
Intestinal disorders
Water absorbent pads

Pharmaceutical/cosmetics Excipients
Biocoatings
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humidity (∼10%) until constant weight was obtained (∼85%
yield).

The dimensions of the MCC are in the ranges of
160–12 µm length and 25–2 µm diameter and were obtained
from the scanning electron microscopy (SEM) images of the
particles. The lengths and diameter of individual microparti
cles/nanoparticles visible in these images were measured with
ImageJ (version 1.45s, http://imagej.nih.gov/ij/) and scaled
according to the magnification quoted by the microscope
software. A minimum of 50 length measurements were taken
for each sample.

Nanocrystalline cellulose particles were prepared on the
basis of the methods of Gray et al [11, 31] and Orts et al [32]
with minor adaptations (see figure 2(c1)). Microcrystalline
cellulose was hydrolyzed with sulfuric acid (97%, p.a., Merck)
with an acid/solid ratio of 17.5 at 45 ◦C for 130 min under
vigorous stirring. The resultant suspension was washed with
ultrapure water by successive dilution and centrifugation (at
1200 rpm for 20 min) until the supernatant was turbid (that
occurs at approximately pH 1.9–3.8). The resulting suspension
was placed in a Spectra/Por 4 cellulose membrane (Spectrum)
and dialyzed against ultrapure water until a pH of 6–7 was
reached. A suspension of 0.5–0.7% of NCC, determined
by gravimetry, was obtained. The content of NCC in the
suspension was increased by subsequent centrifugations (at
14 500 rpm for 20 min) and a geltype substance was obtained.
The water used in these experiments was purified by using a
Millipore Elix Advantage 3 purification system.

Solid films of microcrystalline cellulose were prepared
by slow casting and evaporation of water from suspensions
of 1–5% MCC under ambient conditions in polystyrene Petri
dishes (90 mm diameter). The resulting films had a thickness
of approximately 60 µm, estimated from the average of ten
measurements made using a Mitutoyo digital micrometer;
however they are too brittle to undergo further treatment
(figure 2(b4)).

Freestanding transparent NCC films were prepared by
two different methods: solvent casting and evaporation, fur
ther designated only as evaporation (NCC E), and sheared
casting, further designated only as casting (NCC C). Solid
films of the nanocrystalline cellulose were prepared by slow
casting and evaporation of water from 60 ml (0.3–0.7% NCC
content; figure 2(c4)) of the NCC suspension under ambient
conditions in polystyrene Petri dishes (90 mm diameter). The
resulting films had a thickness of approximately 30–55 µm
(figure 2(c5)).

Films were also prepared from suspensions with 5–6%
NCC content (figure 2(c6)), cast, and sheared simultaneously
by moving a calibrated Gardner knife from Braive Instru
ments at 1.25 mm s−1 over a polystyrene sheet. The films,
35–55 µm thick, were allowed to dry at room temperature
(see figure 2(c7)).

2.2. Film characterization

Scanning electron microscopy (SEM) images of the nanocrys
talline cellulose films were acquired with a Carl Zeiss Auriga
crossbeam (SEMFIB) workstation instrument equipped with

an Oxford energy dispersive xray spectrometer. The SEM
images were taken in the inlens mode with an acceleration
voltage of 2 kV and aperture size of 30 µm. The nanocrys
talline cellulose films were glued on aluminum stubs using a
doublesided carbon tape and coated with a thin carbon layer
( < 20 nm) using a Q300T D Quorum sputter coater.

The structural analysis of the samples was done via
xray diffraction (XRD, PANalytical, model X’Pert Pro) in
Bragg–Brentano geometry with Cu Kα line radiation (λ =
1.5406 Å) at 45 kV and 40 mA, the instrument being equipped
with an X’Celerator detector. The XRD patterns were collected
with a scanning step of 0.0334◦ over the angular 2θ range
10◦–40◦, with a total acquisition time of 4 min.

