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GRAPHENE-BASED TFT COMPRISING
NITROGEN-DOPED GRAPHENE LAYER AS
ACTIVE LAYER

CROSS-REFERENCE TO PRIOR
APPLICATIONS

This application is a National Stage Patent Application of
PCT International Patent Application No. PCT/KR2019/
014120 (filed on Oct. 25, 2019) under 35 U.S.C. § 371,
which claims priority to Korean Patent Application No.
10-2019-0019924 (filed on Feb. 20, 2019), which are all
hereby incorporated by reference in their entirety.

BACKGROUND

The present invention relates to a high-quality and high-
functional graphene-based thin-film transistor (TFT) com-
prising a nitrogen-doped graphene layer as an active layer
after being directly grown on a Ti layer.

In recent years, with the rapid progress of information
technology, there has been a trend toward ubiquitous com-
puting technologies in which information can be accessed
anytime, anywhere. Accordingly, new electronic devices
such as an information transmission medium and a storage
medium for transmitting a variety of information are
increasingly important.

In particular, consumer demands for display technologies
are beyond the level of market supply and technology, and
the importance of development is increasing daily. The
next-generation display technology is strongly required to
implement environment-friendly, low power consumption,
ultra-high-resolution, large-screen with low cost, flexibility,
design, transparency, and real-image (three-dimension)
beyond the characteristics of light-weight, slim, high-reso-
Iution, fast switching speed, and large-screen.

A thin-film-transistor (TFT) is mounted on a backplane in
a display device and plays a key role in driving the display
device to the main circuit substrate that supplies power and
the like. Accordingly, in order to realize ultra-high-resolu-
tion, high screen switching speed, and large-screen charac-
teristics, and the like, which are core technologies of next-
generation displays, the technology of thin-film transistors
has to be developed. A conventional thin film transistor
using amorphous silicon, a Low-Temperature Poly-Si
(LTPS) thin-film transistor, an Indium Gallium Zinc Oxide
(IGZO) thin-film transistor and the like are being developed
or gaining interest. However, not only a fabrication process
is still complex with a high production cost, but also is
difficult to be applied to a resin substrate having high
flexibility and lower thermal stability compared to an inor-
ganic substrate such as a glass substrate, and to be used for
a flexible display.

Graphene is a nanomaterial having a two-dimensional
honeycomb lattice with a thickness of one carbon atom,
theoretically having an electron mobility of ~200,000 cm?
v7is7!, the thermal conductivity of ~5000 Wm™'K™,
Young’s modulus of ~1.0 TPa, having physical and chemical
stability, and having an extremely small amount of visible
light absorption due to a thickness on the order of an atomic
layer, and exhibiting an excellent property that the light
transmittance in the visible light region is about 98%. In
particular, graphene is gaining attraction as a next-genera-
tion material that replaces silicon in existing silicon-based
semiconductor devices, and which may be realized as a
flexible, transparent electronic device, in that graphene may
transfer electrons more than a hundred times faster than
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single crystal silicon. Graphene, however, suffers from a
major drawback for its application in electronic devices such
as semiconductors or transistors due to the disadvantage that
graphene has no band gap and therefore has metallic prop-
erties and the on/off ratio of the operating current is so small
that the flow of current may not be controlled by an electrical
signal.

There had been a number of attempts made to increase an
on/off ratio of the operating current by giving graphene a
reasonable amount of bandgap. For example, attempts have
been made to produce a hybrid structure in which the
symmetry of a graphene crystal structure caused by lattice
mismatch between graphene and a substrate is destroyed, a
nanoribbon is formed, the chemical composition of gra-
phene is changed, and a specific layer having semiconductor
properties laminated with graphene. However, not only
either of producing graphene of excellent quality, imple-
menting the produced graphene into a nanoribbon structure,
or adjusting the physical properties of graphene may not be
easily done, and with the increased on/off ratio of about
several thousand is still poor compared to the on/off ratio of
the industrially utilized silicon-based TFT, which is 10%,
resulting in a hindrance to mass integration and high-speed
driving of devices.

