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topic along the last decade.[1–4] Paper’s 
basic unit is cellulose, which is the most 
abundant biopolymer on earth; it is a low-
cost material (≈10−3 cent m−2), lightweight, 
flexible, and 100% recyclable. Moreover, 
the nearly 100 million tons produced per 
year using roll-to-roll processing with 
speed of about 30 m s−1 turns paper and 
cellulose-based materials highly attractive 
to serve the pushing demands for the new 
era of low-cost disposable and recyclable 
large area electronics for concepts such 
as Internet-of-Things (IoT), with a strong 
future societal impact.[5–10]

From the commercial point of view, 
the use of paper in “electronics” has 
been mostly limited to separator mem-
branes in passive electronic components 
such as capacitor batteries, or simply as 
a substrate for hybrid radio-frequency 
identification (RFID) tags. Even if still 
looking for real market implantation, it 
has been demo nstrated that paper can 

also be used as a platform for microfluidics and sensors, 
energy storage devices, organic thin film transistors (OTFTs), 
printed batteries, or even foldable printed circuit boards.[11–13]  
The exploration of paper as a genuinely electronic material has 
been demonstrated for the first time in our past work, where it 
was used as gate dielectric in field effect transistors (FETs),[9,14–16] 
write-erase and read memory transistors (WERM-FETs),[17] solid-
state paper batteries,[18] and inverters.[19] These reports demon-
strate that paper offers an eclectic range of applications as sub-
strate or as an active part in devices, enabling a new generation of 
low-cost and disposable analogue and digital electronic circuits.[20]

In this work, we go further in exploring paper as the gate 
dielectric by implementing it on dual-gate in-plane oxide-based 
FETs with a back floating gate electrode (DG-FGFETs) enabling 
multilogic functionalities. Although the concept of dual-gate 
FET has been already tested on Si technology with SiO2-based 
gate dielectrics,[21,22] it is now proposed on paper, which is 
simultaneously explored as the substrate and solid-state elec-
trolyte relying on the electric double layer (EDL) formation. 
This concept has also been used with organic semiconductors 
on paper surfaces,[21] and even with other ionic dielectrics, as 
chitosan or alginate, to create artificial synapses to emulate 
biological synaptic functions, which are often referred to as syn-
aptic transistors in the literature.[22,23]

However, the on-voltage (VOn) modulation through the 
second gate and the ability to perform logic operations with 
these devices has not been thoroughly reported using oxides 

Electronics on paper enable some specific applications out of conventional 
ones which require innovative approaches and concepts on the design 
of devices and systems. Within this context, this work demonstrates 
that a unique set of characteristics can be combined in planar dual-gate 
oxide–based field effect transistors with a back floating electrode using 
paper simultaneously as substrate and dielectric. The working principle 
of these transistors relies on the formation of electric double layers at 
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the production of low power electronic systems on paper.
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Dual-Gate Field Effect Transistors

1. Introduction

Markets with high demand for low-cost technology face prob-
lems with waste management and crave for new disposable 
electronic products. Within this context, paper arises as a valid, 
sustainable alternative for hosting electronic devices and sys-
tems, which has turned “paper electronics” concept into a hot 
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as semiconductors. Indeed, the existing 
reports on logics with oxide FETs are limited 
to demon strate logic operations for OR and 
AND, using devices with different threshold 
(or VOn) voltages.[24] Moreover, the output 
logic is usually the drain current of the tran-
sistor while voltage is used as input. On the 
other hand, it is limited to AND and NAND 
logic implementation[25] while in many real-
world applications it is essential to have 
voltage as the output logic to drive to the next 
stages. For the first time, this work demon-
strates complete on-chip universal logic gates 
(NAND, NOR) functionality with a single 
dual-gate paper FET together with a resistive 
load, where inputs and outputs of these logic 
gates are voltage levels.

