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a b s t r a c t
The use of disposable recyclable, eco-friendly, sustainable and low-cost devices with multiple functions
is becoming a demand in the emerging area of the Internet of Things as a way to decrease the degree of
complexity of the electronic circuits required to serve a plethora of applications. Moreover, for low-cost
disposable applications, it is relevant the systems to be recyclable. The idea beyond the present study
concerns to exploit our imagination with simple questions such as: What happens if it is possible to have
a simple and universal device architecture, easy to implement on paper substrates, but capable to provide
different multiple functionalities? It would be possible to have a common template for electronic systems
on paper that would be then easily customized depending on the ﬁnal application? The present study
answers to these demands by reporting the physics and electronics behavior of a multigate paper transistor where paper is simultaneously the substrate and the dielectric, while a metal-oxide-semiconductor
(IGZO) is used as the active channel. Moreover, the same device is able to present logic functionalities
simply by varying the amplitude and frequency of the input gate signals. These transistors operate at
drain voltages of 1 V with low power, exhibiting ION /IOFF > 104 and a mobility ≈2 cm2 V−1 s−1 , serving the
speciﬁcations for a broad range of smart disposable low power electronics. To sustain all this, an analytical compact model was developed able to precisely reproduce the response of paper-based dual-gate
FETs and provide full understanding of their unique and innovative operational characteristics.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
The demands of the Internet of things (IoT) aiming to bring comfort and welfare to citizens, enhances the needs concerning the
availability in manufacturing low-cost smart systems for a plethora
of disposable applications that should be eco-friendly. As more
functions are required to turn the systems smart, larger will be the
number of electronics devices required, enhancing so the level of
systems complexity. Besides that, the power losses associated will
also increase, limiting so the type of substrates where the same
can be realized. This may turn infeasible using low-cost substrates
like paper, the ideal candidate for a viable “green” alternative to
plastic, unless we can develop a simple and universal device architecture, easy to implement on paper substrates, but capable to
provide different multiple functionalities, decreasing substantially
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the number of devices to be integrated and so, the power losses
associated to the same.
Cellulose paper is an eco-friendly material, reasonably low
priced (≈10−3 D /m2 , more than two orders of magnitude lower
than polyethylene terephthalate, PET, or polyimide, PI, the most
common ﬂexible substrates in electronics), lightweight, ﬂexible,
foldable, biodegradable and 100% recyclable, which does not happen with most of polymer-based materials. Additionally, cellulose
is the Earth’s major biopolymer, the yearly production of paper
is about 100 million tons and its production technology is state
of the art, where the process speed (roll-to-roll –R2R – manufacturing) can exceed 100 km h−1 , more than enough to produce
in less than few days the same surface area as that of the silicon wafers produced in one year to serve all electronics markets
[1–4].
Today, for low electronic complexity, despite technical challenges, paper has already proven to be the only substrate capable of
hosting electronics, sensors, solar cells, antenna and display functions on its surface [5–8], to support electronics blocks, working
like a printed circuit board [9], or by exploiting paper porosity as a
scaffold to immobilize photoactive nanomaterials, while being able

https://doi.org/10.1016/j.apmt.2018.07.002
2352-9407/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

R. Martins et al. / Applied Materials Today 12 (2018) 402–414

to transport ﬂuids in the bulk [10]. At the same time, it is well suited
for disposable, single or few times – use type of applications and
for large-area/high volume manufacturing, to alleviate some of the
environmental burden of silicon.
Indeed paper holds a unique potential to bring intelligence into
everyday objects such as radio-frequency identiﬁcation (RFID) tags
in shipping and inventory management, and self-updating plane
tickets, business cards and food labels, offering so cost-saving,
energy-efﬁcient and fully recyclable alternatives to silicon chips at
low cost and disposable electronics market segment, where the product/systems lifetime is reduced [11–22]. Here, it is of paramount
relevance that the devices to be processed can be multifunctional
(to decrease complexity when devices integration is required and
so the power losses); are reliable and viable (guarantee stability
of the ﬁlms/devices processed and proper robustness of the same)
[10,23–27].
Nowadays is clear that to turn electronic systems on paper a
reality there are two routes: hybridization of conventional IC silicon chips, or the direct production of electronic components on the
substrate [5,6]. The ﬁst provides high performance, but the assembly costs are still high and surpass the cost of the materials used
and silicon chip itself, besides turning recyclability harder. Moreover, some reliability issues exist, namely in what concerns to the
bonding between the paper substrate and the IC.
The second approach is still far from providing the same performance but can be considered for simpler functionalities, as it is
the case of sensing systems [6,7]. However, to turn this into reality manufacturing must be simpliﬁed and costs reduced. In this
sense, common and universal circuits can be design making use of
abundant, highly stable and not harmful materials to result into a
template for electronic circuits that can be then customized “onthe-ﬂy” by printing or eliminating conductive/resistive tracks in a
very fast way. R2R production of such systems will be then possible
at low cost and high throughput as expected for paper substrates.
In this work paper is also used as an electronic component,
behaving as a dielectric and a storage media of cation and anion
charges, responsible to control electrons transport along an active
channel layer based on an oxide semiconductor. In that sense, the
work here presented represents a breakthrough since it demonstrates that with a unique architecture for a paper ﬁeld effect
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transistor (FET), the same can provide several functionalities that
go from a simple switch with tunable On voltage up to multiple
logic operations. Moreover, the “double-sided” conﬁguration and
the fact the operation mode of the device is controlled by the potential established at the ﬂoating electrode that we do not need to
access (see Fig. 1A), turns possible to use it as sensing layer. This will
pave the way for the development of sensing elements for smart
packaging, for instance, avoiding direct contact between the alimentary goods and the electronic components. Here we are not
limited only to systems response speed but cost-effective technology instead, besides exploiting the materials multifunction’s as
described above.
The approach used to reach these demands exploits the characteristics of a transistor architecture, which uses multifunctional
gates (see Fig. 1A1) and has the ability to tune the threshold voltage (VT ) for the lowest possible value: In this architecture the paper
behaves as reservoir to store charges through cation exchange at
the negatively charged carboxyl and phenolic hydroxyl sites in the
paper matrix (see Movie S1).
Such architecture consists in a planar double gate indiumgallium-zinc-oxide (IGZO) FET with a back ﬂoating gate electrode
(PDG/BFG-FET) that controls the carrier’s movement, either ions
or electrons, along the paper interfaces and the device’s channel,
respectively. In this way, this FET behaves as a dynamic combination of three possible transistor arrangements, tuned by the set of
control gate and drain voltages used (see Fig. 1A), decreasing so the
degree of complexity required to process control logic gates for low
cost and disposable electronics applications.

