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FIG. 5A
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FIG. 6A
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FIG. 7
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1
ROLL-TO-ROLL TRANSFER METHOD OF
GRAPHENE, GRAPHENE ROLL PRODUCED
BY THE METHOD, AND ROLL-TO-ROLL
TRANSFER EQUIPMENT FOR GRAPHENE

This is a divisional of application Ser. No. 13/447,548,
filed Apr. 16, 2012, now U.S. Pat. No. 8,916,057, which is
a continuation of application No. PCT/KR2010/00714, filed
Oct. 16, 2010.

TECHNICAL FIELD

The present disclosure relates to a graphene roll-to-roll
transfer method, a graphene roll-to-roll transfer apparatus, a
graphene roll manufactured by the graphene roll-to-roll
transfer method, and uses thereof.

BACKGROUND ART

Fullerene, carbon nanotubes, graphene, graphite, and the
like are low-dimensional nano-materials composed of car-
bon atoms. That is, carbon atoms arranged in a hexagonal
shape may form zero-dimensional fullerene formed of a ball,
may form carbon nanotubes one-dimensionally rolled, may
form graphene of a two-dimensional monolayer, and may
form graphite three-dimensionally stacked.

In particular, graphene has very stable and excellent
electrical, mechanical, and chemical characteristics and is a
very excellent conductive material in which electrons can
move about 100 times faster than in silicon and current flows
about 100 times more than in copper. This was demonstrated
through experiments in 2004 when a method of separating
graphene from graphite was found. Since then, a great deal
of research on this matter has been carried out.

Herein, a graphene layer is subject to large-area synthesis
in a wafer substrate or a metal substrate, and, thus, in order
to apply the graphene layer to an electronic device, a process
of transferring the graphene layer to an electrode substrate of
the electronic device is needed. At present, as a transfer
method of a typical large-area graphene layer, there is a
method in which a wafer on which a graphene layer is grown
is adhered to a polydimethylsiloxane (PDMS) substrate and
while being immersed in an etching solution, the graphene
layer is transferred to the PDMS substrate by means of
catalytic etching. Through a process of transferring the
graphene layer of the PDMS to substrates, such as polyeth-
ylen terephthalate, polyimide film, and glass, of various
electronic devices, a large-area transfer of the graphene layer
can be made. In this transfer method of the graphene layer,
the catalytic etching is performed via the etching solution,
and, thus, a lot of time for etching is required. In case of a
large-area graphene layer (of about 4 inches or greater), a
transfer process needs catalytic etching for at least about one
or more days. If a graphene layer is commercially manu-
factured, such a long-time etching process may result in time
inefficiency and high cost in mass production of film, and,
thus, it may be difficult to apply to actual production.
Therefore, for industrial application of a graphene layer, a
method of transferring a large-area graphene film with low
cost in a short time is highly demanded.

DISCLOSURE OF THE INTENTION
Problems to be Solved by the Invention

In view of the foregoing, illustrative embodiments pro-
vide a graphene roll-to-roll transfer method capable of
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transferring a large-area graphene layer to various kinds of
flexible and/or extensible substrates with low cost, a gra-
phene roll-to-roll transfer apparatus, a graphene roll manu-
factured by the graphene roll-to-roll transfer method, and
uses thereof.

However, the problems to be solved by the present
disclosure are not limited to the above description and other
problems can be clearly understood by those skilled in the
art from the following description.

Means for Solving the Problems

In accordance with one aspect of the present disclosure,
there is provided a graphene roll-to-roll transfer method
comprising forming a layered structure including substrate-
graphene layer-first flexible substrate from a graphene layer
formed on a substrate and a first flexible substrate in contact
with the graphene layer by a first roller unit; and immersing
the layered structure in an etching solution and passing
through the etching solution by using a second roller unit to
remove the substrate from the layered structure and to
transferring the graphene layer onto the first flexible sub-
strate at the same time.

In accordance with another aspect of the present disclo-
sure, there is provided a graphene roll-to-roll transfer appa-
ratus comprising a first roller unit that forms a layered
structure including substrate-graphene layer-first flexible
substrate; and a second roller unit that removes the substrate
from the layered structure by immersing the layered struc-
ture provided by the first roller unit into an etching solution
and transfers the graphene layer onto the first flexible
substrate at the same time.

In accordance with still another aspect of the present
disclosure, there is provided a graphene roll comprising a
graphene layer formed on a flexible substrate by roll-to-roll
transfer process.

In accordance with still another aspect of the present
disclosure, there is provided a device manufactured by using
a graphene roll comprising a graphene layer formed on a
flexible.

Effect of the Invention

In accordance with the illustrative embodiments, it is
possible to easily transfer a large-area graphene layer to a
flexible substrate with low cost in a short time by a roll-to-
roll etching and/or transfer process. Further, a technique of
transferring the graphene layer on the flexible substrate by
the roll-to-roll process can be applied to a process of
manufacturing various devices and flexible electronic
devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing a process of transferring a
large-area graphene layer onto a second flexible substrate
and a transfer apparatus related thereto in accordance with
an illustrative embodiment;

FIG. 2 is a diagram showing a graphene roll-to-roll
transfer apparatus in accordance with an illustrative embodi-
ment;

FIG. 3 is a diagram showing a graphene roll-to-roll
transfer apparatus further performing a cleaning and/or
drying process in accordance with an illustrative embodi-
ment;
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FIGS. 4A and 4B are diagrams showing a graphene
roll-to-roll transfer apparatus further performing a protec-
tion layer forming process in accordance with an illustrative
embodiment;

FIGS. 5A to 5C illustrate cross sections of a graphene roll
in accordance with an illustrative embodiment;

FIGS. 6A to 6D illustrate cross sections of sheet-shaped
graphene in accordance with an illustrative embodiment;

FIG. 7 provides photos showing a procedure of growing
and transferring a large-area graphene layer in accordance
with an example 1;

FIG. 8 is a diagram of a process of growing a graphene
film on roll-shaped Cu foil in accordance with the example
1;

FIG. 9 is a graph showing optical characteristics of the
graphene film grown on the Cu foil in accordance with the
example 1;