SUMMARY

According to the present invention as described above,
despite the excellent properties of conventional graphene
itself, an on/off ratio is low with high-quality graphene is
difficult to supply, and integration as a semiconductor device
or a transistor using graphene as a material has not been
realized.

Therefore, the present invention has been made in view of
the above problems, and it is an object of the present
invention to provide a graphene-based TFT, to which high-
quality graphene is applied, having an on/off ratio to be
commercialized, a low threshold voltage, low mobility, and
a low subthreshold swing property sufficient for practical
use.

To accomplish the above object, there is provided a
graphene-based TFT comprising: a gate electrode, a gate
insulating layer disposed on the gate electrode; an active
layer including a nitrogen-doped graphene layer, on which
disposed in a partial region of the gate insulating layer; a first
electrode disposed on a region of one side of the active layer;
and a second electrode disposed on the other side region of
the active layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic perspective view of a thin film
transistor according to the present invention.

FIGS. 2 and 3 are diagrams showing a pre-experimental
result for determining a transistor fabrication process con-
dition in an embodiment of the present invention, respec-
tively.

FIGS. 4 to 6 are conceptual views of a thin film transistor
fabricated by an embodiment of the present invention.

FIGS. 7 to 9 are diagrams showing operating character-
istics of a thin film transistor fabricated by an embodiment
of the present invention, respectively.

FIG. 10 is a diagram showing the stability of the fabri-
cation example 3 devices in an embodiment of the present
invention.

DETAILED DESCRIPTION

Hereinafter, the present invention will be in detail given
with reference to the attached drawings. However, these
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drawings and the description thereof are intended to illus-
trate rather than limit the technical idea and scope of the
present invention. It will be obvious to those skilled in the
art that various modifications are possible within the scope
of the technical idea of the present invention. The relative
size, thickness, and depiction of these elements may be
exaggerated or simplified for clarity, illustration, and con-
venience.

In the present invention, “top”, “on” or “over” may
include directly contacting and directly disposed on one
another, as well as non-contactly disposed on via other
layers. Further, in the present invention, the expression
“layer (A)/layer (B)” means that layer (A) is laminated on
layer (B) in direct contact therewith.

The present invention relates to a thin-film transistor
(TFT) comprising an active layer including a nitrogen-doped
graphene layer. More particularly, the present invention
relates to a graphene-based TFT comprising: a gate elec-
trode, a gate insulating layer disposed on the gate electrode;
an active layer including a nitrogen-doped graphene layer,
on which disposed in a partial region of the gate insulating
layer; a first electrode disposed on a region of one side of the
active layer; and a second electrode disposed on the other
side region of the active layer.

FIG. 1 is a schematic perspective view of a thin-film
transistor according to an embodiment of the present inven-
tion. The thin-film transistor illustrated in FIG. 1 is a
thin-film transistor of a bottom gate structure in which a gate
electrode 120 is provided below an active layer 140. The
gate electrode 120 may be provided on a substrate 110. The
substrate 110 may be a glass substrate, but may be other
substrates, that is, any one of various substrates used in
conventional semiconductor device processes, such as a
plastic substrate or a silicon substrate. The gate electrode
120 may be formed of general conductive material, such as
metal, polysilicon, conductive oxide, or the like, and in an
embodiment of the present invention, a highly doped p-Si
and directly grown graphene are applied.

A gate insulating layer 130 covering the gate electrode
120 is provided. The gate insulating layer 130 may include
a silicon oxide layer, a silicon oxynitride layer, or a silicon
nitride layer, but may also include other material layers, such
as a high dielectric material layer having a dielectric con-
stant greater than that of the silicon nitride layer. The gate
insulating layer 130 may have a structure in which at least
two of such high dielectric material layers are laminated.
SiO, and Al,O; are applied in an embodiment of the present
invention.

An active layer 140 comprising a nitrogen-doped gra-
phene layer is provided on the gate insulating layer 130 of
the TFT according to the present invention. In this case, the
nitrogen-doped graphene layer is preferably formed by an
in-situ growth method, that is, the graphene layers are
deposited and continuously doped in an oxygen-free ambi-
ent, for example, in the same equipment, the graphene layers
are successively deposited while doping with nitrogen.

