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Abstract: Thin film transistors on paper are increasingly in demand for emerging applications, such
as flexible displays and sensors for wearable and disposable devices, making paper a promising
substrate for green electronics and the circular economy. ZnO self-assembled thin film transistors
on a paper substrate, also using paper as a gate dielectric, were fabricated by pulsed electron beam
deposition (PED) at room temperature. These self-assembled ZnO thin film transistor source–channel–
drain structures were obtained in a single deposition process using 200 and 300 µm metal wires as
obstacles in the path of the ablation plasma. These transistors exhibited a memory effect, with two
distinct states, “on” and “off”, and with a field-effect mobility of about 25 cm2/Vs in both states. For
the “on” state, a threshold voltage (Vth on = −1.75 V) and subthreshold swing (S = 1.1 V/decade)
were determined, while, in the “off” state, Vth off = +1.8 V and S = 1.34 V/decade were obtained. A
1.6 µA maximum drain current was obtained in the “off” state, and 11.5 µA was obtained in the “on”
state of the transistor. Due to ZnO’s non-toxicity, such self-assembled transistors are promising as
components for flexible, disposable smart labels and other various green paper-based electronics.

Keywords: thin film transistor; zinc oxide; fabrication; characterization

1. Introduction

In emerging applications, such as flexible displays and sensors for wearable devices,
where paper is a promising substrate for green electronics, thin film transistors (TFTs) are
increasingly in demand. Cellulose, the fiber used to make paper, is one of the world’s most
abundant biomaterials, with applications in medicine, food, cosmetics, electronics, and
engineering [1]. Paper is an attractive substrate for flexible electronic devices because it is
renewable, non-toxic, and flexible, and it has robust mechanical and dielectric properties [2].
The low-cost synthesis of eco-friendly devices on paper will help to reduce electronic waste
and create a sustainable future in a circular economy, as cellulose is 100% biodegradable
and is, therefore, the most recyclable of all the materials that contribute to the solid waste
stream [3].

Zinc oxide (ZnO) is one of the most studied transparent n-type conducting oxides
in the form of thin films or nanostructures for optoelectronic devices due to its tunable
electrical and optical properties via growth parameters and doping [4,5]. The typical
fabrication of ZnO thin film transistors on silicon and glass substrates includes physical
vapor deposition technologies like magnetron sputtering for channel and evaporation
for contact electrodes [6,7], pulsed laser deposition [8], pulsed electron beam deposition
(PED) [9] and, more recently, solution-based printing and chemical methods [10]. Although
ZnO requires higher temperatures to achieve good crystallinity and charge-carrier mobility,
the use of paper as a substrate restricts the growth temperature of the oxide thin films to
room temperature or below 150 ◦C.

Carcia et al. reported the first ZnO thin film transistors on Si substrates, fabricated by
radio-frequency magnetron sputtering, with remarkable transistor performance, including
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a field-effect mobility > 2 cm2/V s and an on/off ratio > 106 [6]. These ZnO thin films
showed their potential as components for flexible electronics on temperature-sensitive
substrates due to their high optical transparency (>80% at wavelength > 400 nm) and
resistivity of ~105 Ωcm. Fortunato et al. fabricated high-performance ZnO thin film
transistors on glass substrates at room temperature [7]. With a threshold voltage of 19 V, a
saturation mobility of 27 cm2/Vs, a gate-voltage swing of 1.39 V/decade, and an on/off
ratio of 3 × 105, the bottom-gate configuration ZnO thin film transistor was operating in an
enhanced mode.

In spite of the promising properties of ZnO thin film transistors and the opening
of the path for the rapid development of metal oxide TFTs over the past few decades,
their performance has been surpassed by that of amorphous oxide semiconductors like
indium−gallium−zinc oxide (IGZO) [11]. Being amorphous, they have the advantage
of exhibiting improved TFT performance and reliability in comparison with amorphous
Si and organic TFTs, which is attributed to their high electron mobility, superior channel
material homogeneity due to their lack of grain boundaries, remarkable transparency in
the visible range, and a deposition temperature at or near room temperature, resulting in
good adaptability to flexible substrates [12]. However, they present some instabilities due
to trap levels near the film surface, which become filled and are slowly and unevenly de-
trapped [13,14]. They also include elements like indium and gallium, which are expensive
and not ideal for green electronics, for which ZnO is much better adapted. The fact that
ZnO thin films are readily polycrystalline with a hexagonal würtzite structure close to
room temperature on various substrates gives them the disadvantage of reducing the
mobility of the charge carriers (electrons) due to dislocations or impurities at the grain
boundaries, hence influencing their resulting performances in transistors. Some attempts
have been made to obtain amorphous zinc oxide thin films and, thus, to eliminate the grain
boundaries by pulsed laser deposition and sputtering at cryogenic temperatures [15–17]
by using chemical methods [18,19] and, recently, by enhancing the oxygen deficiency in
PED [20]. However, these attempts are neither expensive in their applications (cryogenic
temperatures) nor does the large oxygen deficiency benefit the fabrication of the transistor’s
components, which require almost ideal ZnO stoichiometry. Rogers [21] demonstrated
the successful growth of amorphous ZnO films on paper and mylar using pulsed laser
deposition at room temperature, achieving relatively low resistances. This highlights the
promising performance of the ablation method for such transistor films, which would
eliminate the inconvenience of the post-deposition annealing step typically used in other
deposition methods to improve the optoelectronic properties of the films.

The path to oxide-based electronics on paper substrates was pioneered by Fortunato
et al. [22], who made the first paper transistor using cellulose paper, both as a gate dielec-
tric and as a device substrate. A gallium−indium−zinc oxide thin film grown at room
temperature via RF magnetron sputtering was used as an n-type channel semiconductor in
this hybrid paper transistor. Patterned Al films with a shadow mask were deposited by
evaporation as the source and drain contacts, while a conducting indium-zinc-oxide gate
film was deposited as the electrode on the other side of the paper by magnetron sputtering.
With a channel saturation mobility of 30 cm2/Vs, a threshold voltage close to zero, a gate-
voltage swing of ~0.8 V/decade, and an on/off ratio of >104, the paper transistor exhibited
properties comparable to those fabricated on hard substrates (glass or silicon), despite the
roughness of the paper surface. Improvements to the cellulose fibril’s composition, density,
and functionalization have led to a smoother paper surface and, therefore, to higher quality
deposited thin films on the paper, resulting in reduced operating voltages and leakage
currents, thus enhancing inorganic or organic transistor performances [3,22–28].