FIG. 10 is a graph showing optical characteristics of a
graphene layer grown on Cu foil in accordance with an
example 2, and FIG. 10(a) shows a Raman spectrum when
one to four graphene layers are stacked and FIG. 10(5) is a
graph showing transmittance at that time;

FIGS. 11A to 11D are graphs showing electrical charac-
teristics of the graphene layer grown on the Cu foil in
accordance with the example 2. FIG. 11A is a graph showing
a resistance change when one to four graphene layers are
transferred by using a roll-to-roll transfer method, FIG. 11B
is a graph for comparison with conventional transparent
electrode materials, FIG. 11C is a graph confirming that a
quantum hall effect occurs and proving that a quality of
graphene is very high, and FIG. 11D is a graph showing that
flexibility of graphene is very high;

FIG. 12 is a image showing a grain size when the
graphene layer is grown on the Cu foil having various
thicknesses in accordance with the example 2, the image
confirming that as a graphene layer is grown at high tem-
peratures, a grain size is increased;

FIG. 13 is a scanning electron microscope (SEM) image
obtained after the graphene layer grown on the Cu foil in
accordance with the example 2 is transferred to a flexible
PET substrate by a roll-to-roll transfer method;

FIG. 14 is an atomic force microscope (AFM) image
obtained after the graphene layer grown on the Cu foil in
accordance with the example 2 is transferred to a flexible
PET substrate; and

FIG. 15 is a image showing the number of graphene layers
observed by a transmission electron microscope (TEM), the
graphene layers grown on the Cu foil in accordance with the
example 2 and shifted to a TEM grid.

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinafter, embodiments and examples of the present
disclosure will be described in detail with reference to the
accompanying drawings so that the present disclosure may
be readily implemented by those skilled in the art.

However, it is to be noted that the present disclosure is not
limited to the embodiments and examples but can be embod-
ied in various other ways. In drawings, parts irrelevant to the
description are omitted for the simplicity of explanation, and
like reference numerals denote like parts through the whole
document.

Through the whole document, the term “on” that is used
to designate a position of one layer or element with respect
to another layer or element includes both a case that the one
layer or element is adjacent to the another layer or element
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and a case that any other layer or element exists between
these two layers or elements. Further, the terms “comprises
or includes” and/or “comprising or including” used in the
document means that one or more other components, steps,
operation and/or existence or addition of elements are not
excluded in addition to the described components, steps,
operation and/or elements unless context dictates otherwise.

The term “about or approximately” or “substantially” are
intended to have meanings close to numerical values or
ranges specified with an allowable error and intended to
prevent accurate or absolute numerical values disclosed for
understanding of the present disclosure from being illegally
or unfairly used by any unconscionable third party.

The term “graphene layer” means layer or sheet-shaped
graphene in which numerous carbon atoms are joined
together with a multiple covalent bond to form a polycyclic
aromatic molecule and the carbon atoms joined together
with a multiple covalent bond have a six-membered ring as
a fundamental repeat unit and may further include a five-
membered ring and/or a seven-membered ring. Therefore,
the graphene layer looks like a monolayer of carbon atoms
forming covalent bonds (typically, sp> bonding). The gra-
phene layer may have various structures and these structures
may depend on a five-membered ring content and/or a
seven-membered ring content of graphene. As described
above, the graphene layer may be formed of a monolayer of
graphene and can be formed of multiple stacked layers.
Typically, a side end of the graphene may be saturated with
hydrogen atoms.

The term “roller unit” means a roll-to-roll apparatus
comprised of one or more rollers and a shape and/or a size
and/or arrangement of rollers are not limited.

A graphene roll-to-roll transfer method in accordance
with one aspect of the present disclosure includes forming a
layered structure including substrate-graphene layer-first
flexible substrate from a graphene layer formed on a sub-
strate and a first flexible substrate in contact with the
graphene layer by a first roller unit; and immersing the
layered structure in an etching solution and passing through
the etching solution by using a second roller unit to remove
the substrate from the layered structure and to transferring
the graphene layer onto the first flexible substrate at the same
time.

In an illustrative embodiment, the graphene roll-to-roll
transfer method may further include, but is not limited to,
transferring the graphene layer on the first flexible substrate
onto a second flexible substrate by a third roller unit.

In the illustrative embodiment, the graphene roll-to-roll
transfer method may further include, but is not limited to,
performing a heat treatment to the graphene layer at the
same time when the graphene layer is transterred onto the
second flexible substrate.

In the illustrative embodiment, a first roller unit to a fifth
roller unit may include one or more rollers. If the first to fifth
roller units include a plurality of rollers, a position and a
shape of each roller which can be typically used to perform
a roll-to-roll process in the art are not limited.

In the illustrative embodiment, the first roller unit may be,
but is not limited to, an adhesion roller.

In the illustrative embodiment, the second roller unit and
the third roller unit may be, but are not limited to, transfer
rollers.

In the illustrative embodiment, the transferring the gra-
phene layer onto a second flexible substrate is performed by
rolling the first flexible substrate onto which the graphene
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layer is transferred and the second flexible substrate in
contact with the graphene layer by, but not limited to, a
transfer roller.

In the illustrative embodiment, the graphene roll-to-roll
transfer method may further include, but is not limited to,
forming a protection layer on the graphene layer transferred
onto the first flexible substrate or on the graphene layer
transferred onto the second flexible substrate by a fourth
roller unit.

In the illustrative embodiment, the graphene roll-to-roll
transfer method may further include, but is not limited to,
cleaning and/or drying the graphene layer transferred onto
the first flexible substrate.

In the illustrative embodiment, each of the first flexible

substrate and the second flexible substrate has one or more
characteristics including transparency, flexibility, and
extendibility.

In the illustrative embodiment, the graphene layer formed
on the substrate is formed by, but not limited to, supplying
heat and a reaction gas containing a carbon source to the
substrate to make a reaction and grow graphene on the
substrate. Herein, the growth of the graphene layer can be
carried out under a atmospheric pressure, a low pressure, or
a vacuum. If the process is carried out under a atmospheric
pressure, a large-area graphene layer can be manufactured
through a simple process with low cost. Further, the process
is carried out under a low pressure or a vacuum, a high-
quality graphene layer can be manufactured.