Although the width of the active layer 140 is shown
relatively smaller than that of the gate electrode 120 in the
figure, and in some cases, the width of the active layer 140
may be similar to or larger than the width of the gate
electrode.

On the active layer 140 of the TFT according to the
present invention may be provided with a first electrode 151
and a second electrode 152 facing the first and second
regions apart from each other, while in contact with the
active layer 140. The first electrode 151 may be disposed in
contact with one end of the active layer 140, and the second
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electrode 152 may be disposed in contact with the other end
thereof. The first electrode 151 and the second electrode 152
may be formed of a general conductive material such as
metal, polysilicon, conductive oxide, or the like. In the
embodiment of the present invention, Au/Ti and graphene/Ti
are applied to the first electrode 151 and the second electrode
152.

In the case where the first electrode 151 and the second
electrode 152 include a conductive material layer and a Ti
layer, the Ti layer is deposited in an oxygen-free ambient,
and the conductive material layer is subsequently deposited,
for example, Ti and the conductive material are preferably
deposited successively in the same equipment.

The first electrode 151, the second electrode 152, and the
gate electrode 120 may be the same material layer. The first
electrode 151 and the second electrode 152 may be a single
layer or multiple layers. The shape and position of the first
electrode 151 and the second electrode 152 may vary. For
example, the first electrode 151 may have a structure extend-
ing from one end of the active layer 140 over a region of the
gate insulating layer 130 adjacent thereto, and similarly, the
second electrode 152 may be a structure that extends from
the other end thereof over a region of the gate insulating
layer 130 adjacent thereto. The first electrode 151 and the
second electrode 152 may be provided so as to be in contact
with two regions other than both ends (i.e., one end and the
other end) of the active layer 140.

Although not shown in FIG. 1, the thin-film transistor
according to the present invention may be further provided
with an etching stop layer covering the active layer 140. The
etching stop layer prevents the active layer 140 from being
damaged due to the etching, during the etching process for
forming the first electrode 151 and the second electrode 152.
The etching stop layer may include silicon oxide, a silicon
nitride, and an organic insulator, or the like. At this time, the
first electrode 151 and the second electrode 152 are electri-
cally connected to the active layer 140 through a predeter-
mined hole formed in the etching stop layer.

The TFT according to the present invention may be
provided with a common passivation layer covering the
exposed gate electrode 120, gate insulating layer 130, active
layer 140, first electrode 151, and second electrode 152 (not
shown). The protective layer may be a silicon oxide layer, a
silicon oxynitride layer, a silicon nitride layer, or an organic
insulating layer, or may have a structure in which at least
two of them are laminated.

The TFT according to the present invention above-men-
tioned may take steps of a method for forming an active
layer in the following manner.

First, a shadow mask corresponding to the shape of the
active layer to be formed on the gate insulating layer is
deposited and a titanium film having a thickness of 3-10 nm
is deposited. A graphene thin-film is grown on the titanium
film by in-situ remote plasma-assisted chemical vapor depo-
sition while maintaining an oxygen-free ambient. Thus, in
the present invention, the graphene layer is stably and
closely formed on the gate insulating layer via the titanium
layer without a transfer process. The graphene thin film
grown as such is subject to a remote plasma treatment so as
to apply predetermined damage to the graphene thin film. A
plasma treatment condition for reasonable damage is
described in the examples below. Subsequently, the dam-
aged graphene thin film is exposed to remote plasma under
the condition of N2 to be nitrogen-doped. By forming the
graphene layer directly in-situ without the transfer process,
a TFT ot high quality and high stability is allowed. Although
a shadow mask is attached to the gate insulating layer before
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the formation of the titanium thin film in the example, a
method of patterning the active layer in any step of “after
forming a titanium thin film or after the nitrogen-doping of
the graphene layer” may be selected depending on the
circumstances.

