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Abstract. Exploiting the advantages of additive patterning process over complex fabrication processes, herein we
report the fabrication of ﬁeld-effect transistor (FET) using the screen-printing method. The graphene conductive
composite dielectric ink as the channel and the dielectric layer respectively was screen printed on cellulose paper
substrate. The fabricated device shows the hole and electron mobility of 135 cm2 /V s and 98 cm2 /V s respectively
with an ultra-low leakage current of ∼25 nA. The proposed technique can be used for large-scale roll-to-roll
commercial manufacturing of disposable FET-based sensors such as temperature and IR sensors, health monitoring
devices etc.
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1. Introduction
Graphene-FETs are one of the thrust areas in current
research by scientists around the world and is demonstrated for various applications [1–4]. Compare to rigid
substrates, ﬂexible substrates can be used for several
applications such as ﬂexible displays [1], human motion
detectors [2], strain sensors [5], artiﬁcial retina [4], etc.
Moreover, graphene-based FETs using paper substrate
have already demonstrated high performance [2,6–9]
with complex fabrication processes which is not suitable for the roll-to-roll printing of the devices to be
used for commercial purpose. Generally, the graphene
layer is obtained by growing a layer through chemical
vapour deposition (CVD) over a copper foil followed by
transfer to the target substrate, which involves the usage
of chemicals like polymethyl methacrylate (PMMA),
etc., which are non-biodegradable. Another method for
depositing graphene layer is to prepare a suspension and
deposit by Langmuir–Blodgett method or spin coating,
but the rate of delivering the sample is low. Also, these
methods are not easily scalable, not repeatable, not suitable for bulk manufacturing and do not have satisfactory
performance in terms of mobility, gate leakage current,
etc. [10–13]. In addition to this, reliability of the FET
performance depends upon the gate leakage current.
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Commercial FET has shown gate leakage current up
to 100 nA [14].
Keeping all these in view, in this paper, to the best of
our knowledge, for the ﬁrst time, we present a promising method to fabricate screen-printed graphene-based
FET. The presented structure consists of graphene and
composite graphene dielectric used as the channel and
dielectric with ultra-low leakage current.

2. Ink formulation and device fabrication
Graphene nanopowder was bought from United Nanotech, India and other materials used for ink formulation were borrowed from CYMK inks LLP, India.
Graphene ink was formulated by liquid phase formulation using the bead mill method with a multilayer
structure. The resistance of graphene sheet was calculated to be 9.3746 × e2 /sq, and accordingly, the
conductivity is 10.6 × e−4 Simens/sq [15]. Dielectric
ink was formulated using graphene powder (10 g), commercially used HS Medium resin (70 g) and MEK
(25 g). The Raman spectroscopy was performed using
DXR-2, Raman microscope to conﬁrm the formation of
graphene-based channel and gate dielectric. The prepared ink was screen printed on the paper substrate
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Figure 1. (a) Cross-section of the device fabricated. The cellulose paper is used as paper substrate material over which the
drain and the source electrodes are deposited by thermal evaporation using prefabricated mask. Another active layer mask is
used to deposit graphene as the channel material in between electrodes above which gate oxide mask is used to deposit the
graphene oxide as the dielectric material. (b) Active layer mask and gate oxide mask used to deposit graphene as the channel
material and gate oxide as the dielectric using screen-printing set-up as shown in the inset; (i) screen cloth and (ii) ﬁve-star
ﬁlm masks used.

Figure 2. Pre-fabricated device with the source and the drain contact electrode (a) without and (b) with graphene active layer
in between (inset shows SEM image of the channel area).

between the source and the drain electrodes fabricated
using thermally deposited copper pellets with 99.999%
purity (Sigma Aldrich, USA). Schematic of the fabricated device is shown in ﬁgure 1a. The graphene
active area and the graphene gate oxide were developed
by the screen-printing set-up using a mask, as shown
in ﬁgure 1b. The screen-printing process involves the
use of polyester screen mesh (120 mesh size used in
the present work) with an aperture size of 149 μm.
With the help of rubber squeeze, the formulated ink
paste has been squeezed manually on the surface of
the mesh via predeﬁned pattern formed by photolithography of photostensil ﬁve-star ﬁlm below which the

paper substrate is placed. The design of the shadow
mask was prepared in design-pro with bitmap format
and was printed on the butter paper from the laser
printer.
Figures 2a and 2b show the prefabricated device
without and with graphene active layer deposited in
between the source and the drain electrode (inset shows
the microscopic image of the channel area) deposited by
thermal evaporation method. The surface morphology
of graphene ink printed on cellulose paper was analysed by Scanning Electron Microscope and was found
uniform with low deformations, as shown in the inset
image.
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3. Experimental results and discussion

[6]

Channel material (Dielectric material)
Channel fabrication method
Ref.