2. Materials and methods
2.1. Paper
The paper used in this work is constituted by long eucalyptus
ﬁbbers (99.1% carbon based, with an average diameter of 19 m).
The mass starch is 10 kg/t and the starch at surface is between 2.0
and 2.8 g/m2 . The paper grammage, thickness, estimated porosity,
mass fraction of the ﬁller (mainly CaCO3 ) and the remaining lignin

Fig. 1. Device conﬁguration, structure and current-voltage transfer characteristics of the PDG/BFG-FET. (A1) 3D schematic of the device geometry, showing the main
components: ﬂoating back gate based on IZO conductive ﬁlm; the paper dielectric; the transistor channel based on the metal contacts (Al) for the two planar Gates, Drain and
Source. (A2) Illustrative cross-section of the device depicting the formation of the EDL beneath an electrode due to the presence of mobile ions (protons and hydroxyls). (B)
Cross section showing the step coverage of the IGZO oxide layer deposited on paper; (C) Schematic representation of the resistances associated to carriers within the paper
between the gates, drain and source electrodes (RP1 and RP2 and RPDS ).
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that could not be removed [28,29] are 80 g/m2 , 0.50, 70 m, 22%
and 3%, respectively.
2.2. Oxides and metal contacts
The oxide ﬁlms used for the channel layer and for the backﬂoating gate (BFG) electrode were processed by RF magnetron
sputtering without intentional substrate heating in an AJA ATC1300F system and AJA ATC-1800 sputtering tool (AJA International
Inc, North Scituate, MA, USA), respectively. The active channel
layer is composed by a 40 nm thick IGZO (In2 O3 -Ga2 O3 -ZnO;
2:1:2 mol% – purity of the target 99.99%). The IGZO ﬁlms were prepared in an Ar + O2 atmosphere with the ratio 14/3 sccm, while the
BFG is constituted by a 200 nm thick conductive IZO (In2 O3 -ZnO;
89.3:10.7 wt.% – purity of the target 99.99%) ﬁlm (sheet resistance
around 50 /䊐). Both ﬁlms were cured at 150 ◦ C by 30 min.
The source/drain (S/D) and the two gate (G1 /G2 ) electrodes
(Al with 200 nm thickness – purity of the pellets 99.99%) were
deposited by e-beam evaporation at room temperature. Both layers
were patterned using shadow masks.
2.3. Experimental design: device architecture and fabrication
The PDG/BFG-FETs were produced on paper using an in-plane
gate structure as depicted in Fig. 1A. The transfer characteristics of
the PDG/BFG-FETs with a channel width (W) of 1035 m and length
(L) of 170 m (W/L = 6.1) and spacing G1 /D and G2 /S of 360 m,
were measured at atmospheric pressure (23 ◦ C and relative humidity of 40%), using a microprobe station (Cascade Microtech M150)
connected to a semiconductor parameter analyzer (Agilent 4155C).

acceleration voltage of 5 kV, aperture size f 30 m and working
distance of 5.9 mm.
Hence, as the coating oxide thin ﬁlm is amorphous, it does not
compromise the observed features of the paper. Moreover, low
magniﬁcation images were taken, which emphasises that there is
no external contributions to the measurements. For the Focus Ion
Bean (FIB) experiments, the samples were previously coated with
an Au/Pd sacriﬁcial layer of 30 nm, and Ga+ ions were accelerated
to 30 kV at 50 pA with an etching depth around 1.5 m.
Apart from that, a Zeiss Libra 200 MC Cs STEM (Scanning Transmission Electron Microscopy), operating at an acceleration voltage
of 200 kV, using the scanning beam in STEM mode was used to
determine the element distribution in depth. The EDX scanning was
performed by the Oxford Inca EDX system attached on the TEM.
A scanning line was drawn on the image taken from the region of
interest, i.e., across the cross section in the in-depth direction of the
paper electronics sample. Then EDX line scanning was performed
along the drawn line, the total acquisition time was about 300 s.
The lift-out sample was produced by FIB milling in a Zeiss NVision
40 tool.
3. Analytical model for the current-voltage characteristic
of paper-based dual-gate ﬁeld effect transistors
The ﬁeld effect transistors (FETs) used in the present work can be
speciﬁcally deﬁned as metal-insulator-semiconductor ﬁeld effect
transistors (MISFET), whose working principles are transversal to
thin ﬁlm transistors, TFTs and FETs. For simpliﬁcation purposes,
they will be henceforth designated as FETs, since the transistors
employed in this work should not be described as thin-ﬁlm transistors (TFTs) due to the high thickness of the paper layer, which is
an active part of the device.

2.4. Materials and device analysis
The Paper Structure and Composition has been evaluated by Xray diffraction (XRD) using a PANalytical X’Pert PRO with Cu K␣
radiation ( = 1.540598 Å), for XRF elemental analysis, a PANalytical
XRF-WDS 4 kW AXIOS (PANalytical B.V., Almelo, The Netherlands)
sequential spectrometer (Rh X-ray tube) under He ﬂow was used.
Standardless semiquantitative analysis was performed with the
SuperQ IQþ software package (PANalytical B.V.).
Fourier-transformed infrared (FTIR) spectroscopy acquisitions
were performed using an attenuated total reﬂectance (ATR)
sampling accessory (Smart iTR) equipped with a single-bounce diamond crystal on a Thermo Nicolet 6700 spectrometer, with the
following conditions: incident angle of 45◦ ; 4000–650 cm−1 range;
4 cm−1 resolution; 32 scans; 20 ◦ C.
The variation of paper’s capacitance with frequency (C–f) (Figure S.3) was determined by impedance spectroscopy using a Gamry
Instruments Reference 600 Potentiostat in a frequency range of
10 mHz to 1 MHz, with an a.c. excitation voltage of 500 mV. Metalinsulator-metal structures were fabricated for these measurements
by evaporating an aluminum (Al) mask on both sides of the paper.
Moreover, extrapolating the value of capacitance per unit area for
f = 0 Hz, it was possible to extract the value of the relative dielectric
constant [13,30].
The paper’s surface morphology (see Fig. 3A) was assessed
by scanning electron microscopy (SEM – Zeiss Auriga Crossbeam
microscope). The micrograph shows an entangled ﬁber matrix with
an average width of 10 m and a RMS roughness of 6.4 m, determined by 3D proﬁlometry (Ambios XP-Plus 200 Stylus).
To prepare the samples for SEM analysis pieces of paper were
cut with 0.5 cm × 0.5 cm and glued on the SEM holder using carbon
tape. Afterwards, a thin ﬁlm of amorphous carbon with 30 nm
thick was deposited using a Quorum Q150T ES equipment. The
image magniﬁcations were 100×, 1000× and 4000×, with SEM