Although not shown, it was confirmed that when the
fabricated TFT is exposed to the outside, the Ti layer under
the graphene layer is partially oxidized and converted to
TiO2-x. In this specification, “graphene/Ti” or “graphene/
TiO,_.” is used interchangeably depending on the time.

The TFT according to the present invention is to prefer-
ably undergo an annealing process for a predetermined time
at a temperature of 100-400° C. after the fabrication. This is
to eliminate plasma damage that may occur during the
deposition process of the first and second electrodes and
does not affect directly the characteristics of nitrogen-doped
graphene. As shown in the examples below, the operating
characteristics of a transistor are significantly improved by
applying appropriate annealing. As the annealing tempera-
ture and time is approximately asymmetrical, those skilled
in the art will be able to select appropriate annealing
condition.

Although a thin film transistor of the bottom gate is
mainly described above, it will become apparent to those
skilled in the art to which the present inventions pertain, that
the gate electrode 120, the gate insulating layer 130, the
active layer 140, the first electrode 151 and the second
electrode 152 may be applied in the same or similar thin-film
transistors of the top gate structure conceptually inverted
unlike in FIG. 1.

As shown in the example below, the thin film transistor
according to the present invention exhibits excellent char-
acteristics such that I,/ . is 109 or more, the mobility of
300 or more, Vth (threshold voltage) is 0.3 V or less, and
subthreshold swing of 0.1 V or below. Accordingly, the thin
film transistor according to the present invention may be
used as a pixel switching device or a driving element of an
active matrix display, for example, a liquid display or an
organic light-emitting diode (OLED) display, an active-
matrix liquid crystal display (AMLCD) providing an ultra-
high-definition (UHD) images, an active-matrix organic
light-emitting diode (AMOLED). It will become apparent
that the thin film transistor according to the present inven-
tion may be utilized in various applications in other elec-
tronic devices such as memory devices and logic devices.

EXAMPLES

A thin film transistor according to the present invention
was fabricated and evaluated the characteristics thereof.

Fabrication of Thin Film Transistor

A thin-film transistor according to the present invention is
produced as in a Substrate-Gate layer-Gate insulating layer-
Active layer-Electrode by the same material respectively, as
shown in Table 1 below. In production examples 1 and 2, the
gate electrode serves as a substrate.

TABLE 1
Production Production Production
Example 1 Example 2 Example 3
Substrate polyimide
Gate highly doped p-Si graphene/Ti
electrode
Gate Si0, (100 nm) AlLO,
insulating (~40 nm)
layer

10

15

20

25

30

35

40

45

50

55

60

65

TABLE 1-continued
Production Production Production
Example 1 Example 2 Example 3
Active N-doped graphene/Ti
layer
First and AwWTi graphene/Ti
Second
Electrodes

In this case, the active layer formation process is per-
formed in the following steps of forming a Ti layer on a gate
insulating layer—forming a graphene layer on the Ti
layer—damaging a graphene layer—doping the graphene
layer, and each step and between steps are performed in an
oxygen-free ambient.

Active Layer Formation

The formation of a graphene layer, the damage condition
of'a graphene layer, and the nitrogen-doping condition of the
damaged graphene layer are determined by previous experi-
ments. However, it does not exclude the determined condi-
tions and other process conditions.

Graphene/Ti Layer Formation on Gate Insulating Layer

On an insulating layer of SiO, (Production examples 1
and 2) or Al,O,, a titanium layer having a thickness of 3-10
nm was deposited at 150° C. by sputtering in the following
conditions; dc power of 20 W, working pressure of 0.4 Pa,
deposition time of 3 minutes, the distance between gun and
gun of 10 cm, and distance between plasma and substrate of
10 cm.

A graphene layer is then formed on the Ti layer under the
conditions shown in Table 2 below while maintaining a
continuous oxygen-free ambient.