2. Results and Discussion

2.1. Devices Architecture and Paper Characterisation

The schematic representation of the DG-FGFET produced 
using standard tracing paper (STP) as physical support and 
the dielectric is shown in Figure 1a. The device consists of a 
30 nm thick sputtered indium–gallium–zinc oxide IGZO 
(In2O3–Ga2O3–ZnO; 2:1:2%mol) channel layer and evaporated 
aluminium source (S), drain (D), and gates (G1, primary, and G2,  
secondary gate) in-plane electrodes with 200 nm in thickness. 
A floating electrode was deposited on the back side of the  

primary paper, which consisted of a 200 nm thick conductive 
IZO (In2O3–ZnO; 89.3:10.7 wt%) (sheet resistance around  
50 Ωcm). The channel length (L) and width (W) were 170 and 
1035 µm, respectively, resulting in a W/L ratio of 6.1 (theoret-
ical values). Details about the production of the devices can be 
found in the Experimental Section.

The electric characteristics of the paper used to produce the 
devices were evaluated through impedance spectroscopy in a 
frequency range between 10 mHz and 1 MHz (Figure 2a), using 
a metal–insulator–metal electrode configuration as illustrated 
in Figure 2c. The capacitance increases for low frequencies, 
accordingly to the formation of an EDL, reaching a maximum 
value of 0.23 µFcm−2, at 10 mHz. This results from the polari-
sation at the paper–metal interfaces arising from mobile ionic 
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Figure 1. a) Schematic illustration of the architecture of IGZO paper DG-FGFETs using 
the tracing paper as the gate dielectric. G1 and G2 stand for the primary and second gate, 
respectively, while S and D are the source and drain, respectively. b) Photograph of the 
produced DG-FGFETs.

Figure 2. a) Dependence of the capacitance and phase angle as a function of the frequency for the used paper and respective polarisation regimes. 
b) Schematic representation of electric double layer (EDL) formation. c) Cole–Cole plot. The inset shows the metal–insulator–metal electrode 
configuration used for the spectroscopic impedance measurements. d) SEM micrograph and 3D profilometry of the paper’s surface.
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species within the paper matrix, as schematically represented in 
Figure 2b.[9,26] Despite the lower protonic conduction in paper 
substrates, it is supposed that formation of the EDL occurs sim-
ilar to other protonic conductors, such as chitosan.[25,27,28] This 
can be explained through the Grotthus-type conduction mech-
anism, where under the influence of an electric field, proton 
hopping occurs through the hydrogen bonds.[29,30]

The conductivity of the paper was determined through the 

equation: 
l

A R R( )0

σ =
−

, where l is the thickness of the paper 

(75 µm), A the electrode surface area, R and R0 the bulk elec-
trical resistance and electrodes’ resistance, respectively.[24,26] 
The real part of the impedance, corresponding to the bulk 
resistance of the material (≈1.1 MΩ), was determined through 
the Cole–Cole plot when the imaginary part of the imped-
ance is equal to zero,[9] while the measured R0 is 500 Ω; the 
estimated conductivity therefore yields 3.96 × 10−9 S cm−1. 
For such low conductivity values, it is difficult to distinguish 
the electrical and ionic contributions. Indeed, the phase angle 
variation indicates that the ionic relaxation behaviour domi-
nates from ≈250 mHz to 2 kHz, where it is higher than −45°. 
Capacitive domains (phase angle lower than −45°) exists above 
2 kHz associated with dipole relaxation, and below 250 mHz 
when the EDL is formed (Figure 2a). This behaviour indicates 
that ionic relaxation dominates only up to 2 kHz, evidencing 
that the paper is not an perfect ionic conductor and electrical 

conduction contributes to the conductivity value determined by 
impedance spectroscopy.

2.2. DG-FGFETs’ Electrical Characteristics

The transfer characteristics of the DG-FGFETs were measured 
at room temperature and relative humidity of ≈45% for a VDS 
of 1 and 15 V, while the voltage applied at the secondary gate 
(VGS2) was changed from −15 to 5 V, in 5 V steps (Figure 3a). 
It was observed that the carriers’ density modulation in the 
channel layer is possible only when the back electrode is 
present and kept at a floating potential; otherwise (when absent 
or when grounded) it is not possible to modulate the cur-
rent in the channel through the primary gate voltage (VGS1)  
(see Figure 3b). This was also confirmed by simulation results 
using SILVACO software (see Figure S1, Supporting Informa-
tion). A current mapping resulting from the combination of 
different VGS1 and VGS2 is shown in Figure 3c,d.