In the illustrative embodiment, the substrate has one or
more characteristics including, but not limited to, transpar-
ency, flexibility, and extendibility.

In the illustrative embodiment, the substrate contains one
or more metals or alloys selected from the group consisting
of, but not limited to, silicon, Ni, Co, Fe, Pt, Au, Al, Cr, Cu,
Mg, Mn, Mo, Rh, Si, Ta, Ti, W, U, V, Zr, brass, bronze, white
brass, stainless steel, and Ge.

In the illustrative embodiment, the substrate further con-
tains, but is not limited to, a catalyst layer. The catalyst layer
serves as a catalyst for graphene growth and the catalyst
layer contains one or more metals or alloys selected from the
group consisting of, but not limited to, Ni, Co, Fe, Pt, Au, Al,
Cr, Cu, Mg, Mn, Mo, Rh, Si, Ta, Ti, W, U, V, Zr, brass,
bronze, white brass, stainless steel, and Ge.

In the illustrative embodiment, the substrate has, but is not
limited to, a roll shape, a foil shape, a tube shape, a plate
shape, sheet shape or a wire shape and more desirably, in a
roll shape or foil shape.

In the illustrative embodiment, each of the first flexible
substrate and/or the second flexible substrate contains a
polymer, for example, but not limited to, a thermal release
polymer. The thermal release polymer can be selected appro-
priately from those known in the art by those skilled in the
art. By way of example, as the first flexible substrate, PDMS
and various poly urethane-based films known in the art can
be used. Otherwise, a water-based adhesive as an eco-
friendly adhesive, a water-soluble adhesive, a vinyl acetate
emulsion adhesive, a hot-melt adhesive, a photo curable
(UV, visible light, electron ray, UV/EB curable) adhesive,
and a photosoftening (UV, visible light, electron ray,
UV/EB) tape can be used. Further, PBI (polybenizimida-
zole), PI (polyimide), silicone/imide, BMI (bismaleimide),
and modified epoxy resin as a high-temperature adhesive
can be used. Furthermore, a typical adhesive tape can be
used.

In the illustrative embodiment, an adhesive layer is
formed on the first flexible substrate in contact with the
graphene layer and the adhesive layer is formed of, but not
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limited to, an adhesive tape, glue, epoxy resin, a photosoft-
ening tape (UV, visible light, electron ray, UV/EB), a
thermal release tape or a water-soluble tape. The adhesive
layer makes it easy to adhere and/or release the graphene
layer.

In the illustrative embodiment, a substrate to which a
roll-to-roll process can be applied can be used as the first
flexible substrate and/or the second flexible substrate. By
way of example, the large-area graphene layer can be
transferred to various substrates, such as PET (polyethylen
terephthalate), polyimide film, glass, PEN (polyehylene
naphthalate), PC (polycarbonate), plastic, and rubber, of
electronic devices.

In the illustrative embodiment, the etching solution is a
solution capable of selectively etching and removing a metal
foil layer that contains the catalyst. By way of example, the
etching solution may be a solution containing, but not
limited to, ammonium persulfate (NH,),S,0;), HF, BOE,
Fe(NO,);, iron(IIl) chloride (FeCl;) or CuCl,,.

As described above, in the graphene roll-to-roll transfer
method, a graphene layer can be transferred to various
substrates through a simple process with low cost. The
graphene is highly transparent, so that it can be applied to
various electrical and electronic devices and particularly,
electrodes of various electrical and electronic devices. By
way of example, a graphene transparent electrode can be
applied for photo electromagnetic application to various
electrodes of various electrical and electronic devices such
as next-generation field effect transistors requiring flexibility
and/or extendibility or diodes, or solar cells, touch sensors
and a flexible electronic technical field related thereto.

A graphene roll-to-roll transfer apparatus in accordance
with another aspect of the present disclosure includes a first
roller unit that forms a layered structure including substrate-
graphene layer-first flexible substrate; and a second roller
unit that removes the substrate from the layered structure by
immersing the layered structure provided by the first roller
unit into an etching solution and transfers the graphene layer
onto the first flexible substrate at the same time.

In an illustrative embodiment, the graphene roll-to-roll
transfer apparatus may further include, but is not limited to,
a third roller unit that transfers the graphene layer trans-
ferred from the first flexible substrate onto a second flexible
substrate.

In the illustrative embodiment, the graphene roll-to-roll
transfer apparatus may further include, but is not limited to,
a fifth roller unit provided between the second roller unit and
the third roller unit and configured to perform a cleaning
process and/or drying process to the layered structure.

In the illustrative embodiment, the graphene roll-to-roll
transfer apparatus may further include, but is not limited to,
a fourth roller unit that forms a protection layer on the
graphene layer formed on the first flexible substrate or the
graphene layer formed on the second flexible substrate.

Besides, the graphene roll-to-roll transfer apparatus may
include all the matters of the graphene roll-to-roll transfer
method as described above, but redundant description
thereof will be omitted for convenience sake.

In accordance with still another aspect of the present
disclosure, there is provided a graphene roll including a
graphene layer formed on a flexible substrate by a roll-to-
roll transfer method.

In an illustrative embodiment, the graphene layer may
include, but is not limited to, one to fifty layers of graphene.

In the illustrative embodiment, the graphene roll may
further include, but is not limited to, a protection layer.
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In the illustrative embodiment, the graphene roll is manu-
factured by a graphene roll-to-roll transter method in accor-
dance with an illustrative embodiment. Besides, the gra-
phene roll may include all the matters of the graphene
roll-to-roll transfer method or the graphene roll-to-roll trans-
fer apparatus as described above, but redundant description
thereof will be omitted for convenience sake.

In accordance with still another aspect of the present
disclosure, there is provided a device manufactured by using
a graphene roll formed on a substrate in accordance with an
illustrative embodiment.

In an illustrative embodiment, the graphene roll formed
on a substrate in accordance with an illustrative embodiment
is manufactured by, but not limited to, any one of graphene
roll-to-roll transfer methods in accordance with illustrative
embodiments.