Despite these results, the main challenge remains to obtain transistor components
(channel and electrodes) from the same material in a single deposition process at room
temperature in order to reduce manufacturing costs compared to those associated with
silicon technology; therefore, the use of simple techniques is essential. Following our
previous work, ZnO self-assembled thin film transistors were fabricated by the ablation
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method with a pulsed electron beam, also named “pulsed electron deposition” (PED),
at room temperature. In previous research, our group reported on In2O3 self-assembled
thin film transistors on glass and paper using an original and low-cost approach [9,29,30].
ZnO can prove itself more sustainable, cheaper, and non-toxic as a replacement for In2O3
thin films, but obtaining the thin film properties suitable for transistors—a high enough
conductivity for source–drain and gate contacts and non-degenerated/low carrier density
semiconductor properties for the channel—can be challenging. The experimental conditions
for obtaining functional transparent structures for ZnO thin film transistors were identified
and optimized by varying the PED deposition parameters. The effect on the electrical and
optical properties was determined using ZnO witness (“model”) thin films. For obtaining
self-assembled structures in a single deposition process, shadow masks (mechanical masks)
placed at a controlled distance from the substrate were used. The thin film field-effect
transistors’ source−channel−drain structures were deposited as self-assembled ZnO thin
films on paper. These structures were investigated by the profilometry technique in order
to determine the channel thickness. Electrical measurements of the transistors were carried
out by a homemade semiconductor parameter analyzer in the air, in the dark, and at
room temperature.

2. Materials and Methods

The PED method is an ablation deposition method, similar to pulsed laser deposition
(PLD), using a pulsed electron beam instead of the nanosecond ultraviolet laser beam. The
focused electron beam is produced in a channel-spark discharge attached to the deposition
chamber, as described in detail previously [20]. The electron beam in PED is pulsed (about
100–110 ns at full-width at half-maximum), very intense (approximately hundreds of
amperes), and has a polyenergetic energy distribution of electrons, which makes it possible
to ablate, i.e., to melt, and vaporize and generate an ablation plasma from a solid target, as
is done in the pulsed laser deposition process [20]. The electron beam interacts with the
ZnO target at an angle of 45 degrees. An ablation plasma is formed and propagates towards
the substrate located at a 4–5 cm distance. The typical fluence in our experiments varies up
to 2.5 J/cm2, and the working gas is oxygen in the pressure range of 1–2 × 10−2 mbar. PED
is a versatile and cost-effective thin film deposition method that enables the adjustment of
deposition parameters to precisely control the composition, morphology, thickness, and
physical properties of various thin films [5,9,20,29,30].

For the production of transistors with a minimum number of deposition steps, an
original approach has been used in which a mechanical obstacle is introduced into the
ablation plasma as it propagates toward the substrate. The experimental setup (Figure 1a)
for the mechanical obstacle PED deposition is similar to that used in previous research of
the group for In2O3 thin films [9,29,30].

Figure 1. Schematic drawing of the PED deposition setup with an obstacle inserted in the ablation
plasma: (a) PED installation with 10 mm obstacle; (b) deposition of a self-assembled ZnO thin film
with a source−channel−drain structure using a 300 µm metal wire as an obstacle.
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The obstacle introduced in the ablation plasma consists either of a metal strip with a
width of 10 mm to obtain the large structures (“model system”), as in Figure 1a, or by a
reduction in scale [9] of a metal wire with a diameter between 200 and 300 µm for obtaining
transistor structures (Figure 1b). The distance from the deposition substrate to the obstacle
is of the same order of magnitude as the width of the obstacle. Thus, the 10 mm wide
obstacle was placed 19 mm away from the substrate, and such zinc oxide films deposited on
glass and paper substrate were used in the preliminary research for optimizing the working
conditions in oxygen at room temperature. With this purpose, optical transmission in the
ultraviolet and visible spectral ranges and Hall measurements at room temperature were
performed on these “model” ZnO thin films (not shown here). To keep the proportions
of the large obstacle setup, the 200 and 300 µm diameter wires were placed at a distance
of 100 µm from the substrate in order to fabricate ZnO self-assembled depositions for the
source−channel−drain structures of thin film transistors.

It has been shown for indium oxide thin films grown by PED that when the working
gas used is oxygen, the self-assembled deposition of a semiconductor oxide thin film
behind the obstacle has a lower charge-carrier density in that region compared with the
non-shadowed wings [9,29,30]. For the ablation deposition method, it has been proven
by isotope tracing that a small fraction of the oxygen in oxide thin films comes from the
working gas, and the resulting film does not contain only oxygen from the target [31,32].
In the case of indium oxide thin films, we have shown that a reduction in the ablation
plasma density behind the obstacle leads to a higher proportion of oxygen incorporated
in the film grown in the shadow of the obstacle, thus obtaining a lower concentration of
oxygen vacancies. As in the semiconductor oxide films, the charge-carrier density depends
on the concentration of oxygen vacancies [33,34]; at lower oxygen pressures in PED, we
can even obtain degenerate semiconductor oxide films [5,20,35]. By very slightly changing
the working oxygen pressure in PED, we can also tune the electrical and optical properties
of both In2O3 [35] and ZnO thin films [5,20] despite the differences between these two
transparent conducting oxides. This is a specific feature of PED in comparison to PLD [4,8]
and magnetron sputtering [6,7,36] and is related to the contribution of the high kinetic
energy of ablation plasma species to the thin film growth on the substrate. On the other
hand, the background gas slows down the ablated species by scattering, and there are also
reactions with the background gas, resulting in a reduction in the kinetic energies of the
species arriving at the substrate so that the heating of the substrate by the ablation plasma
is avoided. During the deposition of the ZnO film on the paper substrate, the substrate
temperature was continuously monitored at the substrate holder/heater by means of a
thermocouple and found to be maintained at room temperature during the deposition
process. The paper substrates do not show any signs of damage after the deposition of
the ZnO thin film. Therefore, choosing the right oxygen working pressure in PED allows
us to obtain a modulation of the charge-carrier concentration across the obstacle shadow,
which is suitable for a ZnO source−channel−drain structure of a thin film transistor, hence
the idea of a reduction in the scale of the experiment described in Figure 1b and already
used by us for In2O3 thin film transistors [9]. A cellulose paper substrate was used since it
can also play the role of the gate insulator, as we have shown in [30], and in combination
with ZnO thin films, can promise to obtain fully environment-friendly and recyclable
devices. Scanning electron microscopy (SEM) images of the paper substrate before and
after the ZnO witness (“model”) thin film deposition were acquired with a Tescan Vega
XMU-II instrument.

3. Results and Discussion

In the paper transistor fabricated by PED, the ZnO was used both as an n-type channel
semiconductor as well as source and drain electrodes obtained in a single thin film deposi-
tion step and gate electrode, respectively. In order to obtain the ZnO source−channel−drain
structures, a miniature metal mask was used, placed at a distance of 100 µm from the sub-
strate, where the length of the channel is determined by the thickness of the metal wire
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behind which the self-assembled deposition is made (Figure 1b). The mask was designed
to obtain eight transistors in a single deposition step, arranged in two rows, with four
wires, thus causing the formation of eighth channels. Three wires have a thickness of
300 µm, one of 200 µm corresponding to the transistors numbered T4, respectively, T8 in
Figure 2, and their diameters directly determine the channel length, while the channel
width is determined by the metallic mask itself. For space economy, the drain contact for
one transistor is also the source contact for the next transistor in the same row near it.

Figure 2. Schematic view of the transistor’s deposition mask with wires on the paper substrate.