3.1. Review of analytical model applied to organic thin ﬁlm
transistors
Having the same principles of operation, the equations for modeling the paper based FET characteristics were successfully adapted
from a previously-derived formalism applied to organic single-gate
TFTs [31]. According to such derivation, the generic charge drift
model is:
IDS = 0 C


W 1 
(VG − VT − VS )+2 − (VG − VT − VDS )+2 (1.1)
L  +2

where ϒ > 0 is a coefﬁcient that takes into account a possible
increase in the mobility with bias voltage ( = 0 (VG − VT ) ). This
equation does not consider the sub-threshold regime, but it can be
added by an asymptotical interpolation function:
IDS = 0 C


W 1 
+2
+2
− (f (VG − VT − VDS ))
(f (VG − VT − VS ))
L  +2
(1.2)


V

−V −V



where f (VG , V ) = VSS ln 1 + Exp G V T
, with V = VS/DS .
SS
The source voltage is grounded (VS = 0), so a voltage drops, VC ,
occurring across the transistor terminals, replaces it. Such voltage
drop is common in organic-based transistors due to the existence
of non-Ohmic contacts, attributed to Schottky barriers or defectrich surface regions close to the organic–metal interfaces. Contact
resistances on the order of k or M have been measured and
investigated with analytical models [32]. Such resistances can lead
to VC values on the order of the volts (V) for the typical range of IDS
currents (A-mA) ﬂowing in the devices. It has been found that the
higher the contact resistance the larger is the threshold voltage.
In addition, we also consider the effect of channel length modulation by replacing L → L − L = L/(1 + VDS ), being  [in V−1 ] the
channel “length” modulation coefﬁcient.
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Incorporating both these phenomena, the model becomes:
IDS = C


W 1+VDS 
+2
+2
−(f (VG −VT −VDS ))
(f (VG −VT −VC ))
L +2
(1.3)

3.2. Adaptation of analytical model to the present dual-gate
paper FETs
To explain the current behavior in the linear, sub-threshold and
cut-off regimes of the PDG/BFG-FET, a modiﬁed analytical drift
model was developed, based on the previous model applied to
organic devices [31,33,34], which takes into account the double
gate and hybrid structure (the oxide and the dielectric, respectively
inorganic and organic materials) under analysis. In the following we
will deﬁne the key parameters that inﬂuence the adaptation, which
are the role potential/voltage distribution and how the density of
trap states inﬂuence the same.
3.2.1. Adaptation of the voltage distribution and the role of the
density of trap states
In the dual-gate FET, the effective threshold voltage (VT ) depends
on: the voltage drop (VC ) due to contact resistances associated to
defect rich surface regions close to the dielectric-metal interfaces
that behave as Schottky like contact; the drain-source voltage (VDS )
and the cross voltage developed along the planar structure and
connected to the second gate bias (VG2 ):
VT = VT 0 − VDS + VTG2 .

(1.4a)

where VT0 is the threshold voltage when VDS = VG2 = 0 V and g is a
sensitivity parameter linearly dependent on VDS , interconnecting
the movement of the carrier due to VG2 , deﬁned as g = g0 + g1 × VDS
[35]. That is, VDS affects the carriers’ distribution and thereby the
capacitance between the upper gates G1 /G2 and the IZO equipotential bottom ﬂoating gate, and so VT . The second bias threshold
voltage (VTG2 = gVG2 ) is taken to depend linearly on VG2 , with a sensitivity parameter (g = g0 + g1 VDS ) [36], which also depends on VDS .
Therefore, the expression for VT becomes a function of 3 parameters
(VT0 , g0 and g1 ):
aVT = VT 0 − VDS + (g0 + g1 × VDS ) × VG2 .

(1.4b)

meaning that VT can be shifted as a function of the voltage applied
to the second gate, as experimentally observed.
On the other hand, we have to take into account that the applied
gate voltages and VDS promote the movement of ions along the bulk
and paper surface. Therefore, close to the channel/paper interface,
the density of trap states (Nit ) increases with VDS .
Empirically, it was also found that the density of trap states (Nit )
increases with VDS . Therefore, a linear dependence is assumed for
the sub-threshold slope voltage:
VSS = VSS0 + s × VDS

(1.5)

Here VSS is related to the steepness of the sub-threshold characteristics of the transistor, and it can be associated to the density of trap
states (Nit ) in the material [37]:
VSS =



kb T
qNit
ln 10 1 +
q
C



→ Nit =

C
q





qVSS
−1
kB T ln(10)

(1.6)

where we assume that VSS depends linearly with VDS
VSS = VSS0 + s × VDS

(1.7)

The resulting linear dependency of Nit on VDS is plotted in Fig. 2,
yielding a trap states density on the order of 1014 cm−2 , which is
about 3 orders of magnitude higher than that of Si-based transistors.

Fig. 2. Plot of the sub threshold voltage VSS and estimated surface defects density,
Nit as a function of the drain voltage, VDS , according to Eq. (1.6).

3.2.2. Analytical model to ﬁt the PDG/BFG-FET transfer
characteristics
Taking the aforementioned considerations into account and
having as reference the analytical drift model developed for organic
FET as already mentioned, empirically, it was found that the best
model ﬁts were attained neglecting the ϒ parameter in the exponents of the generic model used for organic based devices (see Eq.
(1.3), where we consider ϒ = 0). Under these conditions the generic
model for dual-gate paper FETs in the linear and sub-threshold
regime is given by:
IDS = 0 C

W 1 + VDS 
2
(f (VG1 − VT (VG2 , VDS ) − VC ))
L
2

−(f (VG1 − VT (VG2 , VDS ) − VDS ))