TABLE 2

Graphene Synthesis

Parameters Condition

Gas Injection H,/Ar/CH, = 10/10/0.3 sccm

Working Temperature 150° C.
Working Pressure 1.8 torr
Plasma Power TOW
Working Time 2h
T-T distance 10 ecm
T-S distance 10 ecm

@ Determining Damage Condition of Graphene Layer

Argon (Ar) plasma exposure time was adjusted in order to
determine the suitable damage condition of the graphene
before doping. Under the condition shown in FIG. 2, the Ar
plasma exposure (at this time, the distance between gun and
gun of 10 cm, and the distance between plasma and substrate
is 13 cm) time is varied for 15, 30, and 45 seconds, and the
degree of damage was determined by Raman peak, surface
resistance, and transparency (Refer to FIG. 2). The damages
are implemented on each sample and then compared to the
properties of pristine graphene. The sample exposed to the
Ar plasma for 15 seconds showed no change in Raman peak
and transparency but was determined that the etching (dam-
age) is hardly done due to a small increase in the surface
resistance. The sample exposed for 30 seconds was con-
firmed to have sufficient plasma damage through the occur-
rence of a slight D peak (meaning damage of graphene) in
the Raman peak, and in the measurements of the surface
resistance and transparency, the graphene was damaged. The
sample exposed for 45 seconds, confirmed that the graphene
was completely etched away in the Raman peak. Therefore,
in the treatment condition as above-mentioned, it was con-
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firmed that implementing the damage for about 30 seconds,
for example, 25-35 seconds is sufficient. However, it will
become apparent that the treatment time may vary according
to the treatment conditions or environment.

@ Determining Nitrogen-Doping Condition of Graphene
Layer

After the Ar plasma treatment was performed for 30
seconds, a nitrogen-doping was performed using N, plasma.
The doping time was fixed at 30 seconds and the amount of
N2 gas was adjusted to 0.3, 0.5, and 1.0 sccm to adjust a
sufficient degree of doping. The sample exposed to an N, 0.3
sccm plasma (with a distance between guns is 10 cm and
plasma to substrate spacing of 13 cm) exhibits a typical
nitrogen-doping peak effect of G peak from 1576 cm™ to
1580 cm™'. The surface resistance also increased sufficiently
with the effect of nitrogen-doping, and the transparency after
nitrogen doping was similar to that after Ar etching (before
nitrogen-doping). This was confirmed that the sample
exposed to the N, 0.3 sccm plasma was not etched and was
adequately implemented the nitrogen-doped. The sample
exposed to N, 0.5, 1.0 sccm plasma was etched away to
confirm that graphene disappeared and some CN was
formed (Refer to FIG. 3). From a test result, it was confirmed
that the gas is suitable to supply at 0.3 sccm or less. In this
case, also, it will become apparent that the treatment time
may vary according to the treatment conditions or environ-
ment.

Production Example 1

A SiO, insulating layer was formed to a thickness of 100
nm over p-Si, which was a high doped according to a
common method. Subsequently, a shadow mask was depos-
ited on the substrate for patterning of the active layer on the
insulating payer, then the Ti layer and the graphene layer
were directly grown under the aforementioned conditions in
succession, and the graphene layers were nitrogen-doped,
thereby completing forming an active layer.

A first electrode/second electrode mask was precisely
disposed on a substrate having an active layer patterned
thereon, and a Ti layer (10 nm thick) and an Au layer (50 nm
thick), were successively deposited by sputtering under the
conditions shown below to form a first electrode and a
second electrode. [Ti layer: dc power of 20 W, base pressure
of 6.6x107* Pa, working pressure of 0.4 Pa, deposition time
of 3 minutes/Au layer: dc power of 12 W, base pressure of
6.6x10™* Pa, working pressure of 0.4 Pa, deposition time of
3 minutes 30 seconds] In this production example, Ti layer
and Au layer were applied to the first electrode and the
second electrode respectively, however, it does not exclude
a conductive material to be a single layer.

In production example 1, the size of an active layer is
approximately 800x1200 uM, with a width of the first
electrode and the second electrode is approximately 800 pm,
and the distance between the first electrode and the second
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electrode is approximately 200 uM in length. (Refer to FIG.
4B) This is due to the size of the shadow mask held by the
group of the present inventors, and since the smaller, the
size, the better the TFT characteristics, the present produc-
tion example is not intended to limit the sizes of the active
layer and the first and second electrodes

The fabricated transistor (Refer to FIG. 4A) was annealed
at room temperature to ~300° C.