The crystallinity index (Ic) was determined using the
empirical method proposed by Segal et al [33]:

Ic =
I(002) − I(am)

I(002)

× 100 (1)

where I(002) is the maximum intensity of diffraction of the
(002) lattice peak at a 2θ angle between 21◦ and 23◦, which
represents the crystalline counterpart. I(am) is the intensity
of diffraction of the amorphous material, which is taken at
a 2θ angle between 18◦ and 20◦ where the intensity is at a
minimum. It should be noted that the crystallinity index is
only valid as a comparison basis, as it is used to indicate the
order of crystallinity rather than the crystallinity of crystalline
regions.

The crystallite size was inferred through the Scherrer
equation [34]:

Dhkl =
0.9λ

β cos θ
(2)

where Dhkl is the crystallite size in the direction normal to the
hkl lattice planes, λ is the xray radiation wavelength, β is the
full width at halfmaximum (FWHM) of the diffraction peak
and θ is the corresponding Bragg angle.

The diffractograms obtained were analyzed with specific
software (HighScore Plus) that allows the deconvolution of
Kα1 and Kα2 cases. The data obtained from the XRD
measurement are treated to obtain more accurate information
on peak parameters such as position, intensity, width and
shape. Using the software, the background is determined,
the peaks are searched (Kα1 and Kα2 not separated) and
it is possible to fit the profile of the peaks, in which Kα1
and Kα2 are deconvoluted. The peak profile characteristics
are calculated by applying adjustable, mathematical profile
functions. The software also calculates the FWHM.

Thermogravimetric analysis measurements (TGA) were
carried out with a simultaneous thermal analyzer (TGADSC
STA 449 F3 Jupiter). Approximately 3 mg of each sample was
loaded into an aluminum pan and heated from 25 to 550 ◦C
with a heating rate of 5 ◦C min−1. All the measurements were
performed under air atmosphere.

Fourier transform infrared (FTIR) spectroscopy data
were recorded using an attenuated total reflectance (ATR) sam
pling accessory (Smart iTR) equipped with a singlebounce
diamond crystal on a Thermo Nicolet 6700 spectrometer. The
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Figure 3. Schematics of the process of fabrication of FETs using NCC as the gate dielectric, and the corresponding staggeredbottom gate
structure used in this work.

Figure 4. Natural cotton (a) bolls and (b) cellulose fibers.

spectra were acquired under the following conditions: incident
angle of 45◦; 4000–650 cm−1 range; 4 cm−1 resolution; 32
scans; 20 ◦C.

The optical transmittance measurements were performed
with a Shimadzu UV/visible 3100 PC doublebeam spec
trophotometer in the wavelength range from 200 to 2500 nm,
with a scan of 2 nm and using air as the reference.

Photographs of the microcrystalline/nanocrystalline cel
lulosic suspensions and membranes were taken with a Casio
EXF1 Exilim Pro and a Canon EOS 550D photo camera. The
software blender, version 2.57b, was used to obtain the 3D
drawing of the nanocrystalline cellulose particles.

2.3. Field effect transistor fabrication and characterization

The devices were produced using the two different trans
parent and flexible nanocrystalline cellulose membranes in
a staggeredbottom gate FET structure, acting as the gate
dielectric, without any kind of surface treatment.

On one side of the nanocrystalline cellulose membrane a
40 nm thick GIZO (Ga2O3–In2O3–ZnO; 1:2:2 mol%) layer
(the active oxide semiconductor) was deposited by r.f. mag
netron sputtering, at room temperature, in an AJA ORION
system, following the procedures described elsewhere [22].

The aluminum source and drain contacts were deposited
afterwards by ebeam evaporation (100 nm) over the patterned
semiconductor region. The semiconductor channel and the
source and drain were patterned with shadow masks with a
channel width (W ) of 2220 µm and length (L) of 210 µm

(W/L = 10.6). The devices were measured at atmospheric
pressure at a temperature of 23 ◦C and relative humidity of
40%. On the opposite side of the nanocrystalline cellulose
membrane an IZO (In2O3–ZnO; 5:2 mol%) film (200 nm) was
deposited by r.f. sputtering at room temperature, serving as the
gate electrode [35].

The FETs were subjected to annealing in air for 30 min at
150 ◦C at atmospheric pressure.