2



(1.8)

where  (in V−1 ) is the channel “length” modulation coefﬁcient and



: f (VG1 , V ) = VSS ln 1 + Exp

V

− VT − V
VSS0 + sVDS
G1



with V = VC/DS ,

Here, the role of the sub-threshold regime [38] is considered via the
asymptotical interpolation function given by Eq. (1.8) that depends
on the swing voltage VSS , which deﬁnes the steepness of the transfer
characteristics between the OFF and the ON states.
OFF )
3.2.3. Determination of cut-off current (IDS
OFF ) we follow the approach
To ﬁt the data in the cut-off regime (IDS
observed in organic thin ﬁlm transistors where commonly a second
accumulation channel can be formed when the two gates are biased
with opposite polarities, which produces a smaller transistor-like
response (depletion region), whose ﬁeld-effect mobility is usually
a factor of 104 lower than the primary channel [39]. This secondary transistor behavior explains the experimentally observed
increase in drain current in the cut-off regime as VG1 decreases
to more negative values (see experimental and ﬁtting data section,
Fig. 5A–C). In this way, the drain current obtained in this regime can
be treated with the same expression as used for the primary channel but inverting the bias voltages (VG1 → −VG1 and VG2 → −VG2 )
and considering a distinct C pre-factor → OFF × COFF =  × 0 × C.
The parameter  is expected to decrease with VDS , so a linear dependency ( = 0 + 1 × VDS ) is assumed:

OFF × COFF = 0 × C × (0 + 1 × VDS )

(1.9)

As such, the current in the OFF state is determined employing
only two additional parameters (0 and 1 ):
OFF
IDS
= (0 + 1 × VDS ) × IDS (−VG1 , −VG2 )

(1.10)
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Fig. 3. SEM images of (A) paper surface; (B) cross section from a market point on the paper surface, showing in detail the Pt coating used for FIB/STEM analysis; (C) cross-section
revealing the back gate ﬂoating electrode based on IZO ﬁlm deposited on paper.

4. Results
4.1. Paper as a substrate and a dielectric layer that controls
charge carriers transport
In the present study, the paper used is similar to a copy type
paper as described by Bloch group [40]. Further details on paper
structure and composition are given in the supplementary materials information (see also Figures S.1 and S.2). As we aim to exploit
paper as an active component of the device structure, the metal
ﬁllers (Na, Ca, Al; Fe, see Table S.1) and the hydroxyl groups present
in the paper matrix are the main responsible for promoting the
appearance of cation-anion pairs, when an electrical ﬁeld is applied
to any of the surface sides of the paper via a conductive electrode
(Gate, see Fig. 1A1). This allows also paper to act as reservoir to
store charges through cation exchange at the negatively charged
carboxyl and phenolic hydroxyl sites in the paper matrix (see Movie
S1).
For paper, the standard limit for the electric ﬁeld that it can sustain it is of about 16 V/m. Thus, for the 70 m thick paper used
the breakdown voltage is above 1000 V and so the applied voltages
should be at least one order of magnitude below this value, also to
limit power losses associated to the use of high voltages. On the
other hand, we must also take into account the maximum electric
ﬁeld allowable to establish the proper carriers’ collection through
the oxide layer that it is in the range of 1–5 V/m. For the gap conﬁguration used (>100 m) the applied limits of the voltages are in
the range of 500 V, which are at least one order of magnitude above
to the voltages used in the present work, either to control carrier
transport through drain and source or the gate voltages used to control carriers induced on the channel layer, and so to its conductance
modulation.
The use of these electric ﬁelds leads to the formation of electron double layers, EDL (see Fig. 1A2) on both sides of the paper
interfaces that will control the electron transport along the active
channel layer as well as the charges storage along the ﬂoating gate
electrode (see Fig. 1A). The ﬁllers will also promote the smooth of
the paper surface. Concerning the role of the ﬁber structure and
distribution in the paper matrix, they will mainly determine the
speciﬁc surface area, (estimated to be about 7.5 × 105 m−1 ), which
will impact on the ﬁnal paper capacity in retaining charges, as discussed along the present study (see the Supplementary information
and Figure S.3).
4.2. Stability of the oxide layers deposited on both sides of the
paper
The oxide ﬁlms used as active (channel of the transistor) and
conductive (ﬂoating gate electrode) layers (see Fig. 1A1) in this
work where fabricated by rf magnetron sputtering, following the
conditions described in materials methods, respectively based on
a 40 nm thick IGZO ﬁlm and a 200 nm thick conductive IZO ﬁlm
with a sheet resistance around 50 /䊐. The ﬁlms deposited on the

paper surface exhibit a quite nice step coverage, as depicted in
Figs. 1B and 2, respectively for the IGZO and IZO ﬁlms.
Taking into account the paper porous nature and the way in
which paper matrix is formed [40], with the application of a bias,
electrostriction or conformational changes may occur, as it happens
in polymers [41]. Therefore, the paper boundary layers associated
to both paper surfaces could play an important role in determining
in-depth pathways for the ﬁlms deposited by creating possible tiny
ﬁlaments that bridge the gap between cross electrodes, changing
so the paper conductivity, laterally and transversally, as it happens
with organic deposited ﬁlms [42].
To investigate possible atoms diffusion or migration of the oxide
species deposited, STEM analysis (horizontally, along with paper
surface, and transversally, along coating and paper thickness) was
performed for ﬁlms that undertook several bias stresses, aiming
to determine their stability and reliability and so of the devices
manufactured.
For better understanding the analysis performed, below we
show SEM images of the paper surface coated with IZO ﬁlm that
was in-depth scanned starting from a previous market point, going
from ﬁbers to ﬁbers, which includes also the space/porous between
them (see Fig. 3).
The images on the TEM mode show that the surface of the paper
is not smooth, where nice step coverage of the same is achieved
by the IZO coated layer. Fig. 4 shows the line scanning EDX across
the paper substrate and IZO layer before or after sustaining a high
electrical ﬁeld (between 10 and 100 kV/cm) conﬁrms that there is
no Zinc and or Indium migration gradient in depth into paper substrate, as well as along the surface gap scanned, revealing so the
stability of the oxide composition deposited. Also, almost no oxygen
diffusion could be observed across the paper material. Only noisy
level of oxygen could be observed, and so, no diffusion gradient of
oxygen from IZO into paper material was observed.
Bearing in mind that cellulose readily swells under different solvents, which could facilitate atoms penetration inside the paper
matrix under hydrothermal stress, in this particular paper used it
was also analysed a substrate coated with liquid semiconductor
ink based on ZnO nanoparticles that it is depicted in the supplementary information (see Figure S.4). After proper temperature
curing at 150 ◦ C, we notice the same type of features as the ones
revealed above for the IZO ﬁlm. That is, the line scanning EDX
across the paper substrate and ZnO layer conﬁrms that there is no
Zinc and oxygen migration gradient in depth into paper substrate,
or any changes along the scanned gap along the paper surface,
conﬁrming that the coverage of the paper occurs but no impregnation/penetration or diffusion of the ink within the paper was
observed. Therefore, no obvious zinc and oxygen diffuse into paper
substrate, or another type of compositions are formed.
4.3. Field effect paper transistor architecture
The transistor architecture selected uses multifunctional gates
and the paper acts simultaneously as substrate and dielectric, with
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Fig. 4. (A) Cross section image of the in-depth analysis performed; (B) EDX results concerning O, Zn; in distribution along the paper thickness (scale in nm).