In the illustrative embodiment, the device is formed on a
substrate having one or more characteristics including, but
not limited to, transparency, flexibility, and extendibility.

In the illustrative embodiment, the graphene is contained
as, but not limited to, an electrode material. Besides, the
device may include all the matters of the graphene roll-to-
roll transfer method or the graphene roll-to-roll transfer
apparatus as described above, but redundant description
thereof will be omitted for convenience sake.

Hereinafter, illustrative embodiments and examples of a
graphene roll-to-roll transfer method and transfer apparatus,
and a graphene roll manufactured by using the same will be
explained in detail with reference to the accompanying
drawings. However, the present disclosure is not limited
thereto.

FIG. 1 is a diagram showing a process of transferring a
large-area graphene layer 20 onto a first flexible substrate 31
and/or a second flexible substrate 32 and a transfer apparatus
related thereto in accordance with an illustrative embodi-
ment.

To be more specific, the above-described process includes
forming a stacked (layered) body 50 of metal substrate-
graphene layer-first flexible substrate by bringing the first
flexible substrate 31 into contact with the graphene layer 20
formed on a substrate 10 and allowing a first roller unit 110
to pass therethrough (step S1); removing the substrate 10
from the layered structure 50 and transferring the graphene
layer 20 onto the first flexible substrate 31 by allowing a
second roller unit 120 to pass through the layered structure
50 which is immersed in an etching solution 60 (step S2);
and transferring the graphene layer 20 on the first flexible
substrate 31 onto the second flexible substrate 32 by using
a third roller unit 130 (step S3). Herein, the first roller unit
110 may be an adhesion roller and the second roller unit 120
and the third roller unit 130 may be transfer rollers.

Herein, the substrate 10 may be provided alone or may
further include a catalyst layer (not illustrated). A material of
the substrate 10 is not limited and may contain one or more
metals or alloys selected from the group consisting of, for
example, silicon, Ni, Co, Fe, Pt, Au, Al, Cr, Cu, Mg, Mn,
Mo, Rh, Si, Ta, Ti, W, U, V, Zr, brass, bronze, white brass,
stainless steel, and Ge. If the substrate 10 is made of metal,
the metal substrate 10 may serve as a catalyst for forming a
graphene layer. However, the substrate 10 may not be made
of metal. By way of example, the substrate 10 may be made
of'silicon and a silicon oxide layer obtained by oxidizing the
silicon substrate 10 for forming a catalyst layer may be
further formed on the silicon substrate 10.

Further, a catalyst layer may be formed on the substrate 10
to make it easy to grow the graphene layer 20. The catalyst
layer is not limited in material, thickness, and shape. By way
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of example, the catalyst layer may be made of one or more
metals or alloys selected from the group consisting of Ni,
Co, Fe, Pt, Au, Al, Cr, Cu, Mg, Mn, Mo, Rh, Si, Ta, Ti, W,
U, V, Zr, brass, bronze, white brass, stainless steel, and Ge,
or may be made of the same material or a different material
as compared with the substrate 10. Further, the catalyst layer
is not limited in thickness and can be a thin film or a thick
film.

As a method of forming the graphene layer 20 on the
substrate 10, a chemical vapor deposition method typically
used in the art for growing graphene can be used without
limitation. By way of example, the chemical vapor deposi-
tion method may include, but is not limited to, rapid thermal
chemical vapor deposition (RTCVD), inductively coupled
plasma-chemical vapor deposition (ICP-CVD), low pressure
chemical vapor deposition (LPCVD), atmospheric pressure
chemical vapor deposition (APCVD), metal organic chemi-
cal vapor deposition (MOCVD) or plasma-enhanced chemi-
cal vapor deposition (PECVD).

A process of growing the graphene layer 20 can be carried
out under a atmospheric pressure, a low pressure, or a
vacuum. By way of example, if the process is carried out
under a atmospheric pressure, helium (He) may be used as
a carrier gas, so that it is possible to minimize damage to
graphene caused by collisions against heavy argon (Ar) at
high temperatures. Further, if the process is carried out under
a atmospheric pressure, it is possible to manufacture a
large-area graphene layer through a simple process with low
cost. Meanwhile, if the process is carried out under a low
pressure or a vacuum, hydrogen (H,) is used as an ambient
gas and by increasing a temperature, an oxidized surface of
a metallic catalyst is deoxidized, so that high-quality gra-
phene can be manufactured.

The graphene layer 20 manufactured by the above-de-
scribed method may have a large area with a horizontal or
longitudinal length of about 1 mm to about 1000 m. Further,
the graphene layer 20 includes a graphene layer having a
homogeneous structure with few or zero defects. The gra-
phene layer 20 manufactured by the above-described
method may include one or more layers of graphene. For
non-limited example, a thickness of the graphene layer 20
can be adjusted between one layer and fifty layers.

In an illustrative embodiment of forming the graphene
layer 20 on the substrate 10, a roll-shaped metal substrate is
put in a pipe-shaped furnace, a reactant gas containing a
carbon source is supplied thereto, a heat treatment is per-
formed under a atmospheric pressure to grow a graphene
layer, and the graphene layer 20 formed on the metal
substrate is brought into contact with the first flexible
substrate 31 by using the first roller unit 110, so that the
layered structure 50 of metal substrate-graphene layer-first
flexible substrate can be formed. If a heat treatment is
performed in a range of, for example, from about 300° C. to
about 2000° C. while the carbon source such as carbon
monoxide, carbon dioxide, methane, ethane, ethylene, etha-
nol, acetylene, propane, butane, butadiene, pentane, pentene,
cyclopentadiene, hexane, cyclohexane, benzene, and toluene
is supplied in the form of gas, carbon components contained
in the carbon source are combined with each other to form
a hexagonal plate structure and the graphene layer 20 can be
grown.