The FETs were electrically analyzed in the dark at RT
using a Cascade Microtech M150 microprobe station con
nected to a semiconductor parameter analyzer (Agilent 4155C)
controlled by the software Metrics ICS. The films’ electrical
capacitance (C) was determined with impedance spectroscopy
(IS; Gamry Instruments Reference 600 Potentiostat) using
a parallel plate configuration. Figure 3 shows a schematic
representation of the proposed device configuration including
all the fabrication steps as well as the different layers and
corresponding thickness.

3. Results and discussion

3.1. Cotton fibers and nanocrystalline cellulose membranes

The raw cotton fibers have been observed by SEM in order to
investigate the surface morphology, and a flat twisted ribbon
form (figure 4(b)) characteristic of the dried fibers [21] was
revealed. The average width obtained was 10–15 µm, which
is in good accordance with reports found in the literature [36].
This twisted ribbon shape associated with the flatness of
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Figure 5. SEM micrographs of the two nanocrystalline cellulose membranes: (a) surface morphology for NCC obtained by casting,
(b) surface morphology for NCC obtained by evaporation, and the corresponding cross sections: (c) and (d) respectively.

the fibers increases its surface area and favors chemical
reactions such as acid hydrolysis by promoting the cleavage
and extraction of the amorphous regions [37].

Figure 5 shows the SEM micrographs of the two nanocrys
talline cellulose membranes. From the images we can see
that nanocrystalline cellulose film prepared by shear casting
presents a smooth structure but one that is less compact than
the one prepared by evaporation, which is corroborated by the
corresponding cross sections in figures 5(c) and (d). A needle
like structure is observed in both samples, with nanocrystalline
cellulose particles showing average dimensions, measured
from SEM images, of ∼188 nm length by ∼19 nm thickness,
with an average aspect ratio of ∼10; these values are in good
agreement with the ones presented by ElazzouziHafraoui
et al [38].

Due to the different film preparation methods, shear
casting or slow casting and evaporation, from two different
solutions, anisotropic gel and isotropic suspension, the film
surface and cross section show distinct morphologies. Despite
the use of an anisotropic NCC suspension, the shear seems
to induce a more open membrane structure, as shown in
figure 5(c), compared with the membrane obtained by slow
evaporation from an isotropic solution. The usual chiral
nematic arrangement obtained for NCC films [39] seems to
be disrupted by the shear for the sample prepared from the gel.
An improved homogeneous cross section is obtained for the
films prepared by evaporation.

In order to analyze the crystallinity as well as the crys
tallite size of the two nanocrystalline cellulose membranes,
xray diffractometry was carried out. The results are shown in
figure 6, in comparison with those for the cotton fibers, the

Figure 6. XRD diffractograms for the unmodified cotton fibers,
microcrystalline cellulose (MCC) and two kinds of nanocrystalline
cellulose membranes (NCC E and NCC C).

intermediate product MCC and the two nanocrystalline cellu
lose films. From the data it is possible to qualitatively evaluate
that all samples present the same diffraction features as are
observed for semicrystalline cellulose type I (also referred to
as native cellulose), which is corroborated by the characteristic
peaks at 2θ = 14.7◦, 16.8◦ and 22.7◦ corresponding to the 110,
110 and 200 crystallographic planes of monolithic cellulose
type I, respectively (PDF files: 000561717, 000561718 and
000561719).

The crystallinity index and crystallite size inferred from
the XRD diffractograms for the unmodified cotton fibers were
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Figure 7. Thermal analysis of cotton fibers, microcrystalline
cellulose particles and nanocrystalline cellulose membranes:
(a) TGA and (b) DTG curves.

Table 2. Crystallinity index and crystallite size calculated from the
xray diffractograms.

Sample 2θ (deg) Ic (%) D002 (nm)

Cotton 22.90 61 6.14
MCC 22.77 88 7.42
NCC E 22.83 81 7.29
NCC C 22.79 81 7.18

61% and 6.14 nm, respectively. The acid hydrolysis reaction
for the production of microcrystalline cellulose improved the
crystallinity index to 88% and the crystallite size to 7.42 nm.
This may be due to the removal of impurities on the fibers or
attributed directly to attaching nanocrystalline cellulose. For
the nanocrystalline cellulose films, similar values have been
obtained for the crystallite index as well as the crystallite size.
A summary of the results obtained is presented in table 2.
The values obtained are in accordance with reported values
available in literature [40, 41].