Table 1. Comparison with state-of-art in literatures.

w/l ratio

Mobility (cm−2 /V s)

Gate leakage current
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The electrical performance of the device was analysed
by determining the drain characteristics, gate leakage
current, and transfer characteristics. All the measurements were carried out in vacuum conditions which
prevent hygroexpansion process.
Prior to the measurements, the device was retained
in vacuum conditions to avoid any impact of humidity and pressure. The drain characteristics show a linear
increase in the drain-to-source current over the range
of − 40 to 40 μA for a change in the drain-to-source
voltage of − 1 to 1 V with considerable shift for a different gate-to-source voltage as shown in ﬁgure 3a. The
gate leakage current was determined to be 25 nA, as
shown in ﬁgure 3b, which is negligible compared to
the channel current and is one of the signiﬁcant factors of the fabricated FET. The transfer characteristics
of the device demonstrate ambipolar behaviour [16,17]
which is shown in ﬁgure 3b. The small asymmetry in
the curve shows the difference in the concentration of
electron and holes in the device, which may be due to
the absorption of moisture in the form of water. The
Dirac point is shifted towards the positive region of the
gate voltage due to the addition of water molecules from
the atmosphere humidity during the fabrication process
[8].
Based on FET transconductance and capacitance of
the gate dielectric, the mobility (μ) of FET was estimated as follows:
μ=

gm
.
(w/l)C Vds

(1)

Here, gm = 1.469 × 10−5 A/V and 1.064 × 10−5 A/V
for holes and electrons respectively; (w/l) = 13.3, C =
8.13 nF/cm2 (measured by the sandwiched geometry
of the dielectric ink between the metal electrodes) and
Vds = 1 V.
On calculation, mobility for holes and electrons are
found to be μh = 135 cm2 /V s and μe = 98 cm2 /V s,
respectively. The observed value of mobility even at
large w/l ratio, in comparison to the reported value in
literatures (as tabulated in table 1) is probably due to the
large transconductance (gm ) of the device.
From the futuristic point of view, the scaling of GFET
may further be improved using high-resolution screen
mask and screen cloth with higher mesh count. Furthermore, highly conductive water-based graphene ink may
lead to the printing of all components of FETs, including
source, drain, and gate contact along with the channel
and the gate oxide which may lead to environmentfriendly disposable devices.
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Figure 3. (a) Drain characteristics with the inset showing the array of fabricated devices and (b) transfer characteristics with
gate leakage current of graphene FET (inset showing the fabricated device).

4. Conclusion
In conclusion, we have demonstrated a new approach
for the fabrication of graphene conductive and dielectric ink using the screen-printing method to form FET
on ﬂexible paper substrate. The hole and the electron
mobilities of the fabricated device are 135 cm2 /V s and
98 cm2 /V s respectively with an ultra-low leakage current of ∼25 nA. The proposed method will lead to the
large-scale production of ﬂexible electronics devices.
The proposed method can also be used for bulk manufacturing of graphene-based disposable sensors such
as temperature sensors, IR sensors, health monitoring
devices, etc.

Acknowledgements
Authors are thankful to Dr Amit Kumar, Amity Institute
of Renewable and Alternative Energy, Amity University, Noida, Dr A K Tripathi, Sr. Research Engineer,
NCFLEXE, IIT Kanpur, Mr Sandeep Sharma and
Karamvir Singh, research scholars, UIET, Kurukshetra
University, Kurukshetra for various technical discussions. This research is funded by TEQIP-III, MHRD,
Government of India (Grant No. TEQIP-III).

References
[1] X Wang, H Tian, M A Mohammad, C Li, C Wu, Y Yang
and T-L Ren, Nature Commun. 6, 7767 (2015)
[2] S Kanaparthi and S Badhulika, Green Chemistry 18(12),
3640 (2016)

[3] M A Andersson, O Habibpour, J Vukusic and J
Stake, Electron. Lett. 48(14), 861 (2012)
[4] L H Hess, M Seifert and J A Garrido, Proceedings of
the IEEE 101(7), 1780 (2013)
[5] Monika, C Rani, S Sandeep, S Kumar, K Bhatt, R Singh
and C C Tripathi, Indian J. Pure Appl. Phys. 56(5), 361
(2017)
[6] N Kurra, D Dutta and G U Kulkarni, Phys. Chem. Chem.
Phys. 15(21), 8367 (2013)
[7] E Fortunato, N Correia, P Barquinha, L Pereira, G
Goncalves and R Martins, IEEE Electron. Device
Lett. 29(9), 988 (2008)
[8] A A Cagang, I H Abidi, A Tyagi, J Hu, F Xu, T J Lu and
Z Luo, Anal. Chim. Acta 917, 101 (2016)
[9] D H Tien, J-Y Park, K B Kim, N Lee and Y Seo, Sci.
Rep. 6, 25050 (2016)
[10] L G B Machuno, A R Oliveira, R H Furlan, A B Lima,
L C Morais and R V Gelamo, Mater. Res. 18(4), 775
(2015)
[11] L G De Arco, Y Zhang, A Kumar and C Zhou, IEEE
Trans. Nanotechnol. 8(2), 135 (2009)
[12] L G P Martins, Y Song, T Zeng, M S Dresselhaus, J
Kong and P T Araujo, Proc. Natl Acad. Sci. 110(44),
17762 (2013)
[13] A L Dravniece, G K Kundzins, K Teivena, V Kampars and M Rutkis, Latvian J. Phys. Tech. Sci. 51(4),
61 (2014)
[14] www.mouser.com/ds/2/258/SI2302(SOT-23)-347713.
pdf
[15] S Kumar, K Bhatt, P Kumar, S Sharma, A Kumar and
C C Tripathi, RSC Adv. 9(15), 8262 (2019)
[16] B K Sharma and J-H Ahn, Solid-State Electron. 89, 177
(2013)
[17] B J Kim, H Jang, S-K Lee, B H Hong, J-H Ahn and J H
Cho, Nano Lett. 10(9), 3464 (2010)
[18] K Bhatt, C Rani, M Vaid, A Kapoor, P Kumar, S Kumar,
S Shriwastava, S Sharma, R Singh and C C Tripathi,
Pramana – J. Phys. 90(6), 75 (2017)