To be specific, the first flexible substrate 31 is brought into
contact with the graphene layer 20 formed on the substrate
and provided to the first roller unit 110. The first flexible
substrate 31 may further include an adhesive layer formed
on its surface to make it easy to transfer the graphene layer
from the substrate. A material of the adhesive layer is not
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limited if it can be usually used by those skilled in the art for
easy transfer. By way of example, the adhesive layer may
include, but is not limited to, an adhesive tape, glue, epoxy
resin), a photosoftening tape (UV, visible light, electron ray,
UV/EB), a thermal release tape or a water-soluble tape.

The above-described chemical vapor deposition method
is advantageous for growing large-area graphene but
requires a hard substrate that can resist an etching process
for removing a catalyst layer and a high temperature of about
900° C. or more. Thus, in the chemical vapor deposition
method, a use of graphene grown on the substrate or a use
of a polymer substrate at low temperatures may be limited.

Therefore, in the present disclosure, a process of trans-
ferring a graphene layer onto a flexible substrate using a
roll-to-roll process is fundamentally required for a flexible/
extendible polymer-based electronic device. However, the
transfer of the graphene layer is limited in a range of several
inches due to inhomogeneity of reaction temperatures in a
CVD furnace and a limitation on a size of the hard substrate.
Therefore, in the present disclosure, a large-area graphene
layer is easily transferred by using a roll-to-roll transfer
apparatus. Hereinafter, a process of transferring a graphene
layer using a roll-to-roll process will be explained in more
detail.

As described above, the layered structure 50 of metal
substrate-graphene layer-first flexible substrate is formed by
bringing the first flexible substrate 31 into contact with the
graphene layer 20 formed on the substrate 10 and allowing
the first roller unit 110 to pass therethrough (step S1). Before
the layered structure 50 is provided to the second roller unit
120, a cooling process or a plasma process as a pre-treatment
may be further performed thereto. The first roller unit 110
may be configured as a pair of a lower roller and an upper
roller facing each other as depicted in FIG. 1 and may further
include a plurality of rollers if necessary. By way of
example, if a process in step S1 takes a long time, a plurality
of rollers may be further provided on the metal substrate in
order to prevent the graphene layer 20, the first flexible
substrate 31 or the layered structure 50 from being bent or
drooping downwards.

Then, the substrate 10 is removed from the layered
structure 50 and at the same time, the graphene layer 20 is
transferred onto the first flexible substrate 31 by allowing the
second roller unit 120 to pass through the layered structure
50 which is immersed in the etching solution 60 (step S2).
The etching solution 60 is an aqueous solution capable of
selectively etching only a substrate or a substrate including
a catalyst layer and may include, but is not limited to,
ammonium persulfate (NH,),S,05), HE, BOE, Fe(NO,),,
iron(IIT) chloride (FeCl;) and CuCl,. The etching solution
may be selected depending on a kind of a substrate. By way
of example, if the substrate is made of Ni or Cu, an etching
process may be performed by using FeCl;. Instead of the
above-described etching process, the substrate can be
removed by a reactive ion etching process, an ion milling
process, or an ashing process.

The etching process of removing the metal substrate may
be performed one or more times if necessary. By way of
example, the etching process may be performed once as
depicted in FIG. 1 or the etching process may be repeated
several times by using the second roller unit 120 as depicted
in FIG. 2. Referring to FIG. 2, in the etching process,
numerous rollers are repeatedly arranged at lower and upper
sides within a chamber and the layered structure is immersed
in the etching solution several times and passes there-
through. By repeating the etching process several times, the
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substrate included in the layered structure 50 or the substrate
including the catalyst layer can be removed completely.

Ifthe etching process is repeated several times as depicted
in FIG. 2, etching solutions with different concentrations
may be used and an etching degree can be adjusted with the
concentrations of the etching solutions. By way of example,
if a large amount of the metal substrate needs to be removed
at once at an inlet of the second roller unit 120, an etching
solution with a high concentration can be used, and at an end
of the second roller unit 120 where a small amount of the
metal substrate needs to be further removed, an etching
solution with a low concentrations can be used.

Through the above-described etching process, the sub-
strate 10 is removed from the layered structure 50 and the
graphene layer 20 formed on the substrate 10 is transferred
to the first flexible substrate 31 by removing the metal
substrate.

As depicted in FIG. 2, if the second roller unit 120 is
configured as a chamber, a control device for controlling a
temperature within the chamber and/or a control device for
controlling concentration of the etching solution may be
further provided.

Before the graphene layer 20 formed on the first flexible
substrate 31 by the above-described method is provided to
the third roller unit 130, a cleaning process and/or a drying
process may be further performed to the graphene layer 20
transferred onto the first flexible substrate 31. The cleaning
process and/or the drying process may be performed by
means of a roll-to-roll process. By way of example, as
depicted in FIG. 3, each of the cleaning process and/or the
drying process may be performed in a fifth roller unit 150
that includes a plurality of rollers. The cleaning process may
be performed by using IPA (isopropyl alcohol), deionized
water, and the like in order to remove chemical residues
from the graphene layer 20.

Finally, the graphene layer 20 on the first flexible sub-
strate 31 is transferred onto the second flexible substrate 32
by using the third roller unit 130 (step S3). To be more
specific, the first flexible substrate 31 to which the graphene
layer 20 is transferred and the second flexible substrate 32 in
contact with the graphene layer 20 are rolled by a transfer
roller, so that the graphene layer 20 can be transferred onto
the second flexible substrate 32. By performing a heat
treatment together with the rolling treatment, the graphene
layer 20 may be easily detached from the first flexible
substrate 31. Therefore, through the above-described pro-
cess, the large-area graphene layer 20 can be transferred
onto the second flexible substrate 32 from a graphene
growth support and the transfer process can be performed
more easily with low cost in a short time.

A protection layer 60 may be formed to protect the
graphene layer 20 formed on a flexible substrate 30 by the
above-described roll-to-roll transfer method. The roll-to-roll
process may also be performed to the protection layer 60.

As depicted in FIG. 4A, by way of example, the protec-
tion layer 60 may be formed on the graphene layer 20
transferred onto the first flexible substrate 31. Further, as
depicted in FIG. 4B, the protection layer 60 may be formed
on the graphene layer 20 transferred onto the second flexible
substrate 32. The protection layer 60 is used to protect the
graphene layer 20 formed on the flexible substrate and is not
limited in material. By way of example, the protection layer
60 may include, but is not limited to, PMMA (poly methyl
methacrylate), PR (photoresist), ER (electron resist), SiO_ or
AlO,.