Production Example 2

Except for a graphene layer (single layer, 0.4 nm in
thickness) being directly grown on the Ti layer (10 nm thick)
in the manner aforementioned to form a first electrode and
a second electrode, the production example 2 was performed
in the same method of production example 1 (Refer to FIG.
5).

Production Example 3

Except for a Ti layer and a graphene layer is directly
formed on a polyimide substrate in an oxygen-free ambient
in an above-mentioned manner to form a gate electrode, and
a gate insulating layer was formed of Al,O; (to nm thick),
the Production Example was performed in the same method
of production example 2 (Refer to FIG. 6).

Characteristics of Thin Film Transistor

The transfer curve, output curve, transistor characteristics
according to annealing conditions of a transistor fabricated
thus was analyzed.

Although not shown, it was confirmed that when the
fabricated TFT is exposed to the outside, the Ti layer under
the graphene layer is partially oxidized and converted to
TiO,_,.

Transistor of Production Example 1

As shown in FIG. 7, a transistor of production example 1
according to the present invention exhibited a very high
on/off ratio of 4.23x10” even before heat treatment and also
exhibited superior properties when compared to the conven-
tional nitrogen-doped graphene of 0.50 V/decade having a
threshold voltage of 1.5 V at the mobility of 72 cm?*/V's. It
may be confirmed that when the production example 1 of a
transistor is treated at 200, 250, 300° C., the performance of
the transistor is gradually improved. It is understood that
defects occurring between the active layer and the electrode
layer interface, which are produced when Au and Ti are
deposited on the first electrode and the second electrode by
DC sputtering, and the physical stress generated when
electrode layers are deposited are alleviated due to the heat
treatment so that the natural characteristics of the nitrogen-
doped graphene transistors are exhibited.

As shown in Table 3 below, these nitrogen-doped tran-
sistors exhibit excellent characteristics, including on/off
ratio (I, mobility, threshold voltage, subthreshold
swing (S.S.), and the like.

TABLE 3
No
Parameter Annealing 200° C. 250° C. 300° C.
I, 1.13 x 107%A 431 x 107%A 6.60 x 107*A 6.90 x 107*A
Ly 265 x 1077A 167 x 107PA 176 x 107°A 175 x 1073A
LTy 4.23 x 107 4.97 x 108 3.75 x 10° 3.84 x 10°
Mobility 72 cm?/V - s 127 cm?/V - s 301 cm?/V - s 303 cm?/V - s
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TABLE 3-continued
No
Parameter Annealing 200° C. 250° C. 300° C.
Vi 1.5V 044V 041V 039V
Subthreshold 0.50 0.21 0.11 0.11
Swing V/decade V/decade V/decade V/decade
Transistor of Production Example 2 10 Stress (NBS) and the Negative Bias Illumination Stress

As shown in FIG. 8, in a transistor of production example
2, a first electrode and a second electrode are replaced with
graphene/Ti electrodes. It was confirmed that when the heat
treatment was performed at 200, 250, 300° C., as in the case

(NBIS) measurements (Refer to FIG. 10). As a result of the
NBS measurement, production example 3 showed a very
stable device characteristic in which the measurement value
did not vary even after 3600 seconds, and in the NBIS

of the production example 1 of a transistor, the higher the 15 measurement in which Illumination was set at 1500 lux. This
temperature, the better the performance of the transistor was, has excellent characteristics with stability comparable to that
and the reason was as above-mentioned. of ZnON—F (oxide semiconductor, ACS Applied Materials

Accordingly, it has been confirmed that the graphene/Ti & Interfaces, 2017, 9, 24688), which has been reported to be
electrodes may be sufficient to replace the Au/Ti electrodes. very stable.

Further, as shown in Table 4 below, it may be seenthatthe 20  According to the present invention, as described above, a
replacement of the Auw/Ti electrode with the graphene/Ti graphene-based TFT may be utilized in a high-density
electrodes still has an excellent on/off ratio (I,,,,,,), mobility, semiconductor, a transistor, or the like, due to high carrier
threshold voltage, and subthreshold swing, and the like. mobility, and a sufficiently high on/off ratio.