In the architecture proposed here, VOn of the DG-FGFETs 
depends on VDS since the voltage applied on the top electrodes 
will determine the potential established at the back electrode, 
that behaves indeed as the effective gate of these DG-FGFETs, 
as will be discussed and demonstrated further below. For VDS = 
1 V (linear regime), it is possible to move from the depletion to 
the enhancement mode when VGS2 changes from 5 to −15 V. 

Adv. Electron. Mater. 2018, 4, 1800423

Figure 3. a) IDS-VGS transfer characteristics of the paper gated IGZO DG-FGFETs at VDS = 1 and 15 V (linear and saturation regime). IGS for VDS = 1 V 
and VGS2 = 0 V is also plotted. b) IDS-VGS transfer characteristics of DG-FGFETs with and without floating gate (VDS = 15 V and VGS2 = 0), and c,d) 2D current 
map obtained from transfer curves, as a function of VGS1 and VGS2, for VDS = 1 and 15 V, respectively.
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On the other hand, for VDS = 15 V (saturation regime), VOn is 
shifted towards high negative values, and the same range of 
VGS2 is not enough to reach the enhancement mode. In this 
case, VOn stays between −30 and −12.5 V. Regardless the VDS 
used, a shift of the transfer curves towards negative voltages is 
always obtained, when VGS2 becomes positive. A linear depend-
ency of VOn on VGS2 was verified, both in linear and saturation 
regime, as shown in Figure 4

When there is no voltage applied at G2, VOn is shifted towards 
high negative voltages (from nearly −7 V to around −25 V) just 
by changing the VDS from 1 to 15 V (Figure 3a), associated with 
the increase of the Off current by about one order of magni-
tude. Ionic displacement in the paper and the establishment of 
a charge neutrality condition that lead to the formation of the 
EDL at the channel and floating gate interfaces (see Figure 5)[31] 
are responsible for the operation mode as well as the maximum 
and minimum source to drain current.

A simplified model for the potential established at the 
floating back electrode is presented in Figure 5. The shift 
observed in the transfer characteristics of the DG-FGFETs 
is explained by the asymmetry of the electrical fields associ-
ated with G1, G2, and VDS in relation to the grounded source 
electrode. This determines the potential established along 
the floating electrode (VFG) that behaves as the effective gate 
voltage responsible for the differences in the free carriers accu-
mulated or depleted in the oxide channel layer. This means 
that an electrically like doping effect occurs similarly to dual-
gate silicon-based structures,[32,33] determining how channel 
resistance modulation occurs. Considering the case when only 
G2 is negatively biased (VGS2 < 0) (solid blue curve), the VFG is 
negative, and we observe a partial depletion of the electronic 
charges existing in the channel, resulting in enhancement 
mode transistors. Nevertheless, the range of VGS2 where the 
carrier depletion occurs will also depend on VDS, as already 
explained, meaning that both voltages will determine the VOn 
of the DG-FGFETs. When applying a sufficiently high voltage 
at G1, the VFG established at the floating back electrode will 
become positive, electrons are accumulated in the channel, 

and current will flow between source and drain (Figure 5). On 
the other hand, a positive VGS2 establishes a positive VFG at 
the floating electrode, which promotes carriers’ accumulation 
making the channel conductive, even without any VGS1 applied, 
which effectively shifts the VOn towards negative values,[24,34] 
resulting in depletion mode FETs regardless the VDS used  
(1 and 15 V).

Table S1 in Supporting Information presents the VFG values 
obtained through this simplified model as well as the ones 
resulting from the simulation using SILVACO software. A close 
relation between the obtained values is evident, supporting the 
discussion presented here. The differences result primarily 
from the surface potential profile that is assumed to change 
monotonically between the top electrodes, while simulation 
in SILVACO software shows a slightly more complex poten-
tial profile since it considers the dielectric characteristics of 
the paper, working function of the back-electrode material, the 
spacing between top electrodes, and semiconductor thickness 
(see Figure S1, Supporting Information).