We have carried out studies to characterize the composition, doping, surface mor-
phology, crystallinity, and optical and electrical properties of the undoped and doped ZnO
thin films grown by PED [5,20,29], showing that the electrical and optical properties of
films are tunable as a function of the growth parameters. Summarizing our previous work
on the large obstacle “model” self-assembled structure [29], Rutherford backscattering
spectrometry (RBS) was employed for the determination of the composition and thickness
of transparent ZnO thin films as a function of the position on the substrate in the obstacle
shadow and in the non-shadowed regions. The composition was Zn1O1 within the limit
of oxygen precision (4%), without impurities, and the thickness profile indicated a bell
shape with a minimum thickness in the obstacle shadow and a maximum at the end of the
non-shadowed regions. The deposition rate of the ablated species is reduced behind the
mechanical obstacle, resulting in oxygen enrichment compared to the regions outside the
obstacle shadow, thus explaining the increased resistivity in the obstacle shadow. Also, the
transport properties measured by the Hall effect revealed a resistivity of 6 × 10−3 Ω·cm,
carrier mobility of 21 cm2/Vs, carrier density of 5 × 1019 cm−3 outside the obstacle shadow,
and resistivity of 0.225 Ω·cm, carrier density of 9.9 × 1017 cm−3, and mobility of 28 cm2/Vs
in the obstacle shadow, respectively. The optical measurements revealed a transmittance of
90–98% for the obstacle shadow region (the “channel”) and 90–95% for adjacent regions
(the “electrodes”) in a spectral range of 300–3000 nm, very suitable for transparent devices.
In the same work, we have shown that the band gap determined from the Tauc plot is
3.27 eV behind the obstacle and 3.29 eV in the adjacent regions.

SEM images of the paper substrate before and after deposition of the ZnO thin film
are shown in Figure 3a,b. The image in Figure 3a shows the non-uniform surface of the
paper, evidencing disordered fibers and surface, while in Figure 3b, the surface of the
paper is continuously covered with the ZnO film. The presence of nano-particulates on
the film’s surface is due to the fact that we used an energy of the pulsed electron beam
higher than that corresponding to smoother films in order to assure the maximum coverage
of the paper’s non-uniform surface. As it has been found in PLD [37–39], the presence
of a mechanical obstacle in the ablation plasma hinders the ballistic movement of the
droplets/nanoparticles from the target to the substrate, resulting in a smooth film area
under the obstacle. It is, therefore, expected that the droplet density will decrease drastically
in the shadow of the obstacle in a similar way that we have already observed for indium
oxide thin films grown under obstacles [9,30].
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Figure 3. SEM images of the paper substrate before (a) and after deposition of the ZnO thin film (b).

As a preliminary characterization of the ZnO source−channel−drain structures, the
channel thicknesses and widths were analyzed by means of the profilometry technique.
The thickness profiles of the structures thus formed using metal wires as obstacles are
shown in Figure 4, and the minimum channel thickness is between 20 and 65 nm for the
eight transistors fabricated in a single deposition. This variation is due to the fact that the
surface of the paper has a natural roughness given by the cellulose fibers that compose
it, which ensures its flexibility and mechanical and robust dielectric properties [1,2]. The
paper substrate for the deposition of the ZnO source−channel−drain structures has not
been treated or smoothed before film deposition, as in the references [22,23], or nanopaper
was not used [24], as shown in Figure 3a. Moreover, it is also due to the limited uniformity
of the deposition on large surfaces, specific to the ablation methods that are anisotropic.
Oxide semiconductors exhibit notable stability in contact with cellulose [3,22,23,30], as
can also be noted in this case of ZnO thin films grown by PED on a paper substrate.
A remarkable coverage of the fibers of the paper with the ZnO thin film deposited at
room temperature allows both the necessary transistor components and their suitable
functionality to be achieved. This can be explained by the specific characteristic of the PED
method in comparison to the magnetron DC or RF magnetron sputtering [6,7,36], pulsed
laser deposition [4,8,21], or chemical methods [18,19] to grow smooth, dense, congruent
ZnO thin films at low temperatures with tailorable physical properties through the fine
control of the deposition parameters [5,20,35].
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Figure 4. Thickness profiles of self-assembled ZnO channel−source−drain structures; the legend
shows the minimum thickness of each channel.

With the same deposition mask, self-assembled ZnO thin film field-effect transistors
were fabricated by PED at room temperature, using paper as both the substrate and gate
insulator. The electrical characteristics of such a transistor are shown in Figures 5 and 6.
The measurements are made in the air, in the dark, and at room temperature with two
Keithley 2611A SourceMeter systems, a homemade microprobe station using Süss/Cascade
Microtec PH-100 magnetic holder micrometric probes, and a LabView acquisition program
developed by our team. From the transfer characteristics (Figure 5), it can be noticed that
this type of ZnO paper transistor exhibits a memory effect, with two distinct states, “on”
and “off”, presenting two different threshold voltages, Vth on and Vth off, similar to the
paper-based transistors previously realized by Martins et al. [23], Lim et al. [27,28], and our
group [30] for different metal oxide thin films. The maximum drain current is ~11 µA in
the “on” state, which allows for obtaining a ratio of Ion/Ioff = 970 (and 1370 in the “off”
state, respectively).

Figure 5. Transfer characteristics (Id(Vgs) and
√

Id(Vgs)) of a self-assembled field-effect transistor
made with ZnO thin films, using paper as both substrate and gate insulator. The black line corre-
sponds to the logarithmic characteristic, and the red line is the square root characteristic used to
determine the two threshold values for the “on” state (blue) and “off” state (red).
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Figure 6. Output characteristics families Id(Vds) of a ZnO field-effect transistor on paper at different
gate voltages: (a) in “off” state; (b) in “on” state.

We define the “off” state, the regime of the memory TFT where the threshold voltage is
positive, corresponding to a depleted regime, while in the “on” state, the threshold voltage
is negative (enhanced regime).

Previous works related to paper transistors [7,27] suggested that significant carrier
scattering by trapped charges at the interface between ZnO and the uneven paper surface
could explain the relatively high subthreshold swing. On the other hand, the fiber structure
of the cellulose paper could lead to low values of the “on” current in the transistor and
Ion/Ioff [27,28].

As for the origin of the two states in paper transistors, Martins et al., in [23,40–45], iden-
tify a charge accumulation in the profound fibers of the cellulose paper that makes the value
of the gate capacitance per unit area (C/A) larger than the statically measured C/A. This
mechanism was considered similar to that of a supercapacitor, involving an electrical double
layer without necessarily relying on an ion circulation like in solid electrolytes [46,47]. For
the transient ion-dynamic capacitance in electrolyte-gated transistors, the hysteresis curve
goes counter-clockwise, like in [46]: as the gate voltage increases, above-the-threshold-
voltage charges are accumulated in the double layer, and the gate capacitance increases due
to the decreases in the double-layer thickness. But this lowers the threshold voltage, and
when the drain current decreases, the transistor is in enhanced mode as long as the double
layer is not depleted by going below the threshold voltage; thus, the hysteresis curve goes
counter-clockwise. This also makes the “off” drain current higher in the subthreshold
regime in the depleted mode (the “off” state defined above), as seen in Figure 5. The paper
transistors, like these presented in this article, have a memory effect with a duration of
many days, even weeks, as we showed in [30].