TABLE 4
No
Parameter Annealing 200° C. 250° C. 300° C.
I, 1.05 x 107%A 2.31 x 107%A 3.47 x 107%A 3.50 x 10™%A
Ly 175 x 1002A 167 x 100°A 102 x 107°A 9.94 x 1074A
Lo/ Log 6.00 x 107 1.38 x 10° 3.40 x 10° 3.52 x 10°
Mobility 101 cm?/V - s 117 em?/V - s 291 cm?/V - s 2093 cm?/V - s
Vi 138V 044V 034V 033V
Subthreshold 0.34 0.26 0.10 0.10
Swing V/decade V/decade V/decade V/decade

Transistor of Production Example 3 Further, according to the present invention, a reduction of

As shown in FIG. 9, a transistor of production example 3 fabrication cost and a high-quality product is possible by
was fabricated for a transparent and flexible nitrogen-doped simplifying the fabrication process, in which graphene is
graphene transistor implementation by replacing the existing 40 synthesized continuously in the same equipment when an

Si-based substrate and gate insulating layer with a flexible PI
substrate and a flexible Al,0, gate insulating layer and using
the graphene/Ti first and second electrodes. It may be
confirmed that like in production example 1 and 2 when the
heat treatment was performed at 250° C., the performance of 45
the transistor is improved. The heat treatment test was
omitted at a higher temperature because of the degradation
of the PI substrate.

Further, as shown in Table 5 below, it may be seen that

exhibits excellent on/off ratio (I, mobility, threshold 30
voltage, and subthreshold swing, and the like, even in the
case of a flexible electrode is applied.
TABLE 5
55
Parameters No Annealing 250° C.
L, 1.53 x 1077A 2.29 x 107%A
Ly 114 x 107124 1.01 x 107134
L/log 1.34 x 10° 2.26 x 10°
Mobility 44 cm?/V -+ s 260 cm?/V -« s 60
Va 1V 0.8V
Subthreshold 1.07 0.22
Swing V/decade V/decade

The device stability of the production example 3 in which ¢s
a transparent and flexible nitrogen-doped graphene transis-
tor was fabricated was confirmed through the Negative Bias

active layer is formed.

What is claimed is:

1. A graphene-based TFT comprising:

a gate electrode;

a gate insulating layer disposed on the gate electrode;

an active layer including a TiO,_, layer directly disposed

on and above a partial region of the gate insulating
layer and a nitrogen-doped graphene layer directly
disposed on and above the TiO,_ . layer, which are
formed by directly growing a first graphene layer after
depositing a Ti layer on the gate insulating layer in an
oxygen-free atmosphere and then doping the first gra-
phene layer with nitrogen;

a first electrode disposed on a region of one side of the

active layer; and

a second electrode disposed on a region of the other side

of the active layer.

2. The graphene-based TFT of claim 1, wherein the gate
electrode includes a second graphene layer.

3. The graphene-based TFT of claim 1, wherein the first
electrode and the second electrode include a TiO, , layer
formed on the active layer and a third graphene layer formed
on the TiO, . layer of the first electrode and the second
electrode.

4. A fabrication method of a graphene-based TFT of claim
1, comprising the active layer formation in steps of:
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depositing a shadow mask corresponding to the shape of
the active layer to be formed on the gate insulating
layer, and depositing a titanium film having a thickness
of 3-10 nm;

growing a graphene thin film by in-situ to a remote
plasma-assisted chemical vapor deposition while main-
taining an oxygen-free ambient;

applying predetermined damage to the graphene thin film
grown by performing a remote plasma treatment;

exposing the damaged graphene thin film to a remote
plasma in an N2 ambient to perform nitrogen doping.

5. The method of claim 4, further comprising:

annealing for a predetermined time at 100-400° C. after
forming the first electrode and the second electrode,
subsequently forming the active layer.

#* #* #* #* #*
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