The VFG values were measured experimentally by moni-
toring the open-circuit voltage as a function of VGS1 and VGS2 
with a fifth probe, while obtaining the transfer characteristics of 
the DG-FGFETs (Figure 6a,b).

The values measured follow the trend determined by 
simulation, validating the proposed model. Plotting the transfer 
characteristics in function of VFG (Figure 6a), it is possible 
to verify that VOn is nearly the same, staying between −2 and 
−1.4 V, for the different VGS2 tested. This is also valid for dif-
ferent distances between the inner S/D and the outer G1/G2 
electrodes (see Figure S2, Supporting Information). Figure 6a 
also demonstrates that when considering VFG as a reference 
(instead of VGS1), VOn becomes essentially independent of VDS, 
as expected for an FET with the dimensions used in this work.

Figure 7 provides a comparison with the main electrical 
parameters, such as On/Off current (IOn/Off) ratio, VOn, sub-
threshold slope (S), field effect and saturation mobility (µFE 
and µsat, respectively), determined for the DG-FGFETs. The 
equations and methodology to extract these parameters are 
described in Supporting Information.

For low VDS (VDS = 1 V), the IOn/IOff ratio is about 8 × 10−4, 
for which values increase when VGS2 changes from negative to 
positive. However, this is just an apparent variation once it is 
dictated by the current achieved at VGS1 = 30 V (the maximum 
value used in the measurements), which decreases with the VOn 
increasing as a result of VGS2 becoming negative. On the other 
hand, the Off current is insensitive to VGS2 and is determined 
by the paper resistivity. For VDS = 1 V and VGS1 = 30 V, the gate 
leakage current (IGS1) is around 5 × 10−8 A, representing a gate 
dielectric resistance of about 600 MΩ. Considering the overlap 
area of the gate and source electrodes (1.76 × 10−3 cm2), this 
compares well with the bulk resistivity of the paper determined 
by impedance spectroscopy, that is around 1.1 MΩ for an  
electrode area of 1.77 cm2.

Since VOn is always negative for VDS = 15 V, the maximum 
IDS current obtained for VGS1 = 30 V becomes similar, and 
the IOn/IOff ratio stays around 4 × 104. The Off is limited by 
IGS1, which is proportional to the applied VDS. Consequently, a 
higher VDS results in increased IOff, which in turn decreases the 
IOn/IOff. The fact that the IGS1 limits the minimum values of 
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Figure 4. VOn dependence on VGS2, respectively, for a VDS of 1 V and 15 V. 
The variation of VOn follows a linear tendency that was fitted according to 
the equations presented in the figure.
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IDS just below VOn also dictates the increase of S when VGS2 
moves from negative to positive since it tends to become higher 
as IOff increases. On the other hand, the S values are quite 
unresponsive to VGS2 when VDS = 1 V because IOff is much 
lower. The influence of IOff on the S values was also observed 
when measuring the devices under bending. The DG-FGFETs 
parameters under bending are shown in Figure S2 (Supporting 
Information).

Finally, we notice that the maximum saturation mobility 
(µsat) is in the range of 2–3 cm2 V−1 s−1, being roughly constant 
for different VGS2 (see Figure 7b). The mobility is here mainly 
determined by the EDL associated capacitance, being its spa-
tial extension determined only by the combinations of all the  

voltages applied at the four electrodes in the device. The µsat 
values obtained for VDS = 15 V are always higher than the 
mobility for VDS = 1 V which can be associated with the reduced 
influence of contact resistance.