In the literature, the charge-trap/de-trap processes in ZnO charge-trap layers in
combination with the IGZO channel layer were also proposed for the development of
charge-trap-type non-volatile memory thin film transistors [48–51]. In our case, even if
a charge-trap layer must exist, because the conditions of an irregular channel−insulator
interface are present [7,27,28], the charge-trap memory transistors [48–51] have a shorter
duration memory effect and clockwise hysteresis curve. Indeed, while the gate voltage
increases, charges are trapped from the channel into the trap layer until it fills, generating
a faster increase in the drain current combined with an increase in the threshold voltage,
and they are de-trapped when the gate voltage decreases (steep decrease), changing back
the threshold voltage. As described for the charge-trapping memory transistors [48,49,51],
when Vgs goes from negative to positive, accumulation of carriers (electrons) in the active
channel occurs, followed by tunneling and trapping in the charge-trap semiconductor layer
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(CTL). When Vgs goes from positive to negative, the de-trapping of carriers occurs in the
CTL, and a depletion layer is created in the channel, so the hysteresis is clockwise, which
does not apply to the paper transistor. A shift between the two states occurs, the memory
window being the difference between the two Von.

The drain current in the saturation regime is described by Equation (1) [9,20,21]:

Id
(
Vgs

)
=

µnsatCg

2
W
L
(
Vgs − Vth

)2
(1+λ(Vds − Vdssat)) (1)

where µnsat is the charge-carrier mobility at saturation in the channel, Cg is the capacitance
per unit area of the gate insulator, W and L are the channel’s width and length [34], and λ

is a parameter related to the channel length, which can be neglected for the short channel
associated to the drain-induced barrier lowering [52,53], which can be neglected in our case.

Assuming λ = 0, a dual representation of Id(Vgs)—the logarithmic (black line) and
square root (red line)—is shown in Figure 5. From the logarithmic representation, we can
determine the slope of the curve as a logarithmic sensitivity below the threshold voltage
(subthreshold swing in volts/decade) [34], and in square root representation, considering
Equation (1), the value of the slope of Id

1/2 at Id = 0 gives the threshold voltage. The transfer
characteristics in Figure 5 are measured at Vds = 8 V.

For the “on” state, we determined a threshold voltage Vth on = −1.75 V and a sub-
threshold swing of S = 1.1 V/decade. In the “off” state, we have Vth off = +1.8 V and
S = 1.34 V/decade, and the carrier mobility at channel saturation, also deduced from
Equation (1) using the measured drain current at saturation, is ~25 cm2/Vs in both states.
This value of the carrier mobility is comparable with the values reported in the literature
for ZnO transistors [5,7] and with the ones determined by the Hall effect measurements for
ZnO thin films in our previous experiments [29].

Experimenting with mask wire diameters was necessary, as the channel full-width
at half-maximum (FWHM) is influenced by the oxide target type due to the scattering of
the plasma species in the background gas (influenced by the atomic mass). As the atomic
mass of Zn is two times lighter than In ions, we expected that the channel FWHM should
have been smaller than the wire diameter, more than in the case of In2O3 transistors [9].
We obtained 200 µm channels under the 200 µm wire, but 400 µm FWHM channels under
the 300 µm wires. As can be seen in Figure 2 (mask schematic) and Figure 4 (profilometry),
the only two transistors with a 200 µm wire mask are T4 and T8 (200 µm FWHM channel).
As an ablation deposition method, the PED uniformity of the deposited film is limited
due to the anisotropy of the method, so the T1−T4 line has a film thicknesses outside the
wire shadow (source−drain thickness) of 250–400 nm, while the film thickness for the
T5–T8 line is in the range of 150–200 nm (Figure 4). The film is grown in oxygen, and the
oblique incidence far from the plasma plume axis leads to smaller thicknesses and also to a
slight enrichment in oxygen, more important for small thicknesses, as explained for the
indium oxide transistors [9]. This explains the fact that the T8 channel has both smaller
conductivity and the smallest length, leading to better performances, so we featured it as
the most representative.

In Figure 6a,b, the output characteristics of the ZnO self-assembled field-effect tran-
sistor using paper as both substrate and gate insulator are measured in strictly the same
conditions: the same range of the drain voltage and the same values of the gate voltage.
One can observe that the maximum value of the drain current in the “on” state is ten
times greater, the drain current slope is higher, and the output drain current saturation
occurs at less than 3 V drain-source, compared to the “off” state where there is no drain
current saturation.

We propose for applications, the following “on/off” state interrogation method: the
application of a gate voltage between Vth on and Vth off, which we call “interrogation
voltage”. If the drain current is smaller than 10 nA, the memory TFT will be in the “off”
state, while if it is greater than 100 nA, it is in the “on” state. Applying a gate voltage
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of -Vds switches the transistor to an “off” state, while Vgs = Vds switches the transistor to
an “on” state.

The hysteresis behavior of transfer characteristics was explained by the charge-trapping
electrons/holes model inside the bulk paper and at the interface between the channel and
gate dielectric, enhanced when a low-temperature fabrication is used [3,7,23,27,28,30]. As a
matter of fact, many studies have been carried out to understand the mechanism behind
the memory effect in transistors made with and on paper [40–55]. It has been found that
the main mechanism responsible for the hysteresis effect, i.e., the increase of S and the
hysteresis width (∆V), is given by the spatial drift of the space charge within the paper bulk.
The large drain current of the paper transistors can also be explained by the enhancement of
the capacitance per unit area of the paper due to its discrete dielectric structure, constituted
by interconnected coated and uncoated fibers that form a multilayer structure, as stated by
R. Martins et al. [23,40–44], similar to a supercapacitor. More than that, this fiber-structured
supercapacitor will enhance the hysteresis by a large accumulation of charge, resulting in
the observed “memory effect” [45]. The type of paper used for the transistors has been
investigated in detail, highlighting the role of the fiber structure, fiber dimensions, compact-
ness, porosity, and surface finish [56–58]. We also note that the “on”−”off” commutation
state of ZnO thin film transistors is retained for several days, even in the absence of electri-
cal supply, similar to the In2O3 paper transistors [30], which opens the possibility of use in
passive memory circuits [23,40–55].

Other mechanisms related to the hysteresis and memory effect are also presented in
the literature [46–55]. In addition, charge-trap/de-trap processes in ZnO charge-trap layers
have been proposed to explain the mechanisms behind the non-volatile memory thin film
transistors [48–51]. In particular, when the direction of the hysteresis is counter-clockwise,
the mechanisms are associated with mobile ions, as discussed in [46,47]. Such electrolyte-
gated transistors are more and more used as switching elements, artificial synapses, and
memristive systems [46].