the ability to storage charges and so, to tune the threshold voltage
(VT ). The architecture consists in a planar double gate indiumgallium-zinc-oxide (IGZO) FET with a back ﬂoating gate electrode
(PDG/BFG-FET) that controls the carrier’s movement, either ions
or electrons, along the paper interfaces and the device’s channel,
respectively. In this way, the FET behaves as a dynamic combination of three possible transistor arrangements, tuned by the set of
control gate and drain voltages used (see Fig. 1A). Here, paper is
not only the support but behaves also as solid-state electrolyte able
to provide a high EDL capacitance [43–46] established at both top
and bottom surfaces. This is achieved by the spatial movement of
ions, whose distribution depends on the set of applied voltages at
the device terminals’ (see Movie S1). This FET architecture allows a
simpliﬁed planar electrode structure where the source, drain, and
gate terminals are all located on the same plane, thereby are naturally self-aligned. In addition, it permits an easy adjustment of
threshold voltage [47,48] since the ﬂoating gate enables the establishment of EDL on both sides of the paper sheet, which controls
the electric ﬁelds established transversely and horizontally along
the main regions of the device structure.

4.4. PDG/BFG-FET transfer current-voltage characteristics
4.4.1. Experimental data
The values in Table 1 were measured from the fabricated FET
devices. There is some degree of uncertainty in the capacitance (C)
value, as it is extrapolated to low (DC) frequencies (see Section 1
in SI). Here, the extrapolated value for C indicated in Table 1 is in
accordance with values measured for similar paper materials that
usually lie in the 10−7 –10−6 F/cm2 range [30,49].
The experimental transfer current–voltage characteristics of
the device using gate voltages (VG1 ) in the range from −30 V to
+30 V under 1 V and 15 V drain–source voltages (VDS ) are depicted,
OFF )
respectively, in Fig. 5A and B) (dotted lines). The off current (IDS

Table 1
Experimental measured values (ﬁxed parameters) for the studied paper FETs. The
capacitance (C) was determined from C–f measurements; L and W were determined
by proﬁlometry measurements; VT0 was determined by linear extrapolation of the
measured VT values for VDS = VG2 = 0.
TFT speciﬁcations
C
L
W
VT0

Values
4.6 × 10−7 F/cm2
170 m
1035 m
9.0 ± 0.11 V

Notes
Capacitance per unit area
Channel length
Channel width
Threshold voltage at VDS = VG2 = 0

increases as the value of the module of the applied gate voltages
(VG1 and VG2 ) and VDS increase.

4.4.2. Fitting of the experimental data
Considering the 4 measured quantities of Table 1 and using
the 9 ﬁtting parameters listed in Table 2, the sets of experimental transfer curves of the transistors depicted in Fig. 5A and B were
accurately ﬁt by Eq. (1.8), for the two cases measured experimentally of VDS = 1 V and VDS = 15 V (solid lines). With the same model
and ﬁtting parameters, the results for different drain-source voltage
values can be calculated, as depicted in Fig. 5C for VDS of 5 and 10 V.
OFF increases with V
There, IDS
DS as expected (see Eq. (1.10)). The nine
ﬁtting parameters extracted from the model are shown in Table 2
and compared with the experimentally measured or reference values taken from literature. The variations observed are below 17%,
which is a margin within the error associated to the measured.

4.4.3. Extrapolation of the Field effect mobility – FE
The empirical value taken for the ﬁeld effect mobility and
depicted in Table 2 is extracted from the maximum point of
FE (VG1 ) obtained from the IDS (VG1 ) transfer characteristic curves

Fig. 5. The transfer characteristics (IDS vs VG1 where −30 V ≤ VG1 ≤ 30 V) for different VG2 (−15 V ≤ VG2 ≤ 15 V) determined experimentally (dotted lines) and ﬁtted by the
analytical model proposed (solid lines) for: (A) VDS = 1 V; (B) VDS = 15 V. (C) Simulated transfer curve characteristics for the intermediate voltages VDS = 5 V and VDS = 10 V.
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Table 2
Comparison between the ﬁtting parameters used in the proposed model and their corresponding values determined either from the experimental curves or from approximate
values (∼) in the literature.
Physical quantities

Fitting parameters

FE

0

g0
g1
VSS0
s
VC
0
1

VT
VSS
VC


Fitting values
0.155 cm2 /Vs
0.3 V−1
−0.85
0.011 V−1
1.9 V
0.08
−8.0 V
1.4 × 10−4
−7.7 × 10−6 V−1

Experimental/reference values

Variation (%)

MAX
∼1 − 2 cm2 /V s
FE

<16(a )

−0.834
0.010 V−1
1.6 V(b )
0.096(b )
∼−VT0 [1,2]
 ∼ 10−4 [4]

1.9
10.0
15.8
16.7
11.1
(c )

a

The comparison between the calculated (1.33–1.86 cm2 /V s) and measured values of the ﬁeld effect mobility (see Fig. 5).
The experimental values of the VSS parameter (VSS0 and s) were obtained from the mean VSS values for the different IDS (VG1 ) curves with distinct VG2 , determined from
their slope in the sub-threshold regime.
c
The parameter  is scarcely analyzed experimentally as it corresponds to the OFF state of the transistor. Therefore, it can be simply concluded that the attained values
for this parameter are within the expected order of magnitude [39].
b

Fig. 6. FE (VG1 ) curves calculated with the proposed model, for VG2 = 0 V (solid lines)
and −15 V (dashed) and VDS = 1 V (blue lines) and 15 V (green). The values of the maxima of the curves (MAX
, indicated in the plot) are close to those determined from the
FE
measured results (indicated by the symbols). An error bar of ±0.3 cm2 /V s is assumed
values due to uncertainties in the determination of the
for the experimental MAX
FE
maximum point of the measured curves. The variation between the experimental
is below 16%, as indicated in the ﬁrst row of Table 2.
and calculated values of MAX
FE

Fig. 7. Linear plot of the simulated transfer characteristics presented in Fig. 5A–B
D for different VG2 and for VDS = 1 V (solid lines) and 15 V (dashed lines). The linear
representation of the IDS (VG1 ) curves show that their slopes in the sub-threshold
and linear regimes are independent of VG2 and increase for higher VDS . This trend
supports the mobility values presented in Fig. 6, as expected from Eq. (1.11).

using the expression [13,50]:

be further exploited aiming to promote different functionalities to
the PDG/BFG-FET device.