2.3. Implementation of Universal Logic Gates

The versatility of the IGZO DG-FGFETs allows the implementa-
tion of universal logic gates (NAND and NOR) operation using 
a single flexible device together with a resistive load, whose 
circuit schematic is shown in Figure 8a. The on-chip load 
resistance, with 140 kΩ, was constructed with a hand drawing 

Adv. Electron. Mater. 2018, 4, 1800423

Figure 5. Schematic representation of the operation mode of the paper DG-FGFETs as a function of the VGS2, and its influence in the accumulation 
of carriers in the channel, showing the depletion region (in orange). The plots depict the Surface Potential Profile (SPP, solid lines) for different 
VGS1/VDS/VGS2 combinations and the resulting Floating Gate potential (VFG) determined for each case (dashed lines). In each situation, a simplified 
schematic diagram of the ions distribution in the paper dielectric is presented aiming to better understand the potential’s intensity established at the 
floating electrode that depends on the balance established by VGS1/VDS/VGS2.
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pencil as shown in Figure 8b. It should be noted that a single 
DG-FGFET is used for these circuits, unlike the conventional 
single gate–based TFTs, which typically need multiple transis-
tors to demonstrate the same logic operation.

Both logic gates were characterised using a power supply 
(VDD) of 6 V while dynamic characterisation was conducted 

using a semiconductor parameter analyser, 
together with an oscilloscope, and a wave 
generator. Under this test setup, the load 
capacitance driven by these logic gates is 
very high (≈175 pF – almost 160 pF from the 
probing and another 15 pF from the oscillo-
scope cable), which typically impose a limi-
tation on the frequency of operation. By iso-
lating this high capacitive load with the help 
of a buffer, an improvement in the frequency 
of operation can be achieved.

To illustrate the NOR operation, both 
the input signals (VIn1 and VIn2) logic low 
and high levels were set to −12 and 8 V at 
a frequency of 20 and 40 mHz, respectively. 
These signals were applied at two gates of the 
DG-FGFETs, as can be seen from Figure 8b. 
When the input voltage levels are at logic “0,”  
the drain current (IDS) is minimal (see 
Figure 8c), and VOut will be close to VDD 
since the voltage drop across RD is small. On 
the other hand, when any of the input is at  
logic “1,” significant IDS flows through RD 
and the voltage drop increases, which results 
in low VOut. This expected operation with 
good output voltage swing can be noticed 
from the measured data (Figure 9a).

By selecting different values for the logic 
“1” and “0” levels, the same circuit has 
resulted in NAND operation, operated at the 
same frequencies. In this case, logic “1” and 
“0” are set to be 0 and −13 V, respectively. 
When any input is at logic “0,” IDS is very 
small as it can be noticed from Figure 8c 
(transfer characteristics), which in turn 
results in high VOut due to a small voltage 

drop across RD. On the other hand, when both inputs are at 
logic “1,” IDS is high, and VOut is small, due to a high voltage 
drop across RD. This behaviour can be noticed in Figure 9b.

The adaptability of these devices allows the implementa-
tion of other logic functionalities directly through the vari-
ation of the input gate signals, enabling a total of five logic 

operations.[35] Firstly, the two universal 
gates which are reported here, but also logic 
AND and OR gates and finally an inverter 
when a load resistance is pencil drawn, are 
briefly presented in Figure S5 (Supporting 
Information).

3. Conclusion

We have demonstrated in this work that 
paper can be used as a dielectric and sup-
port in the production of flexible floating 
gate planar dual-gate oxide–based transistors. 
These DG-FGFETs have a versatile architec-
ture showing a set of unique features com-
bined in a single device.

Adv. Electron. Mater. 2018, 4, 1800423

Figure 6. a) IDS-VFG transfer characteristics of the paper gated IGZO DG-FGFETs at VDS = 1, 
6, and 15 V for different VGS2. b) VFG variation as a function of VGS1 and VGS2 for different VDS.

Figure 7. Comparison of electrical parameters of the paper-based DG-FGFETs for different 
VGS2: a) subthreshold slope (S), and b) mobility (µFE and µSAT) (open symbols for VDS = 1 V 
and solid symbols for VDS = 15 V) (the lines are merely a guide for the eyes).
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The DG-FGFETs presented here revealed electrical proper-
ties comparable to the ones obtained in a staggered-bottom gate 
FETs structure previously reported by our group, translating 
in IOn/IOff ratios in the range of 104 and saturation mobilities 
around 3 cm2 V−1 s−1. Proper control of the voltage applied at 
both gates that are on the same plane, but asymmetric con-
cerning the grounded source electrode allows to tune VOn and 
having the devices working either in depletion or enhancement 
mode. Moreover, they can operate at a low drain voltage (1 V), 
thus allowing low power dissipation. On-chip universal logic 
gate functionality (NOR and NAND) was successfully dem-
onstrated making use of the same single device. The control 
of the VOn makes the DG-FGFETs attractive for a plethora of  
analogic and digital circuit applications, where multifunction-
ality is required.