FIG. 5 illustrates a cross section of the graphene layer 20
formed by the above-described method on the flexible
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substrate 30. Referring to FIGS. 5A to 5C, the graphene
layer 20 formed on the flexible substrate 30 has a roll shape.
To be more specific, FIG. 5A illustrates the graphene layer
20 on the roll-shaped second flexible substrate 32 which can
be manufactured in accordance with the illustrative embodi-
ment depicted in FIG. 2. Further, as depicted in FIG. 5¢, the
protection layer 60 may be further formed on the graphene
layer 20.

As depicted in FIG. 5B, the graphene roll may be formed
on the first flexible substrate 31 as well as the second flexible
substrate 32.

FIG. 5 illustrates only the roll-shaped graphene layer
formed on the flexible substrate, but the graphene layer may
be formed in a sheet shape as depicted in FIG. 6. That is, the
graphene layer 20 may be formed on a sheet-shaped flexible
substrate. By way of example, the graphene layer 20 may be
formed on the first flexible substrate 31 or on the second
flexible substrate 32 and the protection layer 60 may be
further formed on the graphene layer 20. Although not
illustrated in FIGS. 5 and 6, the graphene layer formed on
the flexible substrate may be formed in various shapes, for
example, but not limited to, a foil shape, a tube shape, a plate
shape, sheet shape or a wire shape.

Hereinafter, there will be provided detailed explanation
with reference to examples of the present disclosure but the
present disclosure is not limited thereto.

FIG. 7 provides photos showing a roll-based synthesis
and transfer process of the graphene in accordance with
present illustrative embodiments: a) shows a copper foil
wrapping around a 7.5-inch quartz tube to be inserted into an
8-inch quartz reactor and the lower image shows a stage in
which the copper foil reacts with CH,, and H, gases at high
temperatures; b) shows a roll-to-roll transfer of graphene
films from a thermal release tape to a PET film at about 120°
C.; ¢) shows a transparent ultralarge-area graphene film
transferred onto a 35-inch PET sheet; d) shows a screen
printing process of silver paste electrodes on a graphene/
PET film and the inset shows 3.1-inch graphene/PET panels
patterned with silver electrodes before assembly; e) shows
an assembled graphene/PET touch panel showing outstand-
ing flexibility; and f) shows a graphene-based touch-screen
panel connected to a computer with control software.

In the following illustrative embodiments, for graphene
synthesis, an 8-inch wide tubular quartz reactor (FIG. 7(a))
is used in a CVD system, allowing a monolayer graphene
film to be synthesized on a roll of copper foil with dimen-
sions as large as about 30 inches in a diagonal direction
(FIG. 7(c)). A temperature gradient usually exists depending
on a radial position within the tubular reactor and this
sometimes results in inhomogeneous growth of the graphene
on the copper foil. In order to solve this problem, a ~7.5-inch
quartz tube wrapped with copper foil is inserted and sus-
pended inside an 8-inch quartz tube. In this manner, radial
inhomogeneity in reaction temperatures can be minimized.

Example 1

1. Growth of Large-Area Graphene Layer on Copper Foil
under Atmospheric Pressure

Roll-shaped Cu foil (thickness: about 25 um and dimen-
sion: about 210x297 mm?, Alfa Aesar Co.) was loaded into
a quartz tube and then heated at about 1000° C. under a
atmospheric pressure. A gas mixture (CH,:H,:He=50:15:
1000 sccm) containing a carbon source was supplied, so that
graphene was grown on the Cu foil. Thereafter, while
moving a furnace and flowing Ar or He, the Cu foil was
cooled at the normal temperature at a speed of about ~10°
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C./s in a short time (FIG. 8) and the graphene layer grown
on the Cu foil was obtained. The obtained graphene was
transferred to a PET substrate and transmittance (about 95%
at about 550 nm) was measured and depicted in a graph
(FIG. 9(b)).

2. Roll-to-Roll Transfer Process

Then, a thermal release tape was adhered to the graphene
layer formed on the Cu foil by an adhesion roller. Subse-
quently, a layered structure of Cu foil-graphene layer-ther-
mal release tape was immersed in an etching solution of
about 0.5 M FeCl; or ammonium persulfate (NH,),S,05)
and the Cu foil was etched and removed through an elec-
trochemical reaction. Thereafter, the graphene layer was
contacted to a second flexible substrate and rolled by a
transfer roller with applying heat thereto, so that the gra-
phene layer was detached from the thermal release tape. In
this manner, the graphene layer was transferred to the second
flexible substrate (FIG. 7).

FIG. 9 is a spectrum showing optical characteristics of a
graphene layer grown on a graphene growth support in
accordance with the present example. A Raman spectrum of
FIG. 9(a) shows that the graphene layer synthesized on the
graphene growth support foil including a graphene growth
metal catalyst layer dominantly includes a monolayer or
bilayer of graphene and includes a small D-band peak that
represents a high-quality graphene structure. Referring to
FIG. 9(b), the graphene layer grown on the graphene growth
support has transmittance of about 95% and sheet resistance
of about ~510 Ohm/square.

Example 2

A roll-to-roll transfer process in accordance with the
present example includes the following steps (see FIG. 1):
(1) adhesion of polymer supports to a graphene layer on
copper foil; (ii) etching of the copper foil; and (iii) release
of the graphene layer and transfer onto a target substrate.

In the adhesion step, the graphene layer, grown on the
copper foil, was adhered to a thin polymer film coated with
an adhesive layer by passing between two rollers. In the
subsequent step, the copper foil was removed through an
electrochemical reaction with an aqueous 0.1 M ammonium
persulphate solution ((NH,),S,0y). Finally, the graphene
layer was transferred from the polymer support onto the
target substrate by removing an adhesive force holding the
graphene layer. When using a thermal release tape, the
graphene layer was detached from the tape and released to
counter-substrates by a thermal treatment (FIG. 1). If the
target substrate is directly bonded to the copper foil in the
first step by permanent adhesion, the third step is not needed.