FE (VG1 ) =

1 L 1
C W VDS

∂IDS
∂VG1

⇒ MAX
=
FE

1 L 1
C W VDS

∂IDS
∂VG1

MAX

(1.11)

The same procedure was applied to determine this quantity
from the IDS (VG1 ) curves calculated by the proposed model, as represented in Fig. 6.
It is observed that the maximum point of the FE (VG1 ) curves,
determined from the model equations, shifts towards higher VG1
values when VG2 is reduced from 0 to −15 V, as expected from the
remain practically
results of Fig. 6. However, the values of MAX
FE
invariant with VG2 , since such maxima are chieﬂy dependent on
VDS . The invariance of MAX
with VG2 is expected from the transfer
FE
curves, since the slope of the curves for each VDS is the same independently of VG2 . This is clearly seen when the curves are linear
scale represented instead of a logarithmic scale, as shown in Fig. 7
for the cases of Fig. 5A and B. Thus, the effect of distinct VG2 in such
curves is similar to that of VT , as it mainly shifts the curves sideways;
however, the shift performed with increasing VG2 is opposite to that
of VT as it moves the curves to lower VG1 values. This behavior can

4.5. Operating principles of the PDG/BFG-FET
The dual gate architecture used yields a non-symmetric potential distribution along the two gates, whenever VDS =
/ 0V, as the
source is grounded and closer to one of the gates, which leads to
different charge carriers’ modulation (see Movie S1 and Fig. 8A and
B). This can be viewed as the combination of more than one FET,
interconnected by the same ﬂoating gate that behaves as a modulated charge load, whose behavior is mastered according to the
input signals applied to the gate voltages, keeping constant VDS .
The same happens to the electric ﬁeld, current and potential distributions within the bulk of the paper for each of the regions of
interest, as depicted in Figs. 8 and 9.
With this interesting property, just by playing with voltage levels applied to VG1 (VIN1 ) and VG2 (VIN2 ), and keeping the frequency,
f(VIN2 ) ≡ 2 × f(VIN1 ) and VDD = 6V, one can enable the single transistor to operate as different logic gates, corresponding to several
possible combinations of transistors (see Fig. 11).
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Fig. 8. Operating principle of PDG/BFG-FET showing in-plane and transverse electric ﬁeld distributions. (A) Electric ﬁeld longitudinal proﬁle along the device for VG1 = VG2 ,
VG1 > VG2 and VG1 < VG2 corresponding to the cross-section view (dashed lines) of the longitudinal electric ﬁeld proﬁle within the device for: (A1) VG1 = VG2 – blue line; (A2)
VG1 > VG2 – green line; (A3) VG1 < VG2 – orange line, for a positively biased drain and source grounded (VS = 0V). (B) Zoom of the distribution of electron concentration along
the channel region for VG1 > VG2 (for current densities, channel electric ﬁeld and potential distribution, see SI). The electric ﬁeld and electron concentration were simulated
using SILVACO software, as described in the SI.

Fig. 9. Graphical representation of the electric ﬁeld, current density, and potential along the FETs’ channel for VG1 > VG2 with VDS = 15 V and source grounded. At the middle,
the corresponding cross-section of the channel of the simulated PDG/BFG-FET.
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4.6. Resistances of the carriers associated to the PDG/BFG-FET
architecture
To the electrical ﬁelds above referred we associate the charges
accumulated, which will determine the corresponding path resistances through which induced carriers will be driven by the planar
gate voltages applied, as well as by the drain to source applied
voltage, taken as reference the source electrode (see Fig. 1C).
Associated to the above ﬁelds and carriers’ distribution along
the planar structure (horizontal) and the cross section of the paper
(transversal), it appears a modulated conductance that depends on
the charges accumulated in the channel due to the potential distribution along the channel layer (VDS ) and that can be given
V
by n ∼
= qDs × CA . Those extra carriers will modulate the overall channel conductance (RPSD ), mirror the same set of carriers at
the ﬂoating gate (RFG ) that are responsible for establishment of ion
movement and transport in the bulk of the paper structure and so
in deﬁning the expected values for the distributed horizontally and
vertically resistances (see Fig. 1B).
Horizontally we have:
1. The ﬂoating gate resistance RFG ≈ [q ×  × (n + n) × L/A]−1 ,
whose ﬁnal value is modulated by the n electrons induced
by the paper capacitance per unit area (A), whose value could
be as low as a virtual short circuit for high conductive back
contact layer. This will lead to the establishment of an equipotential voltage that controls the EDL extension on both interfaces
(respectively channel/paper, thELD1 , and paper/ﬂoating gate,
thELD2 ), associated to the movement of the ions in the paper
(Fig. 1A1).
2. The drain to source conductance, RPDS that corresponds to the
image of RFG but now the resistivity of the channel is higher
than that of the ﬂoating gate back contact and so the charge
movement between drain and source depends on the potential
difference established.
3. The resistances associated to gate 1 and drain, source and gate
2, respectively RP1 and RP2 , whose value is controlled by the
ion charge accumulated at the corresponding interfaces, highly
relevant for the electrical ﬁeld distribution (see Figs. 9 and 10,
respectively). This will inﬂuence the free charge distribution
along the channel region. Moreover, due to the high paper resistance, the metal contact established with the paper surface has
Schottky like behavior that will condition the charge carrier’s
transport along the paper interface, involving ion diffusion and
some electrons at surface (see Movie S1).
Apart from that, we have a vertical resistance (paper resistance,
RPaper ) that is by far larger than the other components and ideally,