4. Experimental Section
The DG-FGFETs were produced on paper using an in-plane gate structure 
as can be seen in Figure 1a. The variation of the paper’s capacitance 
with frequency (C-f) and the paper conductivity were determined by 
impedance spectroscopy using a Gamry Instruments Reference 600 
Potentiostat in a frequency range of 10 mHz to 1 MHz with an AC 
excitation voltage of 500 mV. Metal–insulator–metal structures were 
fabricated for these measurements by evaporating aluminium (Al) 
through a metallic shadow mask on both sides of the paper.

The surface morphology of the paper (Figure 2d) was assessed 
by scanning electron microscopy (SEM – Zeiss Auriga Crossbeam 
microscope). The micrograph shows an entangled fibre matrix with an 

average width of 10 µm and an RMS roughness of 6.4 µm, determined 
by 3D profilometry (Ambios XP-Plus 200 Stylus).

The devices consisting of 35 nm of IGZO (Ga2O3–In2O3–ZnO; 
2:1:2%mol) deposited on one of the paper’s faces, by RF magnetron 
sputtering without any intentional substrate heating to create the 
channel region. The source/drain (S/D) and the two gate (G1/G2) 
electrodes (Al with 200 nm thickness) were deposited by e-beam 
evaporation. Both layers were patterned using shadow masks during 
the deposition. Posteriorly, a 200 nm thick conductive IZO (In2O3–ZnO; 
89.3:10.7 wt%) film (sheet resistance around 50 Ωcm) was deposited by 
RF sputtering on the other side of the paper substrate to work as floating 
gate/bottom electrode. Finally, the paper DG-FGFETs were annealed in 
air for 30 min at 150 °C.

The transfer characteristics of the DG-FGFETs with a channel 
width (W) of 1035 µm and length (L) of 170 µm (W/L = 6.1) and 
spacing G1/D and G2/S of 360 µm, were measured at atmospheric 
pressure (23 °C and relative humidity of 40%), using a microprobe 
station (Cascade Microtech M150) connected to a semiconductor 
parameter analyser (Agilent 4155C). The transfer characteristics 
were also measured under bent conditions (bending radii of 45, 25, 
15, and 5 mm) along an axis running through the channel, parallel 
to source and drain electrodes (please see Figure S4, Supporting 
Information).

The universal gates were tested using a power supply of 6 V. Circuits 
were characterised under normal ambient using a semiconductor 
parameter analyser (Agilent 4155C) together with an oscilloscope 
(ISO-TECH IDS 8062) and a wave generator (TTI TGA12104).

TCAD Silvaco’s 2D ATLAS was employed for simulation of the 
electrical behaviour of the DG_FGFETs. The model built mimicking 
the configuration of the real devices (electrodes thickness, dimension, 
separation, and overlapping). The back electrode area covers the entire 
area defined by the top electrodes (please see Figure S1, Supporting 
Information).

Adv. Electron. Mater. 2018, 4, 1800423

Figure 8. Universal logic gates: a) Circuit schematic, b) on-chip implementation, and c) IDS-VGS transfer characteristics DG-FGFETs at VDS = 6 V.

Figure 9. Dynamic response of the universal logic gates: a) NOR functional demonstration from measurements, and b) NAND functional demonstration 
from measurements.



www.advancedsciencenews.com
www.advelectronicmat.de

1800423 (8 of 8) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

For the model, it was assumed a dielectric 75 μm thick (paper’s 
thickness). If using the expected dielectric constant of paper (≈3 to 4), this 
would lead to a geometrical capacitance of only 47 pF cm−2 that would 
result in calculated mobility of ≈14 000 cm2 (V s)−1. This mobility value is 
unrealistic because the effective capacitance of the dielectric layer is the 
one resulting from the EDL formation at low frequencies (0.23 µF cm−2). 
However, to achieve this capacitance value in the model for a dielectric 
with 75 μm, we had to consider a dielectric constant of 38 984.