The thermogravimetry results for the different materials
under analysis are shown in figures 7(a) and (b) where we
represent the residual mass as well as the derivative weight

Figure 8. FTIR spectra of cotton fibers, microcrystalline cellulose
particles and nanocrystalline cellulose membranes, as indicated
inside the figure.

as a function of temperature, which permits the study of the
thermal stability of nanocrystalline cellulose films.

For the cotton fibers and the microcrystalline cellulose
we observe a decomposition in the 280–380 ◦C region, while
the nanocrystalline cellulose films decompose at significantly
lower temperatures, between 170 and 310 ◦C, which is also
consistent with the maximum degradation temperature shown
in figure 7(b). This lowered temperature for the nanocrystalline
cellulose films could be attributed to smaller fiber dimensions
(190 nm) as compared to the original macroscopic fibers (see
figure 4(b)), due to a higher surface area exposed to heat. It
is also suggested that sulfate groups are expected to lower the
degradation temperature due to the lower activation energy
of decomposition from the surface sulfate groups. Similar
thermal decomposition profiles were obtained by Morais
et alfor NCCs derived from raw cotton [37]. Regardless of the
reduced thermal stability, the nanocrystalline cellulose films
present much higher char residues of 33% on average, more
than 16 times the finding for the original cotton fibers (∼2%).
Increased char residues have been obtained from nanocrys
talline cellulose from other origins, like bacteria cellulose as
well as wood, and have been correlated with the dehydration
reaction of the sulfate groups at lower temperatures, which
are related to the smaller fiber dimensions resulting in lower
thermal energy requirements.

FTIR spectra of the original cotton fibers, microcrystalline
cellulose particles and nanocrystalline cellulose films are pre
sented in figure 8. They show the same cellulose characteristic
FTIR peaks, i.e. O–H, CH and C–O stretching vibrations
at 3400 cm−1, 2900 cm−1 and 1060 cm−1, respectively,
as does the cotton source used. The peak at 1640 cm−1

associated with the O–H bending vibration of absorbed water
is more accentuated for the nanocrystalline cellulose films.
The existence of peaks in the range of 1000–750 cm−1 can
be assigned to S–O bond stretching due to the presence of
sulfate groups in the NCC surface (see figure 8: the peak at
817 cm−1). However the asymmetric and symmetric stretching
of the S=O bond at 1350 and 1175 cm−1, respectively, are not
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Figure 9. (a) Transmittance as a function of wavelength for the two NCC membranes. The graphic background shows a photograph of an
NCC membrane prepared by solvent evaporation with a thickness of 30 µm; (b) schematic representation of a typical cellulose opaque paper
(chromatography paper) and nanocellulose transparent paper. The average widths of the cellulose fibers and the nanocellulose fibers are
10 µm and 20 nm, respectively.

so noticeable since the cotton already presents several peaks
around these regions [37, 42].

The NCCs are optically transparent, as can be seen in
figure 9(a). The superior optical properties presented by these
films are attributed to the densely packed nanofibers drastically
reducing the voids between the fibers and avoiding light
scattering (see the schematic representation in figure 9(b)) [43].
The two NCC membranes present similar optical properties
over the entire wavelength range, presenting an average
transmittance of 85% in the visible region of the spectrum, for
a thickness of 30 µm.

3.2. Field effect transistors

Before testing the field effect transistors electrically we have
measured the relative permittivity and loss tangent with
respect to frequency for the two membranes under analysis,
as is presented in figure 10. We observe an increase in the
capacitance for low frequencies which is attributed to electrode
polarization, that is, the interaction of the charged electrode
surface with free charges in the paper, as happens for electric
doublelayer (EDL) capacitors [44]. The peak observed for
tan δ indicates the relaxation frequency, that is, it separates the
contribution of the bulk material itself from the contribution
of the EDL. The latter extends then to the lowest frequency

Figure 10. Capacitance and tan δ variation with frequency for both
kinds of NCC membranes.

limit. This clearly indicates that the channel formation in the
transistors will result from the presence of the EDL.