it is assumed to be inﬁnite (see Movie S1 and Fig. 1C). Those
resistances will condition how current will ﬂow along the different
regions and so will impact on the transfer characteristics of the
FET device.
4.7. Electrical parameters simulation by Technology
Computer-Aided Design (TCAD)
For numerical simulation purposes, the TCAD Silvaco’s 2D
ATLASTM was used. A similar conﬁguration than that of the fabricated devices was employed. All electrodes are 200 nm thick
and have a length of 420 m, with the exception of the back
electrode, which is as long as the simulated device. The distance
between source/drain and the closer gate electrode is 365 m. The
equivalent capacitance was corrected by the speciﬁc area ratio
enhancement (Sf ) due to the ﬁbrous paper sponge-like structure
[51]. Taking into account the speciﬁc surface area (estimated to
be around 75 m−1 ) and the paper thickness, d = 70 m Sf ≈ 5250.
Considering
 the εvalue
for the capacitance per unit area of Table 1
×ε
and that C = Sf 0 d r we obtain an equivalent relative permittivity (εr ∼ 8), not far from the optical relative permittivity (εr ∼ 7–14)
[52] of a broad range of paper materials. Indeed, the low frequency EDL capacitance that must be used to accurately calculate
the mobility does not result from the geometrical capacitance that
would be only about 129–165 pF/cm2 (more than 3 orders of magnitude smaller than the real value) leading so to unrealistic mobility
of ∼4000–5100 cm2 (V s)−1 , as already pointed out in previous work
[51,53].
In the present simulation we used for the oxide semiconductor
a thickness of 35 nm, with an electron mobility of 2.5 cm2 (V s)−1 ,
a carrier concentration of 1016 cm−3 and an effective Density Of
States (DOS) in the Conduction Band Minimum of 1018 cm−3 , as
experimentally deduced. The channel length is of 170 m and there
is an overlap of 210 m between the semiconductor and the source
and drain electrodes. The back-electrode was set with a ﬂoating
potential, being thus dependent on the other electrodes’ potential.
The results of the 2D simulation are factored in order to correspond
to a 1035 m width channel transistor.
Considering these values and the device architecture (see
Fig. 1C), simulations for the cases of VG1 = VG2 , VG1 > VG2 , and
VG1 < VG2 were carried out and the longitudinal electric ﬁeld proﬁle
along the device was determined.
For the case of VG1 > VG2 , the electron concentration along the
channel region of the device is depicted in Fig. 9. For the same condition, the current density, channel electric ﬁeld and potential were
extracted as shown in Fig. 9.
Similarly, for the cases of VG1 = VG2 , VG1 > VG2 , and VG1 < VG2 (with
VDS = 15 V), the current density along the channel was extracted,
as shown in Fig. 10. The TCAD simulation clearly shows that the

Fig. 10. Graphical representation of the current density along the FETs’ channel for VDS = 15 V, VGS1 = 15 V and VGS2 = 0, 15, and 30 V.
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Fig. 11. Circuit-level demonstrations of logic circuits of the PDG/BFG-FET under different input signals applied to VG1 and VG2 . The frequency of signal applied to VG1 is
20 mHz, while that of VG2 is twice higher (40 mHz). (A) OR operation logic circuit, showing the output current, IDS signal as a function of time (s). In the plots, it is signalized
the logic states “0” and “1”, as well as in the corresponding truth tables. (B) AND operation logic circuit, similar to (A) but now using different combinations for the input
voltages. (C) NOR operation logic circuit, showing now the output voltage (VOUT ) as a function of the time. (D) NAND operation logic circuit, similar to (A), but now using
different combinations for the input signals. (E) E1 – equivalent circuit for the NOR, NAND and NOT, E2 and E3 depict the planar image of the device, where it is drawn RD . (F)
NOT operation (inverter), showing the voltage transfer characteristics (VOUT vs VG1 ) and the gain dependence on VG1 for different VG2 . For all logic operations, the truth table
is presented with the respective output.

current density is affected by VG2 , as expected, as the threshold
voltage is modulated by VG2 , shifting towards lower values as VG2
increases.

4.8. PDG/BFG-FET as universal logic circuit
The different possible conﬁguration arrangements are depicted
in Fig. 11 for all 5 possible logic circuits architectures, as a function
of the applied voltages.
The OR operation (Fig. 11A) is obtained using
−12 V(LOW) ≤ VIN1&2 ≤ 8 V(HIGH) as logic levels, where LOW
means logic “0” and HIGH, means logic “1”, to obtain the proper
electric ﬁeld role on the carriers’ transport associated to the
oxide-FET (see Fig. 6). Here, when VIN1 and VIN2 are low, there
is no conductive channel in the transistor and hence no current
ﬂow in the device. Therefore, IDS is at logic “0”. On the other hand,
when the voltage applied at any of gates (either VIN1 or VIN2 ) is
HIGH, a conductive channel is formed in the oxide semiconductor,

resulting in ﬁnite IDS . In this state, IDS is four times higher than the
OFF current, showing robust OR logic operation.
The AND operation (Fig. 11B) is obtained by using
−13 V(LOW) ≤ VIN1&2 ≤ 0 V(HIGH), When at least one of the
inputs is LOW, there is no conductive channel in the transistor and
therefore no current ﬂow in the device. On the other hand, when
VG1 and VG2 are both HIGH, RFG increases as well as the control gate
voltage upon the oxide-FET, turning it ON, and so the increase on
IDS by more than 4 times that corresponds to logic “1”. From these
results, it can be understood that VIN2 has higher control on the
drain current, IDS , when compared to VIN1 .
For the NOR (Fig. 11C), NAND (Fig. 11D) and NOT (inverter)
operations, a pencil drawn resistance of about 140 k was introduced, as depicted in Fig. 11E2 . Typically, a high load resistance
value is employed to achieve a quick transition between logic
states (high gain) as the gain is proportional to this resistance
Gain ∝ RLoad /gm , allowing achieving low values for the logic “0”.
However, VOut for the logic “1” decreases with the load resistance value as: VOut = VDD − RLoad × IDS , since IDD will always have a
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signiﬁcant current level due to the fact that the PDG/BFG-FET cannot be properly turned off. This trade-off was taken into account
when designing the pencil drawn resistance by measuring the
achieved logic levels for different resistance lengths, and the ﬁnal
resistance value was calculated by measuring the I–V characteristic
across the resistance which showed a perfect ohmic behavior.
The NOR logic gate is a combination of an OR gate followed by an
inverter. For the NOR operation, the same levels deﬁned for the OR
gate were tested, −12 V(LOW) ≤ VIN1&2 ≤ 8 V(HIGH), leading to the
IDS behavior depicted in Fig. 11C, where when any of the input is
HIGH IDS will be also HIGH. Therefore, VOUT will be at logic “0”. On
the other hand, when both inputs are at logic “0”, IDS is low, and we
are expected to see VOUT = VDD and so a logic “1” state.
Following the same approach, we obtain the NAND operation,
which consists in an AND gate combined with a NOT gate, by having
−13 V(LOW) ≤ VIN1&2 ≤ 0 V(HIGH) and where Vout is low only when
both inputs are high (see Fig. 11D). Finally, for the NOT operation
(inverter operation) we have single variable input (VIN1 ) and a second input (VIN2 ) is ﬁxed at a constant voltage. For this operation,
we obtain the output/input voltage curves depicted in Fig. 11F, for
different VG2 , showing that the voltage transfer characteristics can
be shifted by the second gate biasing. Fig. 11F also shows the gain
obtained, whose value is LOW due to the macro-size of the device
used.