In the first step of synthesis, a roll of copper foil was
inserted into a tubular quartz tube and then heated to about
1000° C. with a H, flow rate of about 8 sccm at about 90
mtorr. After reaching 1000° C., the sample was annealed for
about 30 minutes without changing the flow rate or pressure.
The copper foil was additionally heat-treated to increase a
grain size from a few micrometers to about ~100 mm. A gas
mixture of CH, and H, was then flowed at about 460 mtorr
with rates of about 24 sccm and about 8 sccm for about 30
minutes, respectively. Finally, the sample was rapidly cooled
to the room temperature (about ~10° C./s) with flowing H,
under a pressure of about 90 mtorr (FIG. 7).

After the growth, the graphene layer grown on the copper
foil was adhered to a thermal release tape (Jinsung Chemical
Co. and Nitto Denko Co.) by applying soft pressure (about
~0.2 MPa) between two rollers. After etching the copper foil
in a plastic bath filled with a copper etching solution, the
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transferred graphene film on the tape was rinsed with
deionized water to remove residual etching solution, and
was then ready to be transferred to any kind of flat or curved
surface on demand. The graphene film on the thermal release
tape was inserted between the rollers together with a target
substrate and exposed to mild heat (about ~90° C. to about
120° C.), achieving a transfer rate of about ~150 mm/min to
about 200 mm/min and resulting in the transfer of the
graphene layer from the tape to the target substrate (FIG.
7(b)). By repeating these steps on the same substrate, a
multilayered graphene film was prepared and the multilay-
ered graphene film exhibited enhanced electrical and optical
characteristics. FIG. 7(c¢) shows a 30-inch multilayer gra-
phene film transferred to a roll of 188-um-thick polyethylene
terephthalate (PET) substrate. FIG. 7(d) shows a screen-
printing process used to fabricate four-wire touch-screen
panels based on graphene/PET transparent conductive films.
After printing electrodes and dot spacers, upper and lower
panels were carefully assembled and connected to a con-
troller installed in a laptop computer (FIGS. 7(e) to 7(f)) and
these panels showed extraordinary flexibility as described
below (FIG. 114). Scalability and processability of the CVD
graphene and roll-to-roll method described in the present
example are expected to enable continuous production of
graphene-based electronic devices at large scales.

FIG. 10 shows optical characteristics of a graphene film
grown on a SiO,/silicon substrate and a PET substrate by
using a roll-to-roll transfer method. FIG. 10(a) shows a
Raman spectrum of graphene films with different numbers
of stacked layers and a left inset shows a photograph of
transferred graphene layers on a 4-inch SiO, (300 nm)/
silicon wafer. The right inset is a typical optical microscope
image of monolayer graphene showing >95 monolayer
coverage. A PMMA -assisted transfer method is used for this
sample. FIG. 10(b) shows a UV-vis spectrum of a graphene
film transferred onto a quartz substrate by using a roll-to-roll
transfer method. As described above, the graphene film
seems to be predominantly composed of a grapheme mono-
layer when analyzed using Raman spectra (FIG. 10(a)).
However, atomic force microscope (AFM) images and
transmission electron microscope (TEM) images often show
bilayer and multilayer islands (FIGS. 12 and 15). As the
graphene layers were transferred one after another, intensi-
ties of G- and 2D-band peaks increased together, but their
ratios did not change significantly. This was because hex-
agonal lattices of upper and lower layers were randomly
oriented, unlike in graphite. Thus, original properties of each
monolayer remained unchanged even after the monolayers
were stacked into multilayers. This was clearly different
from a case of multilayer graphene exfoliated from graphite
crystals. The randomly stacked layers behaved indepen-
dently without a significant change in electronic band struc-
tures, and overall conductivity of the graphene layers
appeared to be proportional to the number of stacked layers.
The optical transmittance was usually reduced by about
~2.2% to about 2.3% for additional transfer, implying that an
average thickness was of a monolayer.

A unique electronic band structure of graphene allows
modulation of charge carrier concentrations depending on an
electric field induced by gate bias or chemical doping,
resulting in enhancement of sheet resistance. Electrical
characteristics of the graphene film formed by using layer-
by-layer stacking methods were also investigated.

FIG. 11 is a graph showing electrical characteristics of a
graphene layer transferred by a roll-to-roll method.

FIG. 11A shows sheet resistance of transferred graphene
films using a roll-to-roll (R2R) dry-transfer method com-
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bined with thermal release tapes and a PMMA-assisted
wet-transfer method. FIG. 11B shows a comparison of sheet
resistance from the present example and transmittance plots
taken from other reference documents and in FIG. 11B, the
dashed arrows indicate expected sheet resistances at lower
transmittance. The scheme was borrowed from one of the
reference documents [Li, X. et al. Transfer of large-area
graphene films for high-performance transparent conductive
electrodes. Nano Lett. 9, 4359-4363 (2009)].

FIG. 11C shows electrical properties of a monolayer
graphene hall bar device in a vacuum. Four-probe resistivity
was measured as a function of gate voltage in the monolayer
grapheme hall bar at the room temperature and T=6 K. A
QHE effect at T=6 K and B=9 T was measured in the same
device. Longitudinal resistivity p,., and hall conductivity o,,,
were plotted as a function of gate voltage. A sequence of the
first three half-integer plateaus corresponding to v=2, 6 and
10, typical for monolayer graphene, was clearly seen. Hall
effect mobility of the device was [1,,,,=7350 cm™*V~*s™! at
about 6 K (about ~5100 cm=*V~'s~" at about 295 K) (scale
bar (inset)=3 um).

FIG. 11D shows electromechanical characteristics of gra-
phene-based touch-screen devices as compared with ITO/
PET electrodes under tensile strain.