J. Jiang et al. [59] used a similar approach of a shadow mask for the self-alignment
fabrication of an indium tin oxide (ITO) transistor on paper. They obtained an “in-plane”
ITO gate transistor where the 200 nm ITO source, drain, and gate terminals were placed
on the same plane by using a metallic shadow mask during a one-step deposition at room
temperature by magnetron sputtering. The ITO transistor channel was self-assembled
between the ITO source and drain electrodes, i.e., grown in the shadow of the metallic
shadow mask during deposition, and placed at 50 µm above the paper substrate. A distance
of 300 µm was used between the gate and source electrodes, while the channel had a length
of 50 µm and a width of 1000 µm, respectively. This method differs from our method
by the fact that in their case, the paper was used only as a substrate, the gate dielectric
being a 1.5 µm thick SiO2 layer grown by plasma-enhanced chemical-vapor deposition
on a silver gate electrode. These two layers avoided the problems related to non-uniform
paper surfaces since the quality of the interface between the channel and gate dielectric
could influence the performance of transistors [59,60], a similar approach being used for
other transistors [61–63]. Therefore, the ITO “in-plane” TFTs had a high field mobility of
22.4 cm2/V s, comparable to that obtained in this work for ZnO TFT but a large on/off
ratio of 8 × 105, a subthreshold swing of 192 mV/decade, and a 2.0 V operating voltage,
respectively [59].

When amorphous IGZO thin film transistors were fabricated on paper by magnetron
sputtering at room temperature [27], following the pioneering work [7] with paper used as
both a gate dielectric and a substrate, the photolithography and lift-off processes were used
to pattern the source and drain electrodes on the IGZO channel layer. These wet processes
have led to chemical absorption in the paper during electrode patterning, accentuating
the unevenness of the paper surface and thus increasing the resistance between the source
and drain contacts. Despite these problems, the TFT performance, also related to the IGZO
channel material, has shown a saturation mobility of 35 cm2/V, a threshold voltage of
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3.75 V, a subthreshold gate-voltage swing of 2.4 V/decade, and a drain current on-to-off
ratio of 104, respectively.

Following this work, Lim et al. [28] spin-coated a water and solvent barrier onto the
paper substrate, improving the surface roughness, and used a SiOx as a gate dielectric, not
the paper itself. The threshold voltage (~1.9 V) and gate-voltage swing (0.65 V/decade)
were lowered as a result of a smoother paper surface and, hence, of the films deposited on
it, reducing the interface trap density between the channel and gate dielectric. The IGZO
channel saturation mobility had a value of 1.2 cm2/V s, lower than that obtained when
paper was used as both a gate dielectric and a substrate, but this comparison does not
take into account the different sizes of transistors and thicknesses, which also influences
their performance.

Room-temperature junctionless thin film transistors on paper substrate gated with
chitosan electrolyte have been fabricated and presented a 1.0 V operating voltage [64]. This
was explained by a high gate-specific capacitance value related to the electrical double-layer
effect induced by mobile ions. When beeswax was used as the gate dielectric of indium-
zinc-oxide thin film homojunction transistors on paper substrates, the counter-clockwise
hysteresis window was attributed to mobile protons in the beeswax layer [65]. Poly-Si thin
film transistors were successfully printed at 100 ◦C as both a p-channel and n-channel on
paper with field-effect mobilities of 6.2 and 2.0 cm2/V s, respectively [66], and the poly-Si
was patterned using an excimer laser based on additive selective crystallization of the
precursor film. A review of electronics on paper highlighted the advances in the manu-
facturing of electronic components on paper for various applications and the challenges
related to the roughness and absorptive surface of paper [67].

These results strengthen the fact that our approach of making self-assembled ZnO
structures for thin film transistors with and on paper at room temperature in a single
deposition improves some of the problems raised by transistor fabrication. Such ZnO
thin film transistors are also ideal as components for single-use smart labels with low
energy consumption and single-use electronics, such as flexible, disposable smart labels
and sensors for portable devices.

Refinements in the composition, density, and functionalization of the cellulose-based
paper will reduce the operating voltage and leakage current, improving the performance of
inorganic or organic transistors. Reducing the film’s thickness, adding a surface passivation
layer, and modulating the conductivity of the film are possible strategies for suppressing
the hysteresis effect in paper transistors. The following approaches can also be used:
depositing charge-trap/de-trap films in front of the channel [48], geometric effects of
the ZnO acting as a charge-trap layer [51], optimizing the deposition and fabrication
process [54], and planarizing the paper surface [55]. Another possibility would be to use
hysteresis for neuromorphic applications, and further development of artificial synaptic
thin film transistors using transparent zinc oxide [68,69] will lead to integrating electronic
devices with paper [70].

4. Conclusions

In this study, functional transparent self-assembled ZnO structures for thin film tran-
sistors on paper were fabricated by PED in a single deposition step at room temperature.
ZnO has been used as both an n-type channel semiconductor and source, drain, and gate
electrode in papered thin film transistors, minimizing steps in the thin film transistor
manufacturing process and reducing the cost. Electrical measurements were performed
on the self-assembled transistor structures made using both paper as the substrate and
gate dielectric. Following these measurements, the deposition parameters in PED were
optimized in terms of the electrical properties of the self-assembled structures. Transistors
with these self-assembled ZnO thin film structures on paper have been demonstrated,
and their functionality has been proven; like in the case of In2O3 paper transistors, these
transistors exhibit a “memory effect” [30], similar to other transistors with and on paper
reported in the literature but using thin films of different metal oxides [22,28]. Given the
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irregular-by-nature surface of the paper without preliminary treatment and the anisotropy
of the ablation plasma in the PED thin film deposition, the channel geometry reproducibility,
as seen in Figure 3, is satisfactory.

As discussed above, the memory effect can be explained by various mechanisms like
the supercapacitor charge-trap/de-trap process, but the most likely is due to movable
ions, as evidenced by the counter-clockwise hysteresis of the transfer characteristics. [46].
However, a much smaller hysteresis due to charge-trapping by the irregular cellulose
fibers could also be present, a fact proven by the high threshold voltages and the small
Ion/Ioff and “on” currents. Further improvements in device characteristics could be made
by depositing charge-trap/de-trap films before the channel, the study of areal geometric
effects of a ZnO acting as a charge-trap layer [51], optimization of the deposition and
fabrication process [54], and planarization of the paper surface by using organic/inorganic
hybrid layers [55].

The determined off–on switching gate voltage is +6 V at Vds = +8 V, and the off–on
gate voltage is −2 V. A 1.6 µA maximum drain current was determined in the “off” state,
and 11.5 µA in the “on” state of the thin film ZnO transistor on and with paper. The
saturation charge-carrier mobility is 25 cm2/Vs in both states, consistent with the Hall
effect measurements. The safe “interrogation” gate voltages for such a transistor used as
a memory device are in the range between Vth on = −1.75 V and Vth off = +1.8 V, which
would yield a drain current of 0.05–0.1 µA in the “on” state and 1–10 nA in the “off”
state for Vds = 8 V, as determined from the transfer characteristics. In the case when the
transistor is used as an amplifying device, the subthreshold swing has values between 1.1
and 1.34 V/decade.