The strong increase in tan δ for the NCC casting sample
means that it becomes leaky at low frequencies (the value is
well above 1, that is, the dc conductivity of the NCC cannot
be neglected), leading to a degradation of the nanocomposite.

Figure 11 shows the transfer and the output characteristics
of two GIZO field effect transistors, with W/L = 10.6, in
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Figure 11. (a) IDS–VGS transfer characteristics obtained at VD = 15 V (saturation region) for GIZO field effect transistors using two types
of gate dielectricbased nanocrystalline cellulose; (b) output characteristics for the GIZO field effect transistor with an NCC membrane
prepared by evaporation as the gate dielectric (the step for the gate voltage was 5 V, starting from −5 and going to 30 V). The inset shows an
optical photograph of a fully processed FET.

Table 3. Comparison of the electrical properties of GIZObased FETs with nanocrystalline cellulose based on different gate dielectrics.

Dielectric µsat (cm2 V−1 s−1) VON (V) ION/IOFF S (V/decade)

NCC evaporation 7.27 −8 2 × 105 2.11
NCC casting 0.54 −5 1 × 104 1.79
Reference cellulose
paper [45]

16 −5 7.5 × 104 1.2

the saturation region (VD = 15 V), using the two kinds of
nanocrystalline cellulose films as the gate dielectric. The
saturation mobility (µsat) and gate threshold voltage were
calculated from the derivative and the xaxis intercept of
the

√
ID(VG) plot, respectively [20]. The subthreshold gate

swing value (S) was obtained at the maximum slope of
dVG/d(log ID). Table 3 presents a comparison of the electrical
parameters of the two series of nanocrystalline cellulosebased
GIZO FETs.

The electronic performances obtained for the devices
do not differ significantly when the nanocrystalline cellulose
fibers are used as the gate dielectric in comparison with the
use of reference FETs using conventional cellulose paper [45].
The main differences observed for the devices using the two
nanocrystalline cellulose films are related to the lower ION

value, especially for nanocrystalline cellulose film produced
by shear casting. This can be attributed to the higher surface
roughness in comparison with that of the nanocrystalline cellu
lose film produced by evaporation, leading to a poor interface
between the dielectric and the semiconductor material. Besides
that, due to the lower thermal properties presented by the
nanocrystalline film, especially that produced by casting, we
start to have an electrical degradation at the interface of the
aluminum (source/drain) which is responsible for the higher
resistance, so limiting the drain current in the channel.

The output characteristics do not show a hard saturation
behavior, which can be attributed to electrical contact effects.
Besides that and since we are using shadow masks, the pat
terned semiconductor is not fully aligned with the source/drain
regions which leads to a misalignment associated with the
pinchoff region promoting possible pathways for the current,
limiting the saturation regime.

4. Conclusions

We have produced highperformance hybrid flexible field
effect transistors using nanocrystalline cellulose films pro
duced from an anisotropic water gel by shear casting and
from a diluted water suspension by casting and evaporation.
These films were used (without any surface treatment) as the
gate dielectric, and a semiconductor oxide (GIZO), deposited
by r.f. magnetron sputtering at room temperature, as the
channel layer. The transistors processed in this way have
an enhancement of the ntype operation mode and exhibit
a channel saturation mobility exceeding 7 cm2 V−1 s−1, a
drain–source current ION/IOFF modulation ratio above 105

and a subthreshold gate voltage swing of about 2.11 V/decade.
The preliminary results obtained seem to surpass those for

amorphous Si TFTs and rivals with the actual state of art for
oxidebased thin film transistors produced on conventional
paper [45], even the ones processed either on glass or on
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crystalline silicon substrates, processed or annealed at high
temperatures.

Transparent nanocrystalline cellulose films open up new
perspectives for applications for cellulose devices. The com
patibility of these devices with largescale/largearea depo
sition techniques and low cost substrates marks this out as a
promising approach for attaining highperformance disposable
electronics like paper displays, smart labels, smart packaging,
RFID and pointofcare systems for selfanalysis in bioscience
applications, among others.

We are watching the unfolding of one of the greatest
opportunities for innovation in the forest products industry:
the production and use of cellulose nanomaterials for a broad
range of applications.

Work is under way in efforts to understand the operating
mechanism of the device, in order to improve its stability over
time.
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