The semiconductor was a 35 nm thick IGZO layer with an electron 
mobility of 2.5 cm2 V−1 s−1, a carrier concentration of 1016 cm−3, and 
an effective density of states in the conduction band minimum of 
1018 cm−3. The back-electrode was set with a floating potential and 
thus dependent on the other electrodes’ potential. The results of the 
2D simulation were factored to correspond to a 1035 μm width channel 
transistor.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors would like to acknowledge European Commission 
under project NewFun (ERC-StG-2014, GA 640598), BET-EU (H2020-
TWINN-2015, GA 692373), 1D Neon (H2020-NMP-2015-IA, grant 
685758-21D). This work was also supported by FEDER funds through 
the COMPETE 2020 Programme and National Funds through FCT – 
Portuguese Foundation for Science (project CelSmartSense number 
17862) and Technology under the project number POCI-01-0145-
FEDER-007688, Reference UID/CTM/50025, project PapEl, reference 
PTDC/CTM-NAN/5172/2014. 

D.G. acknowledges the support from FCT – Portuguese Foundation 
for Science and Technology through the AdvaMTech PhD program 
scholarship PD/BD/52627/2014.

J.M. acknowledges the support from FCT through the grant SFRH/
BD/122286/2016.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
dual-gate oxide-based field effect transistors, paper electronics, paper 
transistors, universal logic gates

Received: July 5, 2018
Revised: September 16, 2018

Published online: October 30, 2018

[1] Z. Fang, H. Zhu, W. Bao, C. Preston, Z. Liu, J. Dai, Y. Li, L. Hu, 
Energy Environ. Sci. 2014, 7, 3313.

[2] J.-H. J. J. H. Kim, B. S. Shim, H. S. Kim, Y.-J. J. Lee, S.-K. K. Min, 
D. Jang, Z. Abas, J.-H. J. J. H. Kim, Int. J. Precis. Eng. Manuf.-Green 
Technol. 2015, 2, 197.

[3] A. Demming, P. R. Österbacka, D. J.-W. Han, Nanotechnology 2014, 
25, 090201.

[4] R. Martins, I. Ferreira, E. Fortunato, Phys. Status Solidi RRL 2011, 5, 
332.

[5] K. Nagashima, H. Koga, U. Celano, F. Zhuge, M. Kanai, S. Rahong, 
G. Meng, Y. He, J. De Boeck, M. Jurczak, W. Vandervorst, 
T. Kitaoka, M. Nogi, T. Yanagida, Sci. Rep. 2015, 4, 5532.

[6] D. Tobjörk, R. Österbacka, Adv. Mater. 2011, 23, 1935.
[7] H. Águas, T. Mateus, A. Vicente, D. Gaspar, M. J. Mendes, 

W. A. Schmidt, L. Pereira, E. Fortunato, R. Martins, Adv. Funct. 
Mater. 2015, 25, 3592.

[8] J. Huang, H. Zhu, Y. Chen, C. Preston, K. Rohrbach, J. Cumings, 
L. Hu, ACS Nano 2013, 7, 2106.

[9] L. Pereira, D. Gaspar, D. Guerin, A. Delattre, E. Fortunato, 
R. Martins, Nanotechnology 2014, 25, 094007.

[10] Y.-Z. Zhang, Y. Wang, T. Cheng, W.-Y. Lai, H. Pang, W. Huang, 
Chem. Soc. Rev. 2015, 44, 5181.

[11] A. J. Steckl, IEEE Spectrum 2013, 50, 48.
[12] J. P. Rolland, D. A. Mourey, MRS Bull. 2013, 38, 299.
[13] M. N. Costa, B. Veigas, J. M. Jacob, D. S. Santos, J. Gomes, 

P. V Baptista, R. Martins, J. Inácio, E. Fortunato, Nanotechnology 
2014, 25, 094006.

[14] E. Fortunato, N. Correia, P. Barquinha, L. Pereira, G. Goncalves, 
R. Martins, IEEE Electron Device Lett. 2008, 29, 988.