We are considering some improvements, like shortening the channel (by decreasing the
wires’ diameters) with the purpose of reducing the working voltage, which will leave the
possibility to also decrease the width of the channel and improve the overall performance
of the transistors. This will require optimizations, as the memory effect relies specifically on
the channel to be deposited directly on paper, and the fiber dimensions impose geometrical
limits in this reduction. We are also planning to reduce the surface of the shadow mask
in order to minimize the impact of the anisotropy of the PED method for multi-transistor
devices. Another approach using magnetron RF-sputtering for large surface deposition is
under work.

Cunha et al. [3] demonstrated a non-toxic and low-cost process for the recycling of
devices based on papered thin film transistors. Cellulosic materials were disintegrated
relatively easily in water to form cellulose, which can then be recycled and reused to
produce new paper substrates for electronic devices. Although the recycled paper has
a slightly lower capacitance and a higher hysteresis than the original, a paper transistor
can still operate satisfactorily. Such an approach could be envisaged for the ZnO paper
transistors fabricated by PED, considering that cellulose is 100% biodegradable and zinc
oxide is also recyclable. Even if the current capability of ZnO paper transistors subject to this
research is almost two orders of magnitude smaller than for our In2O3 paper transistors [30],
they are perfectly usable in applications like disposable smart labels and other very low-
power disposable electronics like flexible displays and sensors for wearable devices, in
trend with the current “green” paper-based electronics.
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and Organics-Free ZnO Thin Films Produced by Chemical Solution Deposition at 150 ◦C. Thin Solid Films 2010, 518, 5134–5139.
[CrossRef]

20. Nistor, M.; Gherendi, F.; Dobrin, D.; Perrière, J. From Transparent to Black Amorphous Zinc Oxide Thin Films through Oxygen
Deficiency Control. J. Appl. Phys. 2022, 132, 225705. [CrossRef]

21. Rogers, D.J.; Sandana, V.E.; Teherani, F.H.; McClintock, R.; Razeghi, M.; Drouhin, H.-J. Amorphous ZnO Films Grown by Room
Temperature Pulsed Laser Deposition on Paper and Mylar for Transparent Electronics Applications; Teherani, F.H., Look, D.C., Rogers,
D.J., Eds.; SPIE: San Francisco, CA, USA, 2011; p. 79401K. [CrossRef]

22. Fortunato, E.; Correia, N.; Barquinha, P.; Pereira, L.; Gonçalves, G.; Martins, R. High-performance flexible hybrid field-effect
transistors based on cellulose fiber paper. IEEE Electron. Dev. Lett. 2008, 29, 988–990. [CrossRef]

23. Martins, R.; Barquinha, P.; Pereira, L.; Correia, N.; Gonçalves, G.; Ferreira, I.; Fortunato, E. Write-Erase and Read Paper Memory
Transistor. Appl. Phys. Lett. 2008, 93, 203501. [CrossRef]

24. Huang, J.; Zhu, H.; Chen, Y.; Preston, C.; Rohrbach, K.; Cumings, J.; Hu, L. Highly Transparent and Flexible Nanopaper Transistors.
ACS Nano 2013, 7, 2106–2113. [CrossRef]

https://doi.org/10.1007/s10311-020-00989-9
https://doi.org/10.1016/j.carbpol.2022.120449
https://doi.org/10.1002/admt.202000994
https://doi.org/10.1016/j.solmat.2012.07.008
https://doi.org/10.1016/j.optmat.2022.112154
https://doi.org/10.1063/1.1553997
https://doi.org/10.1063/1.1790587
https://doi.org/10.1117/12.848512
https://doi.org/10.1088/0268-1242/28/8/085002
https://doi.org/10.1016/j.talanta.2021.123085
https://www.ncbi.nlm.nih.gov/pubmed/34890939
https://doi.org/10.1038/nature03090
https://www.ncbi.nlm.nih.gov/pubmed/15565150
https://doi.org/10.1002/9781119715641
https://doi.org/10.1038/s41598-021-94078-8
https://www.ncbi.nlm.nih.gov/pubmed/34272454
https://doi.org/10.1016/j.microrel.2023.115186
https://doi.org/10.2109/jcersj2.123.523
https://doi.org/10.1063/5.0028901
https://doi.org/10.1016/j.tsf.2011.04.202
https://doi.org/10.1143/JJAP.41.3909
https://doi.org/10.1016/j.tsf.2010.03.010
https://doi.org/10.1063/5.0129135
https://doi.org/10.1117/12.879928
https://doi.org/10.1109/LED.2008.2001549
https://doi.org/10.1063/1.3030873
https://doi.org/10.1021/nn304407r


Micromachines 2024, 15, 265 14 of 15

25. Petritz, A.; Wolfberger, A.; Fian, A.; Irimia-Vladu, M.; Haase, A.; Gold, H.; Rothländer, T.; Griesser, T.; Stadlober, B. Cellulose as
Biodegradable High-k Dielectric Layer in Organic Complementary Inverters. Appl. Phys. Lett. 2013, 103, 153303. [CrossRef]

26. Dai, S.; Chu, Y.; Liu, D.; Cao, F.; Wu, X.; Zhou, J.; Zhou, B.; Chen, Y.; Huang, J. Intrinsically Ionic Conductive Cellulose Nanopapers
Applied as All Solid Dielectrics for Low Voltage Organic Transistors. Nat. Commun. 2018, 9, 2737. [CrossRef]

27. Lim, W.; Douglas, E.A.; Kim, S.-H.; Norton, D.P.; Pearton, S.J.; Ren, F.; Shen, H.; Chang, W.H. High Mobility InGaZnO4 Thin-Film
Transistors on Paper. Appl. Phys. Lett. 2009, 94, 072103. [CrossRef]

28. Lim, W.; Douglas, E.A.; Norton, D.P.; Pearton, S.J.; Ren, F.; Heo, Y.-W.; Son, S.Y.; Yuh, J.H. Low-Voltage Indium Gallium Zinc
Oxide Thin Film Transistors on Paper Substrates. Appl. Phys. Lett. 2010, 96, 053510. [CrossRef]

29. Gherendi, F. The influence of an obstacle placed in the ablation plasma on the properties of oxide thin films. J. Optoel. Adv. Mater.
2013, 15, 1463–1469.

30. Gherendi, F.; Nistor, M.; Mandache, N.B. In2O3 Thin Film Paper Transistors. J. Displ. Technol. 2013, 9, 760–763. [CrossRef]
31. Chen, J.; Döbeli, M.; Stender, D.; Lee, M.M.; Conder, K.; Schneider, C.W.; Wokaun, A.; Lippert, T. Tracing the Origin of Oxygen for

La0.6Sr0.4MnO3 Thin Film Growth by Pulsed Laser Deposition. J. Phys. D Appl. Phys. 2016, 49, 045201. [CrossRef]
32. Gomez-San Roman, R.; Pérez Casero, R.; Marechal, C.; Enard, J.P.; Perriere, J. 18O isotopic tracer studies of the laser ablation of

Bi2Sr2Ca1Cu2O8. J. Appl. Phys. 1996, 80, 1787–1793. [CrossRef]
33. Sze, S.M.; Ng, K.K. Physics of Semiconductor Devices, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2006; ISBN 978-0-471-14323-9.
34. Wager, J.F.; Keszler, D.A.; Presley, R.E. Transparent Electronics; Springer: New York, NY, USA, 2008; ISBN 978-0-387-72341-9.
35. Nistor, M.; Gherendi, F.; Perriere, J. Degenerate and nondegenerate In2O3 thin films by pulsed electron beam deposition. Mater.