Typically, sheet resistance of a graphene film with 97.4%
transmittance is as low as about ~125 Q1™ when it is
transferred by a soluble polymer support such as polymethyl
methacrylate (PMMA) (FIG. 11A). A transferrable size
achievable using a wet-transfer method is limited to less
than a few inches of wafer due to weak mechanical strength
of spin-coated PMMA layers. However, a scale of roll-to-
roll dry transfer assisted by a thermal release tape is in
principle unlimited. In the process of roll-to-roll dry transfer,
a first layer graphene sometimes shows approximately two
to three times larger sheet resistance than that of the PMMA-
assisted wet-transfer method. As the number of layers
increases, the resistance drops faster as compared with the
wet-transfer method (FIG. 11B). The present inventors pos-
tulated that the adhesion of the first layer to the substrate is
not strong enough for complete separation of the graphene
film from the thermal release tape (FIG. 13). As a result,
there can be mechanical damage on the graphene film,
leading to an increase in the overall sheet resistance. Since
additional layers are not directly affected by the adhesion to
the substrate surface, the sheet resistance of multilayered
graphene prepared by the roll-to-roll method does not differ
much from that for the wet-transfer case.

Standard electron-beam lithography has been used to
fabricate graphene hall bars on conventional 300-nm SiO,/
Si substrates (FIG. 11C). FIG. 11C shows electrical charac-
teristics of a monolayer graphene hall bar device. Four-
probe resistivity was measured as a function of gate voltage
in the monolayer graphene hall bar at the room temperature
and T=6 K. A QHE effect at T=6 K and B=9 T was measured
in the same device. Longitudinal resistivity p,, and hail
conductivity o, were plotted as a function of gate voltage.
A sequence of the first three half-integer plateaus corre-
sponding to 2, 6 and 10, typical for monolayer graphene,
was clearly seen. Hall effect mobility of the device was
Upr=7350 cm™2V~!s7! at about 6 K (about ~5100 cm™2V~
157! at about 295 K) (scale bar (inset)=3 pm). The present
inventors observed graphene specific gate bias dependence
of the resistance with a sharp Dirac peak and an effective
hall mobility of 7,350 cm*V~'s™" at low temperatures. This
allows the observation of the quantum hall effect (QHE) at
6 K and a magnetic field of B=9 T (FIG. 11C, right). A
fingerprint of monolayer graphene, the half-integer quantum
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hall effect, was observed with plateaus at filling factors of
v=2, 6 and 10 at R_="2, % and Yo (h/e?), respectively.
Although a sequence of the plateaus remained for both a
electron side and a hole side, there was a slight deviation
from fully quantized values on the hole side.

Further, electromechanical characteristics of graphene-
PET touch-screen panels were measured (FIG. 11D). FIG.
11D shows that unlike an 1TO-based touch panel, which
easily breaks under about ~2% to about 3% strain, a gra-
phene-based panel resists up to about 6% strain. This is
limited not by the graphene itself, but by a printed silver
electrodes (FIG. 11D).

FIG. 12 is an image showing a grain size when the
graphene layer is grown on the Cu foil having various
thicknesses in accordance with the example 2, the image
confirming that as a graphene layer is grown at high tem-
peratures, a grain size of Cu is increased.

FIG. 13 is a scanning electron microscope (SEM) image
obtained after the graphene layer grown on the Cu foil in
accordance with the example 2 is transferred to a flexible
PET substrate by a roll-to-roll transfer method.

FIG. 14 is an atomic force microscope (AFM) image
obtained after the graphene layer grown on the Cu foil in
accordance with the example 2 is transferred to a flexible
PET substrate.

FIG. 15 is an imageo showing the number of graphene
layers observed by a transmission electron microscope
(TEM), after that the graphene layers are grown on the Cu
foil in accordance with the example 2 and shifted to a TEM
grid.

In conclusion, there has been developed and demonstrated
a roll-to-roll method of manufacturing graphene on a large-
area copper substrate. Multiple transfer of graphene films
considerably improves its electrical and optical characteris-
tics. Given the scalability and processability of roll-to-roll
and CVD methods and the flexibility and conductivity of
graphene films, it can be anticipated that commercial pro-
duction of large-scale transparent electrodes, replacing ITO,
will be realized in the near future.

There have been provided some examples for purpose of
illustration but the present disclosure is not limited thereto.
It would be understood by those skilled in the art that various
changes and modifications may be made without changing
technical conception and essential features of the present
disclosure.

What is claimed is:

1. A roll-to-roll transfer apparatus for transferring a gra-
phene layer formed on a forming substrate to a flexible
substrate, the apparatus comprising:
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a first roller unit configured to bring a first flexible
substrate into contact with the graphene layer formed
on the forming substrate by passing the first flexible
substrate, which is separate from the graphene layer
formed on the forming substrate, through the first roller
unit together with the graphene layer formed on the
forming substrate to form a layered structure including
the forming substrate, the first flexible substrate, and
the graphene layer provided between the forming sub-
strate and the first flexile substrate;

an etching chamber provided downstream of the first
roller unit for holding an etching solution and for
receiving the layered structure passed through the first
roller unit; and

a second roller unit provided to be at least partially
immersed in the etching solution in the etching cham-
ber and configured to immerse the layered structure
from the first roller unit into the etching solution while
passing the layered structure through the second roller
unit to remove the forming substrate from the layered
structure.

2. The roll-to-roll transfer apparatus of claim 1, further

comprising:

a third roller unit that transfers the graphene layer trans-
ferred onto the first flexible substrate onto a second
flexible substrate.

3. The roll-to-roll transfer apparatus of claim 2, further

comprising:

a fourth roller unit that forms a protection layer on the
graphene layer formed on the second flexible substrate.

4. The roll-to-roll transfer apparatus of claim 3, further

comprising:

a fifth roller unit provided between the second roller unit
and the third roller unit and configured to perform a
cleaning process and/or drying process to the layered
structure.

5. The roll-to-roll transfer apparatus of claim 2, further

comprising:

an additional roller unit provided between the second
roller unit and the third roller unit, and configured to
perform a cleaning process and/or drying process to the
layered structure.

6. The roll-to-roll transfer apparatus of claim 1, further

comprising:

an additional roller unit that forms a protection layer on
the graphene layer formed on the first flexible substrate.

#* #* #* #* #*