[15] D. Gaspar, S. N. Fernandes, A. G. de Oliveira, J. G. Fernandes, 
P. Grey, R. V. Pontes, L. Pereira, R. Martins, M. H. Godinho, 
E. Fortunato, Nanotechnology 2014, 25, 094008.

[16] W. Lim, E. A. Douglas, S.-H. Kim, D. P. Norton, S. J. Pearton, 
F. Ren, H. Shen, W. H. Chang, Appl. Phys. Lett. 2009, 94, 072103.

[17] R. Martins, P. Barquinha, L. Pereira, N. Correia, G. Gonçalves, 
I. Ferreira, E. Fortunato, Appl. Phys. Lett. 2008, 93, 203501.

[18] I. Ferreira, B. Bras, N. Correia, P. Barquinha, E. Fortunato, 
R. Martins, J. Disp. Technol. 2010, 6, 332.

[19] R. Martins, A. Nathan, R. Barros, L. Pereira, P. Barquinha, 
N. Correia, R. Costa, A. Ahnood, I. Ferreira, E. Fortunato, Adv. 
Mater. 2011, 23, 4491.

[20] R. F. P. Martins, A. Ahnood, N. Correia, L. M. N. P. Pereira, 
R. Barros, P. M. C. B. Barquinha, R. Costa, I. M. M. Ferreira, 
A. Nathan, E. E. M. C. Fortunato, Adv. Funct. Mater. 2013, 23, 2153.

[21] W. Dou, L. Zhu, J. Jiang, Q. Wan, IEEE Electron Device Lett. 2013, 34, 
259.

[22] Y. H. Liu, L. Q. Zhu, P. Feng, Y. Shi, Q. Wan, Adv. Mater. 2015, 27, 
5599.

[23] C. Wan, L. Zhu, Y. Liu, Y. Shi, Q. Wan, IEEE Electron Device Lett. 
2014, 35, 414.

[24] W. Dou, L. Qiang Zhu, J. Jiang, Q. Wan, Appl. Phys. Lett. 2013, 102, 
093509.

[25] F. Shao, P. Feng, C. Wan, X. Wan, Y. Yang, Y. Shi, Q. Wan, Adv. 
Electron. Mater. 2017, 3, 1600509.

[26] L. Santos, D. Nunes, T. Calmeiro, R. Branquinho, D. Salgueiro, 
P. Barquinha, L. Pereira, R. Martins, E. Fortunato, ACS Appl. Mater. 
Interfaces 2015, 7, 638.

[27] H. Xiao, L. Q. Zhu, Y. H. Liu, R. Liu, RSC Adv. 2016, 6, 1053.
[28] Z. Zheng, J. Jiang, J. Guo, J. Sun, J. Yang, Org. Electron. physics, 

Mater. Appl. 2016, 33, 311.
[29] G. Wu, J. Zhang, X. Wan, Y. Yang, S. Jiang, J. Mater. Chem. C 2014, 

2, 6249.
[30] J. Zhang, J. Dai, L. Zhu, C. Chen, Q. Wan, IEEE Electron Device Lett. 

2014, 35, 838.
[31] F. Pettersson, D. Adekanye, R. Österbacka, Phys. Status Solidi A 

2015, 212, 2696.
[32] J. W. Jin, A. Nathan, P. Barquinha, L. Pereira, E. Fortunato, 

R. Martins, B. Cobb, AIP Adv. 2016, 6, 085321.
[33] R. K. Sharma, R. Gupta, M. Gupta, R. S. Gupta, IEEE Trans. Electron 

Devices 2009, 56, 1284.
[34] J. Jiang, J. Sun, L. Zhu, G. Wu, Q. Wan, Appl. Phys. Lett. 2011, 99, 113504.
[35] R. Martins, D. Gaspar, M. J. Mendes, L. Pereira, J. Martins, 

P. Bahubalindruni, P. Barquinha, E. Fortunato, Appl. Mater. Today 
2018, 12, 402.

Adv. Electron. Mater. 2018, 4, 1800423