Sci. Semicond. Proc. 2018, 88, 45–50. [CrossRef]
36. Faure, C.; Clatot, J.; Teulé-Gay, L.; Campet, G.; Labrugère, C.; Nistor, M.; Rougier, A. Co-Sputtered ZnO:Si Thin Films as

Transparent Conductive Oxides. Thin Solid Films 2012, 524, 151–156. [CrossRef]
37. Kinoshita, K.; Hiroshige Ishibashi, H.I.; Takeshi Kobayashi, T.K. Improved Surface Smoothness of YBa2Cu3Oy Films and Related

Multilayers by ArF Excimer Laser Deposition with Shadow Mask “Eclipse Method”. Jpn. J. Appl. Phys. 1994, 33, L417. [CrossRef]
38. Trajanovic, Z.; Choopun, S.; Sharma, R.P.; Venkatesan, T. Stoichiometry and Thickness Variation of YBa2Cu3O7−x in Pulsed Laser

Deposition with a Shadow Mask. Appl. Phys. Lett. 1997, 70, 3461–3463. [CrossRef]
39. Marcu, A.; Grigoriu, C.; Jiang, W.; Yatsui, K. Pulsed Laser Deposition of YBCO Thin Films in a Shadow Mask Configuration. Thin

Solid Films 2000, 360, 166–172. [CrossRef]
40. Martins, R.; Barquinha, P.; Pereira, L.; Correia, N.; Gonçalves, G.; Ferreira, I.; Fortunato, E. Selective Floating Gate Non-volatile

Paper Memory Transistor. Rapid Res. Lett. 2009, 3, 308–310. [CrossRef]
41. Martins, R.F.P.; Ahnood, A.; Correia, N.; Pereira, L.M.N.P.; Barros, R.; Barquinha, P.M.C.B.; Costa, R.; Ferreira, I.M.M.; Nathan, A.;

Fortunato, E.E.M.C. Recyclable, Flexible, Low-Power Oxide Electronics. Adv. Funct. Mater. 2013, 23, 2153–2161. [CrossRef]
42. Martins, R.; Ferreira, I.; Fortunato, E. Electronics with and on Paper. Rapid Res. Lett. 2011, 5, 332–335. [CrossRef]
43. Martins, R.; Nathan, A.; Barros, R.; Pereira, L.; Barquinha, P.; Correia, N.; Costa, R.; Ahnood, A.; Ferreira, I.; Fortunato, E.

Complementary Metal Oxide Semiconductor Technology With and On Paper. Adv. Mater. 2011, 23, 4491–4496. [CrossRef]
44. Martins, R.; Gaspar, D.; Mendes, M.J.; Pereira, L.; Martins, J.; Bahubalindruni, P.; Barquinha, P.; Fortunato, E. Papertronics:

Multigate Paper Transistor for Multifunction Applications. Appl. Mater. Today 2018, 12, 402–414. [CrossRef]
45. Martins, R.; Pereira, L.; Barquinha, P.; Correia, N.; Gonçalves, G.; Ferreira, I.; Dias, C.; Correia, N.; Dionísio, M.; Silva, M.; et al.

Self-sustained N-type Memory Transistor Devices Based on Natural Cellulose Paper Fibers. J. Inf. Disp. 2009, 10, 149–157.
[CrossRef]

46. Liang, X.; Luo, Y.; Pei, Y.; Wang, M.; Liu, C. Multimode Transistors and Neural Networks Based on Ion-Dynamic Capacitance.
Nat. Electron. 2022, 5, 859–869. [CrossRef]

47. Zhu, J.; Yang, Y.; Jia, R.; Liang, Z.; Zhu, W.; Rehman, Z.U.; Bao, L.; Zhang, X.; Cai, Y.; Song, L.; et al. Ion Gated Synaptic Transistors
Based on 2D van Der Waals Crystals with Tunable Diffusive Dynamics. Adv. Mater. 2018, 30, 1800195. [CrossRef]

48. Bak, J.Y.; Ryu, M.-K.; Park, S.H.K.; Hwang, C.-S.; Yoon, S.M. Impact of Charge-Trap Layer Conductivity Control on Device
Performances of Top-Gate Memory Thin-Film Transistors Using IGZO Channel and ZnO Charge-Trap Layer. IEEE Trans. Electron.
Devices 2014, 61, 2404–2411. [CrossRef]

49. Kim, H.-R.; Kang, C.-S.; Kim, S.-K.; Byun, C.-W.; Yoon, S.-M. Characterization on the Operation Stability of Mechanically Flexible
Memory Thin-Film Transistors Using Engineered ZnO Charge-Trap Layers. J. Phys. D Appl. Phys. 2019, 52, 325106. [CrossRef]

50. Zhang, N.; Zhao, W.; Zhang, X.; Liu, Y.; Dong, S.; Luo, J.; Ye, Z. Transparent Floating Gate Memory Based on ZnO Thin Film
Transistor with Controllable Memory Window. IEEE J. Electron. Devices Soc. 2022, 10, 275–280. [CrossRef]

51. Yun, D.-J.; Bak, J.-Y.; Byun, C.-W.; Yoon, S.-M. Areal Geometric Effects of a ZnO Charge-Trap Layer on Memory Transistor
Operations for Embedded-Memory Circuit Applications. IEEE Electron Device Lett. 2017, 38, 1263–1265. [CrossRef]

52. Bae, S.-H.; Ryoo, H.-J.; Yang, J.-H.; Kim, Y.-H.; Hwang, C.-S.; Yoon, S.-M. Influence of Reduction in Effective Channel Length on
Device Operations of In-Ga-Zn-O Thin-Film Transistors With Variations in Channel Compositions. IEEE Trans. Electron. Devices
2021, 68, 6159–6165. [CrossRef]

53. Noh, S.-H.; Kim, H.-E.; Yang, J.-H.; Kim, Y.-H.; Kwon, Y.-H.; Seong, N.-J.; Hwang, C.-S.; Choi, K.-J.; Yoon, S.-M. Improvement in
Short-Channel Effects of the Thin-Film Transistors Using Atomic-Layer Deposited In–Ga–Sn–O Channels With Various Channel
Compositions. IEEE Trans. Electron. Devices 2022, 69, 5542–5548. [CrossRef]

https://doi.org/10.1063/1.4824701
https://doi.org/10.1038/s41467-018-05155-y
https://doi.org/10.1063/1.3086394
https://doi.org/10.1063/1.3309753
https://doi.org/10.1109/JDT.2013.2278036
https://doi.org/10.1088/0022-3727/49/4/045201
https://doi.org/10.1063/1.362989
https://doi.org/10.1016/j.mssp.2018.07.024
https://doi.org/10.1016/j.tsf.2012.10.006
https://doi.org/10.1143/JJAP.33.L417
https://doi.org/10.1063/1.119201
https://doi.org/10.1016/S0040-6090(99)01083-4
https://doi.org/10.1002/pssr.200903268
https://doi.org/10.1002/adfm.201202907
https://doi.org/10.1002/pssr.201105247
https://doi.org/10.1002/adma.201102232
https://doi.org/10.1016/j.apmt.2018.07.002
https://doi.org/10.1080/15980316.2009.9652099
https://doi.org/10.1038/s41928-022-00876-x
https://doi.org/10.1002/adma.201800195
https://doi.org/10.1109/TED.2014.2318751
https://doi.org/10.1088/1361-6463/ab2303
https://doi.org/10.1109/JEDS.2022.3159787
https://doi.org/10.1109/LED.2017.2729578
https://doi.org/10.1109/TED.2021.3117188
https://doi.org/10.1109/TED.2022.3198032