5. Discussion
Overall, the proposed multigate paper transistor with a back
ﬂoating electrode based on IZO ﬁlm (see Fig. 1), where paper is
simultaneously the substrate, the dielectric and a charge storage
media, while a metal-oxide-semiconductor (IGZO) is used as the
active channel, is able to exhibit logic functionalities simply by
varying the amplitude and frequency of the input gate signals,
proofs to be reliable and sustainable.
The results show that paper is quite suitable substrate and component to manufacture low cost and reliable electronic devices.
Independent of the paper ﬁbber structure and asymmetric porous
distribution, the data reveal a nice step coverage of the ﬁbbers by
the oxide layers (see Fig. 3), with thicknesses varying from tens to
hundreds of nanometers. Moreover, the data proves that there is no
inﬁltration of the paper by the deposited materials hence a chance
to form ﬁlaments that could affect the paper behavior, namely it’s
conductive, does not occur. Data depicted in Fig. 4 and Figure S.4,
conﬁrm that no atoms migration happens, revealing so the stability
of the oxides compositions formed.
The multigate transistors fabricated operate at drain voltages
of 1 V with low power, exhibiting ION /IOFF > 104 and a mobility ≈ 2 cm2 V−1 s−1 , serving the speciﬁcations for a broad range of
smart disposable low power electronics applications. To sustain all
this study, an analytical compact model was developed able to precisely reproduce the response of paper-based dual-gate FETs and
provide full understanding of their unique and innovative performances. In this model, the role of cations and anions (paper metal
ﬁllers), together of the ﬁber structure on the transport mechanism
is well explained. Moreover, the proposed architecture decreases
substantially the degree of complexity of the electronic circuits on
paper. That is, the devices are able to provide several functionalities, that goes far beyond a simple switch device with tunable On
voltage and a high ON/OFF ratio.
Concerning the ﬁeld effect mobility, FE , recorded and estimated by the analytical model, we observed that the maximum
value (MAX
) for the FE (VG1 ) plot shifts towards higher VG1
FE
when VG2 is reduced from 0 to −15 V, as expected from
Fig. 5A–C. However, the values of MAX
(indicated in the plot
FE
of Fig. 6) remain almost invariant with VG2 (in the range of

1.33 − 1.86 ± 0.33 cm2 V−1 s−1 ). Those values are reliable and reproducible for all set of devices fabricated.
In order to understand the different device operation modes as
a function of the applied voltages, the PDG/BFG-FET is regarded as
an intrinsic combination of three interacting transistors. The three
gate electrodes, G1 , G2 and BFG, associated to D and S, respectively,
represent these transistors. The G1 electrode forms the ﬁrst transistor and inﬂuences the whole channel region from source to drain.
The second FET can operate on the enhancement or depletion mode,
as a function of the applied voltages. On the other hand, the third
transistor formed by the G2 /FG electrodes inﬂuences mainly the
way how charges are collected, resembling a transistor that, when
in the depletion mode, affects the charge distribution associated
to the center of the main oxide-FET and so the channel carriers’
modulation built. Analogous behavior has been observed in Sibased devices with a similar architecture, where now the channel
accumulation/depletion layers [48] are substituted by the channel
resistance modulation. Here, one has to take into account that due
to the device architecture selected (source grounded), the system is
not symmetric and therefore VG2 and VG1 require different applied
voltages to promote the spatial carrier transport control, where the
carriers ﬂow between drain and source depends on VDS [54].
Therefore, due to the characteristics of operation of the
PDG/BFG-FET, different logic operations can be implemented
employing only one transistor. This universality makes it attractive
for application in concepts as the IoT, where multi-functionality
using only a reduced number of devices (and area) is desired.
The PDG/BFG-FET exhibits working conditions compatible with
low power consumption, where the transfer characteristics can be
properly modeled by adapting existing models applied to organics
thin ﬁlm transistors. In addition, the operating principles allow us to
tailor the devices/systems performances, according to the desired
application, bringing a new device architecture paradigm for building new smart systems on foils. This opens a plethora of innovative
possibilities of this device architecture in low cost and disposable
electronics, where cellulose-based sheets will play a key role for
the next generation of creative industry for all.

6. Conclusions
In the present study we prove the ability to use paper simultaneously as a substrate and an electronic component (dielectric)
in producing reliable multifunctional multigate paper transistor,
where the transfer characteristics of the devices can be adequately
shift by proper control of the gate voltages, for multifunction applications, impacting also on the working power losses of the devices.
The oxide layers deposited on paper at low temperatures (≤150 ◦ C)
show an excellent step coverage, are highly stable and reliable, not
been observed any type of atoms diffusion or migration in depth,
or conformational changes of the deposited layers. Apart from that,
the ﬁbber structure of the paper enhances its capacity in storage
charges and so, in deﬁning and controlling the performances of the
devices fabricated.
Moreover, we successfully developed an analytical model by
adapting existing models applied to organics thin ﬁlm transistors, able to explain the electronics operating principles of the
PDG/BFG-FET multifunctional device here developed that can work
as a universal logic circuit. That is, different logic operations can
be implemented employing only one transistor. This universality
makes it attractive for application in concepts as the IoT, where
multi-functionality using only a reduced number of devices (and
area) is desired.
Overall the PDG/BFG-FET exhibits working conditions compatible with low power consumption, In addition, the operating
principles allow us to tailor the devices/systems performances,
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according to the desired application, bringing a new device architecture paradigm for building new smart systems with low degree
of complexity on low cost and disposable foils as paper. This opens
a plethora of innovative possibilities in exploiting this concept in
low cost and disposable electronics, where cellulose-based sheets
will play a key role for the next generation of creative industry for
all.
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