Micromachines 2024, 15, 265 15 of 15

54. Yun, D.-J.; Kang, H.-B.; Yoon, S.-M. Process Optimization and Device Characterization of Nonvolatile Charge Trap Memory
Transistors Using In–Ga–ZnO Thin Films as Both Charge Trap and Active Channel Layers. IEEE Trans. Electron Devices 2016, 63,
3128–3134. [CrossRef]

55. Kim, S.-J.; Park, M.-J.; Yun, D.-J.; Lee, W.-H.; Kim, G.-H.; Yoon, S.-M. High Performance and Stable Flexible Memory Thin-Film
Transistors Using In–Ga–Zn–O Channel and ZnO Charge-Trap Layers on Poly(Ethylene Naphthalate) Substrate. IEEE Trans.
Electron Devices 2016, 63, 1557–1564. [CrossRef]

56. Gaspar, D.; Fernandes, S.N.; De Oliveira, A.G.; Fernandes, J.G.; Grey, P.; Pontes, R.V.; Pereira, L.; Martins, R.; Godinho, M.H.;
Fortunato, E. Nanocrystalline Cellulose Applied Simultaneously as the Gate Dielectric and the Substrate in Flexible Field Effect
Transistors. Nanotechnology 2014, 25, 094008. [CrossRef]

57. Morais, R.; Vieira, D.H.; Gaspar, C.; Pereira, L.; Martins, R.; Alves, E.N. Influence of Paper Surface Characteristics on Fully Inkjet
Printed PEDOT:PSS-Based Electrochemical Transistors. Semicond. Sci. Technol. 2021, 36, 125005. [CrossRef]

58. Pereira, L.; Gaspar, D.; Guerin, D.; Delattre, A.; Fortunato, E.; Martins, R. The Influence of Fibril Composition and Dimension on
the Performance of Paper Gated Oxide Transistors. Nanotechnology 2014, 25, 094007. [CrossRef]

59. Jiang, J.; Sun, J.; Dou, W.; Zhou, B.; Wan, Q. In-Plane-Gate Indium-Tin-Oxide Thin-Film Transistors Self-Assembled on Paper
Substrates. Appl. Phys. Lett. 2011, 98, 113507. [CrossRef]

60. Jiang, J.; Sun, J.; Dou, W.; Wan, Q. Junctionless Flexible Oxide-Based Thin-Film Transistors on Paper Substrates. IEEE Electron.
Device Lett. 2012, 33, 65–67. [CrossRef]

61. Dou, W.; Jiang, J.; Sun, J.; Zhou, B.; Wan, Q. Low-Voltage Electric-Double-Layer TFTs on SiO2-Covered Paper Substrates. IEEE
Electron. Device Lett. 2011, 32, 1543–1545. [CrossRef]

62. Dou, W.; Tan, Y. Junctionless Dual In-Plane-Gate Thin-Film Transistors with AND Logic Function on Paper Substrates. ACS
Omega 2019, 4, 21417–21420. [CrossRef] [PubMed]

63. Wang, X.; Yu, C. Flexible Low-Voltage Paper Transistors Harnessing Ion Gel/Cellulose Fiber Composites. J. Mater. Res. 2020, 35,
940–948. [CrossRef]

64. Yuan, X.; Tan, Y.; Lei, L.; Dou, W.; Zhang, J.; Wang, Y.; Zeng, S.; Deng, S.; Guo, H.; Zhou, W.; et al. Junctionless Electric-Double-
Layer TFTs on Paper Substrate. ECS J. Solid State Sci. Technol. 2021, 10, 045004. [CrossRef]

65. Jiang, S.; Feng, P.; Yang, Y.; Du, P.; Shi, Y.; Wan, Q. Flexible Low-Voltage In–Zn–O Homojunction TFTs with Beeswax Gate
Dielectric on Paper Substrates. IEEE Electron. Device Lett. 2016, 37, 287–290. [CrossRef]

66. Trifunovic, M.; Sberna, P.M.; Shimoda, T.; Ishihara, R. Solution-Based Polycrystalline Silicon Transistors Produced on a Paper
Substrate. NPJ Flex. Electron. 2017, 1, 12. [CrossRef]

67. Tobjörk, D.; Österbacka, R. Paper Electronics. Adv. Mater. 2011, 23, 1935–1961. [CrossRef] [PubMed]
68. Dai, S.; Wang, Y.; Zhang, J.; Zhao, Y.; Xiao, F.; Liu, D.; Wang, T.; Huang, J. Wood-Derived Nanopaper Dielectrics for Organic

Synaptic Transistors. ACS Appl. Mater. Interfaces 2018, 10, 39983–39991. [CrossRef] [PubMed]
69. Balakrishna Pillai, P.; De Souza, M.M. Nanoionics-Based Three-Terminal Synaptic Device Using Zinc Oxide. ACS Appl. Mater.

Interfaces 2017, 9, 1609–1618. [CrossRef]
70. Hasan Mohd, R.; Sharma, P.; Suleman, S.; Mukherjee, S.; Celik, E.G.; Timur, S.; Pilloton, R.; Narang, J. Papertronics: Marriage

between Paper and Electronics Becoming a Real Scenario in Resource-Limited Settings. ACS Appl. Bio Mater. 2023, 6, 1368–1379.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TED.2016.2580220
https://doi.org/10.1109/TED.2016.2531087
https://doi.org/10.1088/0957-4484/25/9/094008
https://doi.org/10.1088/1361-6641/ac2de0
https://doi.org/10.1088/0957-4484/25/9/094007
https://doi.org/10.1063/1.3567946
https://doi.org/10.1109/LED.2011.2172973
https://doi.org/10.1109/LED.2011.2163811
https://doi.org/10.1021/acsomega.9b03118
https://www.ncbi.nlm.nih.gov/pubmed/31867536
https://doi.org/10.1557/jmr.2019.303
https://doi.org/10.1149/2162-8777/abf518
https://doi.org/10.1109/LED.2016.2518666
https://doi.org/10.1038/s41528-017-0013-x
https://doi.org/10.1002/adma.201004692
https://www.ncbi.nlm.nih.gov/pubmed/21433116
https://doi.org/10.1021/acsami.8b15063
https://www.ncbi.nlm.nih.gov/pubmed/30383362
https://doi.org/10.1021/acsami.6b13746
https://doi.org/10.1021/acsabm.2c01070

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

